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Preface to ”Gamma-Ray Burst Science in 2030”

The study of Gamma Ray Bursts (GRBs) has been a very active field since their discovery, by the

Vela satellites, about fifty years ago.

Recent years have witnessed exciting breakthroughs that further stimulated the interest of the

scientific community in the GRB field. The recent identification of a spectral component beyond

synchrotron emission in the afterglow phase increased the debate about particle acceleration and

emission processes at place in a GRB. The ubiquity of the extra spectral component and the

environmental conditions under which it is produced are still under debate. Moreover, whether this

component is also present in the earlier prompt phase or not is another open question.

The recent advancements in the GRB field were achieved thanks to the multi-wavelength and

multi-messenger approach. Being able to simultaneously collect data on a burst with different

instruments is the key for a deep and complete understanding of the phenomena under study. Indeed,

the multi-messenger and multi-wavelength observation of the neutron-star-neutron-star merging

event GW 170817 (detected both electromagnetically and via gravitational waves) has already led

to a step forward in our comprehension of GRB jet dynamics and morphology.

These observations of the environment, the emission processes and the jet dynamics are key tools

to unveil the nature of progenitors of GRB of short and long durations and the connection of GRB to

other astrophysical questions, such as the origin of the heavy elements or the high redshift universe

stellar population.

As these discoveries increased the curiosity of the community, the next generation of instruments

will be ready in the coming years, providing the tools for continuing explorations in this field. Future

missions will provide a more complete picture of the phenomena by measuring the polarization of

the bulk of prompt emissions and by detecting high-redshift GRBs.

The purpose of this reprint is to give an overview of the main challenges and problems that the

GRB field is currently confronted with to propose some possible solutions and to explore the tools

that the community will have in their hands in the near future. We are convinced that this Special

Issue will become a reference that pictures the current state of the art of the GRB field and envisions

it in a close future.

Elena Moretti and Francesco Longo

Editors
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Review

The Structure of Gamma Ray Burst Jets
Om Sharan Salafia 1,2,3,*,† and Giancarlo Ghirlanda 2,3,†

1 Dipartimento di Fisica “G. Occhialini”, Università Degli Studi di Milano-Bicocca, Piazza Della Scienza 3,
I-20126 Milano, MI, Italy

2 INFN-Sezione di Milano-Bicocca, Piazza Della Scienza 3, I-20126 Milano, MI, Italy
3 INAF-Osservatorio Astronomico di Brera, Via E. Bianchi 46, I-23807 Merate, LC, Italy
* Correspondence: om.salafia@inaf.it
† These authors contributed equally to this work.

Abstract: Due to relativistic bulk motion, the structure and orientation of gamma-ray burst (GRB)
jets have a fundamental role in determining how they appear. The recent discovery of the GW170817
binary neutron star merger and the associated GRB boosted the interest in the modeling and search
for signatures of the presence of a (possibly quasi-universal) jet structure in long and short GRBs.
In this review, following a pedagogical approach, we summarize the history of GRB jet structure
research over the last two decades, from the inception of the idea of a universal jet structure to the
current understanding of the complex processes that shape the structure, which involves the central
engine that powers the jet and the interaction of the latter with the progenitor vestige. We put some
emphasis on the observable imprints of jet structure on prompt and afterglow emission and on the
luminosity function, favoring intuitive reasoning over technical explanations.

Keywords: gamma-ray burst: general; relativistic processes; magnetohydrodynamics

1. Introduction

Jets, in the form of collimated outflows of plasma possibly endowed with magnetic
fields, are ubiquitous in astrophysics. They typically extend over orders of magnitude in
distance from their birthplace (from parsec scales in protostars to >kpc scales in galaxies
hosting supermassive black holes), in redshift (with jet signatures being detected in associa-
tion with the most distant galaxies known so far up to z ∼ 9) and in luminosity, reaching
the largest values in gamma-ray bursts (GRBs).

GRBs are luminous, extra-galactic transients powered by compact objects (black holes–
BH, neutron stars–NS) produced by the core-collapse of a massive star or by the merger of a
compact object binary (most likely NS-NS or NS-BH). In the most widely accepted scenario,
the ‘central engine’ (that is, the system consisting of the compact object and possibly a
surrounding accretion disk) launches a bipolar relativistic collimated outflow. Bulk energy
dissipation in such an outflow produces a bright, highly variable, non-thermal ‘prompt’
emission in the X-ray/γ-ray band. The outflow deceleration by the external circum-burst
medium produces the long-lasting multi-wavelength ‘afterglow’ emission extending from
the γ-rays through the optical to the radio band.

The presence of relativisic outflows in GRBs is supported by some theoretical arguments
and a few compelling observational pieces of evidence. The very fast prompt emission light
curve variability requires the source to be very compact, but the observation of non-thermal
prompt emission spectra extending above MeV photon energies indicates that the source
is optically thin to pair production by photon–photon annihilation. This apparent con-
tradiction can hardly be reconciled without invoking highly relativistic expansion, which
eases the constraints by both decreasing the comoving photon energy by a Γ factor (the
bulk expansion Lorentz factor) and increasing the source size limit imposed by variability
by a Γ2 factor (e.g., [1–5]). Even more directly, the apparent size increase of ∼0.3 pc in

1



Galaxies 2022, 10, 93

∼50 rest-frame days as measured for the first time in the nearby GRB 030329 [6] suggested
an apparently superluminal expansion speed, indicating relativistic bulk motion [7]. Colli-
mation of GRB outflows is required to reduce the otherwise huge γ-ray isotropic equivalent.
This nomenclature refers to the energy and/or luminosity of a GRB computed assuming
isotropic emission. Because of relativistic ‘beaming’ (i.e., aberration) of radiation, the vast
majority of the observable photon flux comes from emitting regions moving within a
tiny 1/Γ angle around the line of sight, making an isotropic outflow (and hence isotropic
emission) essentially indistinguishable from one that expands radially within a θj & 1/Γ
collimation angle [8]. Energy reaching Eγ,iso ∼ 1054−55 erg (e.g., GRB 990123 [9] and
GRB 130427A [10]), which would require the mind-boggling conversion of 1–5 M� rest
mass energy into γ-rays with 100% efficiency without invoking collimation. If the outflow
is collimated within an angle θj, such an energy budget is reduced by a ‘beaming’ factor
fb = (1− cos θj) ∼ θ2

j /2 ≈ 0.004(θj/5◦)2. The collimation angle θj is typically estimated
from a steepening of the afterglow light curve around a few days after the initial gamma-ray
burst, interpreted as the signature of the presence of a jet [8,11–15], see also Section 4.2.
Such a feature, often referred to as a ‘jet break’, arises as the relativistic beaming angle 1/Γ
(which increases during the afterglow phase due to the deceleration of the blastwave, i.e.,
the expanding shock produced as the jet expands within the external medium) becomes
comparable to θj [8], allowing the observer to ‘see’ the jet borders. Typical collimation
angles estimated from the observation of jet breaks range Opening angles as small as θj < 1◦

have been reported in some studies, e.g., [16,17]. We caution that, while opening angles as
small as these are not impossible in principle, these estimates are based on assumptions
on the interstellar medium density and prompt emission efficiency, and they rely on the
interpretation of an observed steepening in the afterglow light curve as a jet break. For
the latter interpretation to hold, the steepening must be achromatic, i.e., it must show
up independently of the observing band, but it is often impossible to verify it due to the
absence of multi-wavelength observations at the relevant time. For these reasons, such
estimates must be taken with a grain of salt. from θj ∼ 4◦ in ‘long’ GRBs [18] to θj ∼ 16◦ in
‘short’ GRBs [19].

For simplicity, the jets of GRBs have been long modeled as a conical outflow with
a constant energy per unit solid angle dE/dΩ(θ) and bulk Lorentz factor Γ(θ) within
its aperture θ ≤ θj (here, θ is the angle from the jet symmetry axis). This basic model is
typically referred to as the ‘uniform’, ‘homogeneous’ or ‘top-hat’ jet structure model. If the
jet is observed within θj, the steepening in the afterglow light curve is used to infer the jet
opening angle θj from where the true burst energy can be derived Eγ ∼ Eγ,isoθ2

j /2. It was
found by [18,20,21] that Eγ is narrowly distributed around 1051 erg, suggesting a standard
energy reservoir in GRBs. Within a ‘top-hat’ jet model, this implies that Eγ,iso scales as θ−2.
On the other hand, some authors [22–24] soon realized that the same observations could be
explained assuming GRB jets possess a universal structure dE/dΩ ∝ θ−2 (see Section 2.1
for a precise definition).

The evolving interest in the structure of GRB jets can be seen in Figure 1, where
we have collected from the NASA ADS all the papers mentioning “gamma-ray burst”
and “structured jet” or “jet structure” in their abstracts. The red line is the cumulative
distribution of the grey histogram and shows two clear “steps”: an initial growing interest in
structured jets corresponding to the 2000–2006 period and a recent “explosion” of interest
prompted by the discovery and interpretation of the gamma-ray burst GRB 170817A
associated to the first binary neutron merger gravitational wave event [25–27].
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Figure 1. Timeline of scientific papers about GRB structured jets. The red solid line shows the
cumulative number (shown on the left-hand axis) of refereed papers that contain “gamma-ray burst”
and “structured jet” or “jet structure” in their abstract, according to the NASA ADS [28]. The grey his-
togram (number shown on the right-hand axis) shows the corresponding number of papers published
per year. The dates of the two seminal papers [23,24] and of the GW170817 discovery [25–27] are
annotated. We note that alternative nomenclatures with respect to the ‘structured jet’/‘jet structure’
used here exist, hence the actual number of papers on the subject could be higher.

The initial interest in structured jets in the early 2000s was in part driven by attempts
at explaining the diversity of GRB energetics within a unifying scenario where all jets share
a universal structure. Two analytical functions were explored initially to describe the jet
structure: a power law jet with dE/dΩ ∝ θ−2, as suggested by the Eγ clustering described
above and supported by early analytical studies [29] and numerical simulations [30] of
the jet emerging from its progenitor star envelope (see Section 2.2); a Gaussian jet with
dE/dΩ ∝ exp(−(θ/θc)2/2) [22,24,31,32], where most of the jet energy is contained within
two times the ‘core’ opening angle θc, which is a more realistic representation of a nearly
sharp-edged jet. Less continuous structures, such as one composed of two nested uniform
jets (a narrow, fast and energetic jet surrounded by a wider, slower and weaker layer.
Notably, a two-component jet structure has also been proposed to interpret jets in radio
galaxies [33]) were considered, motivated by the possibility to explain the optical afterglow
bumps observed in a few GRBs [20,34].

In the same period, many attempts were made at identifying, in the observational data
then available, distinctive features of a structured jet. Modeling of the afterglow light curve
of GRB030329 [35] suggested a structured jet as a viable interpretation of the low-frequency
data, although alternative interpretations were not excluded. The sharpness of the light
curve change across the jet break time, which in the structured jet scenario provides a
measure of the viewing angle θv [24], depends on the jet structure and on the viewing angle,
with sharper breaks corresponding to larger θv [36]. However, the jet lateral expansion also
affects the shape of the light curve around the jet break time [37]. Attempts at testing the
universal jet structure model [38–40] were mainly limited by the few events with measured
redshifts and jet breaks [41]. Linear polarization measurements of the afterglow emission
were also considered as diagnostics for the jet structure [42,43], despite the polarization
depends also on the configuration of the magnetic field in the emission region [36,44,45].
Considerably different rates of GRB afterglows without a corresponding prompt emission
detection (so-called orphan afterglows) are predicted in the case of a structured jet with
respect to the conical uniform scenario [46–53].

Owing to the difficulties in identifying distinctive signatures in the available data of
the structured jet scenario (see [54]), the community started to lose interest in it during the
2006–2017 period. The discovery of GRB 170817A [26,55,56] associated with the GW170817
gravitational wave source [25] suddenly changed everything (see also Section 5): after more

3
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than six months of monitoring of the puzzling non-thermal afterglow of GRB 170817A, a
structured jet appeared as the only scenario able to provide a self-consistent interpretation
of the shallow evolution of the afterglow light curves [57–65] and of the proper motion [66]
and small size [67] of the very long baseline interferometry (VLBI) images of the source
(see [68] for a review of the multi-messenger aspects of GW170817, and [69] for a more
general review of electromagnetic counterparts of compact binary mergers).

Why is the structure important? The structure determines the properties of the emis-
sion for different observers, therefore determining in part the distribution of observable
properties and the detectability of these sources. The jet structure carries information about
the processes that shape it (the jet-launching mechanism and the interaction between the jet
and the ambient medium surrounding the central engine) and is therefore an indirect probe
of otherwise unobservable phenomena. Several works developing the concept of the jet
structure, its origin, and how it determines the observed properties of GRBs appeared in the
literature in the last five years. The presence of a jet with some structure appears unavoid-
able, considering the phases following the formation of the central engine and, therefore,
a growing part of the community is starting to systematically consider GRB observations
under this more realistic assumption when interpreting both their prompt and afterglow
emission components. However, often the available observations are insufficient to allow
for distinguishing between a structured jet from a less realistic assumption of a uniform
jet. Most likely, the combination of several observables and the further development of
numerical simulations will lead to constraining the structure of GRB jets in the near future.

The scope of this review is that of introducing the general definition of jet structure
(Section 2.1) and present a very intuitive description of how the jet acquires its angular
structure (Section 2.2). A very simplified overview of the mechanisms responsible for the
jet launch (Section 2.3) and for its propagation up to where it can freely expand (Section 2.4)
is provided. The possible signatures of the presence of a structured jet on the observed
properties of the prompt GRB emission are presented in Section 3. The afterglow emission
from a structured jet considering different possible structures and its dependence on the
key jet structure parameters is summarized in Section 4. Finally, in Section 5, we briefly
review the observations of the non-thermal electromagnetic counterparts of GW170817 and
their interpretation in the structured jet scenario.

2. Origin of the Jet Structure

The mechanisms that shape the structure of a gamma-ray burst relativistic jet are
complex and not entirely understood. In this section, we will summarize some general
ideas about these processes in a pedagogical manner.

2.1. General Definition of Jet Structure

At a fixed time t, assuming axisymmetry, radial expansion and a relativistic equation
of state p = eint/3 (where p is the pressure and eint is the internal energy density, both
measured in the comoving frame of the fluid) for simplicity, the jet structure can be de-
scribed by four functions of the radial coordinate r and polar angle θ (measured from the jet
axis), namely the modulus of the four-velocity Γβ = u(r, θ, t) (where Γ is the bulk Lorentz
factor and β = (1− Γ−2)1/2), the comoving rest-mass density ρ′(r, θ, t), the dimensionless
enthalpy h(r, θ, t) = 1 + 4eint/3ρ′c2 and the magnetization B2/4πρ′c2 = σ(r, θ, t) (where B
is the comoving magnetic field strength, assumed transverse with respect to the expansion).
Often, it is possible to limit the discussion to cold (h ∼ 1) and highly relativistic (u ∼ Γ)
parts of the fluid, in which case the rest-mass density, magnetization and Lorentz factor
Γ(r, θ, t) are sufficient. If the radial structure is unimportant and the focus is on kinetic en-
ergy, then the description of the jet structure can be accomplished by two angular functions:
the kinetic energy per unit solid angle. If the time t at which the expression is valuated is
such that the outflow is still in an acceleration phase, the appropriate Lorentz factor here

4
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is the “terminal” one, i.e., the one that can be estimated assuming the available internal
(and/or magnetic) energy will be eventually converted to kinetic energy.

dE
dΩ

(θ, t) =
∫ ∞

0
(Γ(r, θ, t)− 1)Γ(r, θ, t)ρ′(r, θ, t)c2r2dr (1)

and the average Lorentz factor

Γ(θ, t) =
(

dE
dΩ

)−1 ∫ ∞

0
(Γ(r, θ, t)− 1)Γ2(r, θ, t)ρ′(r, θ, t)c2r2dr, (2)

The latter description, applied to the “coasting” phase (see below), is the most widely
adopted one, as it is sufficient for a basic description of the link between the prompt and
afterglow emission observables and the jet structure in many contexts. The purpose of
the above definitions is to clarify the connection between the three-dimensional physical
properties of the outflow and the functions that are customarily used to describe its angular
structure. A variety of similar, but not identical, definitions can be found in the literature:
the essence of the arguments presented here does not depend on the precise definition.

2.2. Stages in the Life of a Relativistic Jet

In order to understand the structure of gamma-ray burst relativistic jets, we need to
have a global view of how a jet is formed and how it evolves throughout its life. For that
purpose, let us briefly summarize the main stages of the jet evolution with reference to the
scheme shown in Figure 2:

• Birth–jet launch: the jet is launched by the central engine. Different mechanisms have
been considered to power the jet, depending on the nature of the central engine (e.g.,
an accreting BH [70] or a magnetar [71]). Further details are provided in Section 2.3;

• Infancy–jet head formation: the jet material expands within the low-density funnel
where it formed until it collides with the dense ambient that surrounds the central
engine (the progenitor star envelope or the merger ejecta), which we term ‘the progen-
itor vestige’. A forward-reverse shock structure forms—the jet ‘head’ [72]—where the
jet momentum flux is counterbalanced by the ram pressure of the vestige material (as
seen in the headrest frame—see Section 2.4);

• Childhood–jet propagation through the progenitor vestige: the jet head, which is
sustained by fresh jet material flowing across the reverse shock, propagates through
the progenitor vestige [30,73–75]. Due to the absence of lateral confinement, as soon as
the head has slowed down enough as to become causally connected in the transverse
direction, shocked material (both from the vestige and from the jet) is cast aside to
form a hot, over-pressured cocoon that shrouds the jet and slowly expands laterally.
The cocoon pressure is typically sufficient [75] to balance the lateral momentum flux
of the jet material that flows from the central engine, leading to the formation of an
oblique shock—the ‘re-collimation’ or ‘re-confinement’ shock [76]–where the lateral
component of the jet momentum is dissipated, turning the flow from radial into
cylindrical. The jet is therefore collimated by its own cocoon (Section 2.4);

• Adolescence–breakout: the jet head reaches the steep density gradient that marks the
outer edge of the progenitor vestige. The head forward shock thus accelerates [77,78],
the reverse shock disappears, and the jet and cocoon material starts flowing freely out
of the open channel: this process is broadly referred to as the ‘jet breakout’. During this
process, the forward shock transitions from an optically thick region (where photon
pressure dominates and the shock is therefore radiation-mediated) to an optically
thin region: during this transition, photons from the hot downstream are released
producing the ‘shock breakout’ emission [79], which represents the first observable
electromagnetic emission in the jet’s life. Childhood and adolescence are further
described in Section 2.4;
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• Adulthood–free expansion: the flow of fresh jet material from the central engine
stops or diminishes significantly, setting a finite radial extent of the resulting outflow,
which is now better described as an inhomogeneous shell [80] that expands radially
away from the progenitor at relativistic speed. After the jet breakout, the vast majority
of the shell is still optically thick to Compton scattering [3,5,81,82] (both off electrons
associated with baryons in the outflow and potentially off pairs that can form within
the outflow as a consequence of energy dissipation events) for another few orders
of magnitude in radius. Initially, in this expansion phase, radial density gradients
remain frozen (‘coasting phase’, [80,83]) until radial pressure waves have the time
to cross the outflow, leading to a radial spreading phase. During the free expansion
phase, radial inhomogeneities in the bulk Lorentz factor can lead to the development
of internal shocks [84], which have long been considered one of the main candidate
mechanisms for the dissipation and subsequent radiation of the outflow’s energy.
Internal-shock-induced turbulence [85] has also been proposed as a possible triggering
mechanism for magnetic reconnection (see also, e.g., [86,87]), which represents the
other leading scenario for the dissipation of the outflow’s energy in this phase;

• Seniority–external shock: the shell expands into the external low-density medium
that surrounds the progenitor, which can be just the interstellar medium (ISM) or
a stellar bubble inflated by the progenitor’s stellar wind [88]. As soon as the shell
has swept a sufficient amount of external medium, corresponding to a rest mass
energy equal to the shell’s kinetic energy divided by the square of its bulk Lorentz
factor [80,89], the expansion starts to be affected: a forward-reverse shock structure
forms, with the reverse shock quickly crossing the entire shell [90,91], initiating the
deceleration of the latter and the transfer of its energy to the forward-shocked external
medium. Soon after the start of the deceleration, the forward shock settles into a
self-similar expansion phase [83,92], erasing any memory of the details of the shell
radial structure. The angular structure remains unaffected as most of the shocked shell
is out of causal contact in the transverse direction;

• Senility–lateral spreading and transition to non-relativistic expansion: as soon as
the transverse sound crossing time scale becomes shorter than the dynamical expan-
sion time scale (or, in other terms, the angular size of causally connected regions starts
to exceed the reciprocal of the local bulk Lorentz factor), pressure waves start to level
out angular inhomogeneities, initiating a lateral expansion phase [11,32,43,89,93–95]
which increases the shock working surface, therefore increasing the shock deceler-
ation rate. The shock soon transitions to a non-relativistic expansion phase, slowly
converging towards the Sedov–Taylor spherical blastwave behavior.

The above brief account should help in making clear that the jet structure evolves
throughout the life of a GRB jet. Three crucial phases can be identified in such an evolution:
(1) the jet launch where the initial energy breakdown (internal, kinetic, magnetic), its angular
profile and time dependence (all of which could contribute in principle to determining the
properties of the jet at later stages) is set by the central engine and its evolution; (2) the
interaction of the jet with the progenitor vestige, comprising the propagation of the jet head,
the formation of the cocoon and the jet breakout; (3) the expansion of the jet in the external
medium, and the subsequent deceleration. The first phase sets the initial conditions of the
problem and thus determines, along with the properties of the progenitor, the structure
at later stages. On the other hand, it is possible that memory of the details of the initial
conditions is lost along the evolution: for example, as the jet transitions from adulthood to
seniority (i.e., when the external shock enters the self-similar blastwave phase) the radial
structure of the jet is erased (over a time scale that depends on the presence or absence of a
low-velocity tail).

Given the time-dependent nature of the system, no univocal definition of jet struc-
ture exists: the most useful definition must be determined depending on the particular
application and on the observational or theoretical aspects under consideration. Yet, in
modeling the prompt and afterglow emission, often the most relevant structure is that
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corresponding to the jet’s adulthood, i.e., during the free expansion following the breakout
from the progenitor vestige. This is the phase during which the prompt emission is believed
to be produced, and the structure during this phase also constitutes the initial condition for
producing the afterglow emission.

Figure 2. Artist’s impression of the different phases in the early evolution of a GRB jet (long and short
GRBs schematically represented on the left-hand and right-hand side, respectively). The putative
progenitors are depicted in the stamps on the top corners. The formation of a compact central object
(BH or NS) accompanied by an accretion disk powers a relativistic jet, determining the properties at
its base (“birth”). The jet expands within the progenitor vestige (stellar envelope—left—or merger
ejecta and disk winds—right) and starts interacting with it (“infancy”). The cocoon formed by
ambient and jet-shocked material produces an inward pressure that collimates the jet as it propagates
(”childhood”). As the jet breaks out (“adolescence”) its head accelerates and the cocoon blows out.
The subsequent phases (“adulthood and seniority”, described in the text) are responsible for the
prompt and afterglow emissions. See Section 2.2 for the description of the phases through which a
jet evolves.

2.3. Models of Jet-Launching Central Engines

The leading jet-launching mechanism, by analogy with other relativistic jets such
as those observed in active galactic nuclei (AGN, [96]) and microquasars [97,98], is the
Blandford–Znajek (BZ) mechanism [70]. This is a process by which the rotational energy
of a spinning black hole (BH) is extracted in presence of a large-scale, poloidal magnetic
field threading the horizon. The magnetic field is sustained by an accretion disk, and the
mechanism requires the formation of a “force-free” [99] magnetosphere close to the poles of
the BH, which is only possible when the magnetic field energy density in the polar region
exceeds the rest-mass energy density. In other words, a low-density funnel must be present
along the BH rotation axis, and this is the region where the jet forms. The jet luminosity
produced by the process follows [70]

LBZ ∝ B2M2
BHa2, (3)
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with higher-order (a4) corrections when a approaches unity [100,101]. Here, B is the strength
of the radial component of the magnetic field at the horizon, MBH is the black hole’s
gravitational mass and a is its dimensionless spin parameter. The normalization constant
depends on the magnetic field geometry and on the accretion disk properties [100]. Typical
expected values in the GRB context are LBZ ∼ 1049 − 1051 erg/s, which match the loose
observational luminosity constraints set by the observed gamma-ray energies and durations,
and by the collimation angles inferred from afterglow observations (see Section 3.1). Jets
launched by this process are expected to start off as magnetically-dominated outflows (i.e.,
σ� 1 at the jet base).

Alternative jet-launching scenarios include energy deposition by neutrino-antineutrino
(νν̄) pair annihilation in the funnel above the BH [102–107], and a proto-magnetar central
engine [71,108–110]. The νν̄ luminosity for the former mechanism could be provided by
the hot, inner parts of the accretion disk [111], and a jet-powered by such a process would
be dominated by internal energy (η/ρ′c2 � 1) at its base, which would then be converted
to kinetic energy by hydrodynamic acceleration. We note, though, that the νν̄ mechanism
seems unable to explain the large luminosities [112] and energies [107] of some GRBs, and
global simulations of jet launching in the aftermath of a binary neutron star merger seem to
indicate that a jet powered by such mechanism would be unable to break out of the dense
ejecta cloud that surrounds the merger remnant [113].

2.4. Models of Jet Propagation through the Progenitor Vestige

The jet launched by the central engine must initially propagate through the dense
surrounding region constituted by the progenitor vestige, that is, the stellar envelope
in the case of a collapsar or the ejecta cloud in the case of a compact binary merger.
The details of the propagation and its final outcome depend on the properties of the
jet at its base, its duration, and the properties of the vestige. The main features of the jet
evolution during this phase can be understood based on a relatively simple hydrodynamical
model ([30,76,114–117], see, e.g., [117–119] for the extension to the highly magnetized jet
case, which presents some quantitative differences, despite the general picture remaining
similar), whose main features are the following (see Figure 3 for a sketch): the jet is
represented by an outflow with luminosity Lj, expanding radially at a speed βj,0 within an
aperture angle θj,0 at its base. The outflow interacts with the vestige at a height z above the
central engine, where a forward-reverse shock structure forms, called the jet head. The jet
head advancement speed βh through the vestige, whose density at a height z is ρv (and
which can be expanding outwards at a speed βv), is set by the balance between the jet
momentum flux that crosses the reverse shock and the ram pressure of the vestige material
as seen from the forward shock downstream frame, namely (e.g., [74,75,120,121], neglecting
the vestige pressure).

Γ2
j Γ2

h(βj − βh)
2ρ′j hjc2 = Γ2

hΓ2
v(βh − βv)

2ρvc2, (4)

where Γx = (1− β2
x)
−1/2, βj is the dimensionless jet speed just before crossing the reverse

shock, πθ2
j z2 is the reverse shock working surface, and we used ρ′j hj = Lj/πθ2

j z2βjΓ2
j c3.

This can be solved for βh, which gives

βh =
βj + L̃−1/2βv

1 + L̃−1/2 , (5)

where the dimensionless quantity L̃ = Γ2
j ρ′j hj/Γ2

vρv = Lj/πθ2
j z2βjΓ2

vρvc3 is what sets the
overall properties of the jet advancement [117]. When the head advancement is sub-
relativistic, then βh ∼ βv + L̃1/2βj; when it is relativistic, then Γh ∼ L̃1/4/

√
2.
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Figure 3. Sketch of the main elements in a basic hydrodynamical model of the jet propagation through
the progenitor vestige. Adapted from [114].

If the head advancement speed βh is sufficiently low, Γhβh . 1/
√

3θj [114], the
head is causally connected by sound waves in the transverse direction: the lack of lateral
confinement in the head then causes the shocked material (both that of the jet and that of
the vestige) to flow laterally and form an over-pressured cocoon that shrouds the jet. The
cocoon slowly expands laterally within the vestige at a speed proportional to the square root
of the ratio of its pressure to the average vestige density [75,120], but this is typically not
sufficient to prevent a pressure build-up as it is filled with an increasing amount of shocked
material flowing from the head. When the cocoon pressure becomes comparable to the
transverse momentum flux of the jet at its base, a “re-confinement shock” forms [76] where
such transverse momentum is dissipated, collimating the jet into a cylindrical flow. The
condition for such a self-collimation can be written approximately as L̃ . θ−4/3

j,0 [75]. The
self-collimation reduces the reverse shock working surface, therefore favoring the jet head
propagation. The increase in the head speed, on the other hand, reduces the energy flow to
the cocoon, therefore affecting its ability to effectively collimate the jet. In self-collimated
jets, the final jet opening angle at breakout is thus set by these competing effects.

In presence of a homologous expansion of the vestige (as expected in the case of
compact binary merger ejecta), another self-regulation effect arises [122]: if the jet head
stalls (i.e., βh ∼ βv) and the jet is self-collimated (so that the head working surface is
constant—but this is ensured by the fact that βh ∼ βv implies L̃ � 1 and hence the self-
collimation condition L̃ . θ−4/3

j,0 is certainly satisfied), the expansion has the effect of easing
the head propagation because it reduces L̃. If the jet is launched shortly after the onset of
the vestige homologous expansion (so that the jet duration is much longer than such delay),
the result is that the jet’s ability to break out depends solely on the ratio of the jet energy to
that of the expanding vestige [122], regardless of the jet duration.

The importance of the jet propagation phase, from the observational point of view,
stems from the fact that the jet structure after breakout carries the imprint of the jet-vestige
interaction. If the rearrangement of the jet after the breakout (and before the prompt
emission is produced) does not erase such memory, it is possible in principle to extract
information about the progenitor (and possibly also about the central engine) from the jet
structure at a stage when observable emission can be produced (e.g., [74]). The extent to
which the resulting structure is determined by the central engine, the jet-vestige interaction,
or both, is still a matter of debate. For what concerns binary neutron star mergers, the recent
three-dimensional, special-relativistic hydrodynamical numerical simulations by [123]
seem to suggest that turbulence at the jet-cocoon interface (see also [124]) tend to erase the
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details of the injected jet structure (i.e., the angular structure as initially set by the central
engine), which could lend support to the hypothesis that “adult” jets from binary neutron
star mergers share a quasi-universal structure (e.g., [24,125]). Yet, the development of
such turbulence seems strongly suppressed in magnetohydrodynamic simulations with a
significantly magnetized injected jet [126] and, moreover, in simulations that use a different
jet injection technique (e.g., [127]) come to the opposite conclusion.

2.5. Jet and Cocoon Breakout

When the jet head forward shock reaches the steep density gradient that characterizes
the outer edge of the progenitor vestige, it starts accelerating in much the same way as a
supernova shock does as it approaches the outer edge of the stellar envelope [77,128–131].
The main differences between the jet forward shock breakout and a supernova shock break-
out are that the former is relativistic and highly anisotropic, both features having a strong
impact on the resulting dynamics and emission [78,132–136]. As explained in Section 2.2,
the head forward shock separates the shocked vestige material from the unshocked one
(see Figure 2). Below the inner part of the forward shock, within an angle θj,bo (the jet
angle at breakout), is the head reverse shock: since the jet material crossing the latter is (by
definition) faster than the head, its ram pressure ensures that the reverse shock keeps up
with the accelerating forward shock. As a result, the head material remains dense and
optically thick to Compton scattering during the breakout, and therefore its internal energy
contributes to the expansion rather than being radiated. At angles larger than θj,bo, on the
other hand, the forward shock breakout is accompanied by the expansion of the underlying
shocked material (which is part of the upper cocoon): the forward shock transitions from
radiation-mediated to collisionless, liberating photons in what is sometimes called the
“cocoon shock breakout emission” [79,137,138] (with a typical temperature of several tens
of keV, [132]), and the underlying material becomes gradually transparent, giving rise to
a “cooling” emission (typically peaking in the UV, [132]). The expansion of the cocoon
after the shock breakout is sometimes called the cocoon “blowout” [74,114]. The entire
breakout process is followed by a rearrangement of the jet and cocoon material into an
inhomogeneous shell, which is what is most often referred to as the structured jet. In
the following section, we focus on the structural properties of the latter, as found from
numerical simulations.

2.6. Expected General Features of the Jet Structure in GRBs

Despite the complexity of the involved processes, the modeling and understanding
of the birth and evolution of relativistic jets have been addressed since the late seventies,
initially prompted by observations of radio galaxies [72]. A big deal of the understanding
of jet launching and its evolution has been obtained through numerical simulations of
the central engine (typically within general-relativistic magnetohydrodynamics, GRMHD)
and of the jet propagation (usually within special-relativistic hydrodynamics–RHD–or
magnetohydrodynamics–RMHD–framework, see [139] for a recent review). In the GRB
context, a widely adopted approach (due in part to computational limitations) to the
simulation of the propagation and breakout phase has been that of “injecting” a jet with
properties based on an educated guess into a model of the progenitor vestige (in two dimen-
sions, e.g., [30,140], and three dimensions, e.g., [116,123,141,142], but see e.g., [113,119,143]).
While this helps in limiting the needed computational resources by leaving out the central
engine region from the computational domain, it prevents a direct connection between
the properties and evolution of the central engine and those of the jet at larger scales: in
particular, this approach does not allow for a self-consistent description of: (1) the central
engine variability (due, e.g., to the stochastic fluctuations in the accretion rate due to a
turbulent disk); (2) the evolution of the jet luminosity (linked to that of the accretion rate
and/or of the central compact object); and possibly (3) orientation; the (4) injected jet
structure (angular distributions of kinetic luminosity and magnetization); and (5) the effects
of the central engine on the vestige (e.g., gravity and the accretion disk winds). On top
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of this, the idealized nature of the progenitor models employed in most of these studies
can affect the results by introducing exact symmetries that are not present in nature. The
steady advancement of computational methods and resources has led recently to many
important works that investigated some of these limitations (e.g., [144–152]). These include
three-dimensional GRMHD simulations that self-consistently cover jet launch (usually
within the Blandford–Znajek paradigm), propagation and breakout [150–152], even though
these still feature idealized initial conditions and do not include a treatment of neutrinos,
whose contribution to cooling, transport of momentum and energy can have prominent
effects on the central regions. Yet, these simulations currently constitute some of the most
detailed investigations that can shed light on the GRB jet structure. Figure 4 shows the
jet structures obtained from GRMHD simulations in the collapsar case (top panels-[151])
and in the case of binary neutron star mergers (bottom panels-[152]). In qualitative agree-
ment with previous works, these investigations find a jet angular structure after breakout
that broadly features a narrow core (with an opening angle of few degrees) with approx-
imately uniform Lorentz factor and energy density (mostly containing jet material that
crossed the collimation shock, but did not reach the head before breakout), surrounded
by a wider structure (sometimes called the jet wings, and typically composed of an inner
part of mixed jet and cocoon material—where the amount of mixing depends on the jet
magnetization, e.g., [142]—surrounded by a wider, cocoon-dominated part) where both
the average Lorentz factor and the energy density fall off relatively quickly with the angle
(typically as steep power laws ∝ θa with a . −3, or as Gaussians). A minority of the
simulations find a “hollow” jet core with a lower energy density and Lorentz factor along
the axis with respect to that at the core edge [150], but it is unclear whether this is a genuine
result or a numerical artifact [153].

Figure 4. Jet structures resulting from GRMHD simulations representing collapsars (upper panels,
adapted from [151]) and binary neutron star merger remnants (lower panel, adapted from [152]).
Left-hand panels show the isotropic-equivalent energy Eiso = 4πdE/dΩ from a late snapshot of the
simulations (significantly later than the jet breakout), while right-hand panels show the distribution of
energy in the four-velocity modulus u = Γβ space. Different colors refer to different initial conditions,
as detailed in [151,152].

3. Prompt Emission from a Structured Jet

The origin of the prompt emission of GRBs is not well understood yet. Generally
speaking, the emission is thought to be powered by some mechanism that dissipates the
dominant form of energy in the jet (either kinetic or magnetic), transforming it into internal
energy. In most scenarios, part of the latter takes the form of relativistic particles with a
non-thermal energy distribution, which produces the observed emission by means of some
radiative process at the photosphere or beyond [154]. Different dissipation mechanisms
operating within the relativistic outflow and different radiation mechanisms (typically
synchrotron or inverse Compton) have been proposed, but no compelling evidence has
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been found yet in support of any of the envisaged scenarios. Still, the jet structure might
have a leading role in explaining at least some of the prompt emission features.

3.1. Observed Temporal and Spectral Poperties of GRB Prompt Emission

The GRB observed duration distribution is bimodal, which leads to the division
into short and long duration events (with an observer frame separation at ∼2 s). The
average spectral properties of events in the two duration classes display some differences,
with short GRBs featuring on average harder spectra with respect to long ones [155], the
difference residing primarily in the low-energy part of the spectrum [156,157]. Short events
are detected at a lower rate with respect to long events (with an instrument-dependent
short/long ratio of 1:3 for CGRO/BATSE, 1:5 for Fermi/GBM and of 1:9 for Swift/BAT).
However, several different instrumental and cosmological effects shape (and hence bias)
these observed properties [53,158,159].

The prompt emission has no apparent periodicity [160] and features a power density
spectrum consistent [161,162] with turbulent dissipation processes. Different methods
were employed to measure the minimum variability timescale of prompt emission light
curves, resulting in different distributions [163,164]. Ref. [164] reports similar rest-frame
distributions for the minimum variability timescale in long and short GRBs, centered
around 0.5 s and extending down to 10 ms in ∼10% of the events. Another interesting
feature of the prompt emission is the presence of spectral lags. These consist in the fact that
pulses observed in the lower energy bands of the gamma-ray instruments are seen to lag
behind the corresponding pulses in the higher energy bands [165]. This feature seems to be
more commonly present in long GRBs, while short events typically have lags consistent
with zero [166].

Most attempts at identifying the fundamental building blocks of GRB prompt emission
light curves adopted parametric functions to represent pulses (e.g., [165,167]). With the
caveat that these methods are applied to large samples of light curves of GRBs with
unknown redshift, the results show apparent (observer frame) differences between short
and long GRBs [168].

On the longer timescales, periods of activity can at times be separated by quiescent
phases. In a sizable fraction (∼ 15%) of long GRBs, a long quiescence phase (reaching,
in some cases, >100 s) separates precursor activity from the main emission episode [169].
Precursors have also been identified in short GRBs [170]. Long apparent quiescences also
separate the main event from late time pulses, or flares, often observed in the X-ray band
by Swift/XRT. X-ray flares share some common properties with the prompt emission [171]
and are thus often interpreted as linked to late-time central engine activity. No significant
differences in the average spectral properties of precursors and main emission episodes
have been identified [172], while flares appear clearly softer.

The prompt emission of GRBs is characterized by a non-thermal spectrum. The presence
of thermal-like emission has been identified in a few cases either during the initial phases of
the burst [173] or along its full duration [174], with no evidence of such emission component
in short bursts [29]. A combination of multiple emission components (e.g., the sum of
a power law with a high energy cutoff and a black body) was also adopted to interpret
observed spectra [175,176]. Observationally, the spectral energy distribution of GRB prompt
emission typically peaks at 0.1–1 MeV and the low (resp. high) energy spectrum, below
(resp. above) the peak, is consistent with a power-law with photon index ∼−1 (resp. −2.5).

3.2. On the Synchrotron Origin of GRB Prompt Emission

The interpretation of the prompt emission spectrum as synchrotron from shock-
accelerated electrons faced the contradicting evidence of the observed GRB spectra being
harder, below the SED peak than the expected synchrotron spectral shape. Given the physi-
cal conditions of the emission region, in particular, a large magnetic field B ∼ 104−6 Gauss,
shock accelerated electrons should cool rapidly [177] producing a spectrum with photon
index −1.5 below the synchrotron characteristic SED peak. One possible solution to this
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issue [178–180] considered that electrons do not cool efficiently (so-called marginally fast
cooling scenario) so that the separation between the characteristic synchrotron frequency
(identified as the peak of the νFν spectrum) and the cooling frequency is relatively small.
As such, the hardest synchrotron spectral power law (i.e., the single electron spectrum with
photon index −2/3) would become visible in the observer energy range. The tension with
observations would be solved by admitting that the fitted empirical Band function captures
an average spectral index between the two characteristic ones (i.e., −2/3 and −3/2 below
and above the cooling break, respectively) [181]. This interpretation was recently proved
valid by the discovery [182–185] in long Swift and Fermi GRBs of a spectral break distributed
in the 1–100 keV range. Overall, these studies find that in a sizable fraction of bright GRBs
(possibly limited by current detectors’ performances - see [181]) there is a break, located
at energies a factor ∼10 below the characteristic SED peak. Remarkably, the power-law
indices below and above the break are consistent with the single electron synchrotron
photon spectral index (−2/3) and cooling synchrotron photon index (−3/2), respectively.
Further support for the synchrotron origin of the prompt emission was obtained by fitting
a synchrotron model directly to the data [186,187].

While these results, after three decades of debate, represent a step forward to unveiling
the synchrotron nature of the prompt emission, they present further challenges [188]. If the
break is interpreted as the cooling synchrotron frequency, it implies a small magnetic field
(B ∼ 10 G) in the emission region. If the latter is located relatively close to the central engine
(as suggested by the observed small variability timescales) the Synchrotron Self Compton
(SSC) emission would become relevant though its signature has not been clearly observed
at GeV energies by Fermi/LAT. Possible solutions, consider emission in a downstream
decaying magnetic field (e.g., [189]) or proton-synchrotron emission [188] (but see [190]).

3.3. Correlations between Spectral Peak Frequency and Energetics

Other key features of the prompt emission, common to both long and short GRBs,
are the observed correlations between the rest frame SED peak energy (Epeak) and the
burst energy or luminosity, considering isotropic emission (Eiso-[191] and Liso [192]) or
accounting for the GRB jet aperture angle (i.e., Eγ = Eiso(1− cos θj), see [21]). Short and
long GRBs, owing to their different duration, follow two nearly parallel correlations in
the Epeak − Eiso plane while they show a similar Epeak − Liso correlation [193,194]. While
these correlations may be subject to instrumental selection effects, their physical nature is
corroborated by the existence, within individual GRBs, of similar relations between the
same observables as a function of time along the prompt emission duration [157,195].

3.4. Impact of Jet Structure on the Prompt Emission Observables

One big difficulty in interpreting the prompt emission properties of GRBs in terms
of the jet structure comes from the fact that the prompt emission mechanism is not well
understood: for this reason, a typical approach is to assume that the prompt emission simply
transforms some fraction of the kinetic (or magnetic) energy into radiation. Given a prompt
emission efficiency ηγ(θ) (which represents the fraction of the available kinetic/magnetic
energy at θ that is radiated in gamma-rays), the dependence of the prompt emission
properties (Epeak, Eiso, Liso) on the viewing angle θv (the apparent structure in the language
of [125,196]) is set by the energy and Lorentz factor angular profiles, Equations (1) and (2).
In particular, the bolometric isotropic-equivalent energy can be computed as [125,197,198]

Eiso(θv) =
∫ 2π

0
dφ
∫ π/2

0
sin θ dθ

δ3(θ, φ, θv)

Γ(θ)
ηγ(θ)

dE
dΩ

(θ), (6)

where δ = Γ−1(1− β cos α)−1 is the Doppler factor, with α being the angle between the line
of sight and the radial expansion direction, which can be expressed as [125]

cos α = cos θ cos θv + sin θ sin φ sin θv. (7)
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Figure 5 shows Eiso(θv) corresponding to a few different dE/dΩ and Γ profiles, as-
suming a constant ηγ at all angles. A general feature that is demonstrated in the figure
is that at some viewing angles (typically close to the jet axis) the emission is dominated
by material moving along the line of sight, resulting in Eiso(θv) ∼ 4πdE/dΩ(θ = θv). Far
off-axis, on the other hand, the flux received by the observer is spread over a larger portion
of the jet, corresponding to regions with the most favorable combination of a large intrinsic
luminosity and a sufficiently low Lorentz factor as to avoid a too severe de-beaming of
radiation away from the line of sight. The steeper the Lorentz factor decay as a function of
θ, the shallower the Eiso decay at large θv, as the de-beaming is less severe in broader and
more energetic portions of the jet.
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Figure 5. Apparent and intrinsic structure for a uniform and a Gaussian structured jet. Black dashed
lines represent 4πdE/dΩ at an angle θ = θv from the jet axis. Colored solid lines show Eiso(θv)

for four different models: a uniform jet model with dE/dΩ = 1053/4π erg and Γ = 300 within an
angle θj = 3◦ (blue) and three Gaussian models with dE/dΩ = (1053/4π) exp[−(θ/θc)2/2] and
Γβ = 300 exp[−(θ/θΓ)

2/2], with θc = 3◦ and three different values of θΓ (orange, red and purple,
with the corresponding θΓ/θc ratios given in the legend). Adapted from [125].

In order to compute Epeak(θv), one needs to make a further assumption about the spec-
tral shape S′ν(ν′, θ) of the radiation as measured in the jet comoving frame (e.g., [197,199]):
the simplest assumption, often adopted in the literature, is that of a fixed spectrum at all
angles, which yields Epeak(θv) ∝ Γ(θ = θv) for viewing angles at which the emission is
dominated by material on the line of sight, and a shallower decrease at larger viewing
angles (see, e.g., Figure 2 in [199]). In long GRBs, this simple assumption (along with a Gaus-
sian ansatz for the jet structure) is sufficient [125] to reproduce the observed Eiso − Epeak
correlation [191], while in short GRBs it leads to a clear tension with the observed Epeak
of GRB170817A [197]. A more ‘physical’ approach to the modeling of the expected peak
spectral energy would require one to assume a particular prompt emission scenario, such
as, e.g., that of internal shocks, and explicitly compute the typical comoving photon energy
at each angle for a given jet structure [200].

The computation of Liso(θv) also requires additional assumptions [144,145]. The
duration of the prompt emission is usually assumed to be linked to that of the central
engine activity. This is based on the idea that the prompt emission is composed of short
pulses, each corresponding to a dissipation event in the jet. The events happen around a
typical radius R, where the jet material travels with a typical bulk Lorentz factor Γ, and
their intrinsic duration is very short, so that the observed duration is set by the (Doppler-
contracted) angular time scale tang ∼ R/Γ2c (i.e., the maximal arrival time difference
between photons emitted within an angle 1/Γ with respect to the line of sight), which is
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assumed to be much shorter than the central engine activity duration TCE. As a result,
the observed duration is TGRB ∼ TCE and the average isotropic-equivalent luminosity is
simply Liso ∼ Eiso/TCE. If the spread in R and Γ is not too large, then this holds true
also for off-axis observers, as long as the single-pulse duration remains much shorter than
TCE [201], and in such situation Equation (6) divided by TCE can be used to compute the
average Liso(θv) [114,197,199,202,203]. Pulse overlap can result in a shallower dependence
on the viewing angle [201], but the dependence will eventually steepen at sufficiently large
angles such that the duration of single pulses will become comparable or longer to TCE.

Useful discussions on the transformation between on- and off-axis isotropic-equivalent
energies, durations, luminosities and peak photon energies, along with useful analytical
approximations, can be found in [204,205].

3.5. The GRB Luminosity Function and the Jet Structure

A key property of the GRB population is the luminosity function (LF). The LF can
be defined as the probability density of the isotropic-equivalent luminosity at a particular
redshift P(Liso | z) or, equivalently, as the comoving rate density in a differential luminosity
bin, dRz/dLiso = RzP(Liso | z), where Rz is the event rate density (GRBs per comoving
Gpc3 yr) at redshift z. If the population does not feature a luminosity evolution with
redshift, then the local LF dR0/dLiso = R0P(Liso) is sufficient to describe the luminosity
distribution in the population. In the context of a structured jet, the luminosity of each
event depends both on the intrinsic properties of the underlying jet, and on its viewing
angle. Hence, the luminosity function is shaped at least in part by viewing angle effects [24].
If the jet structure is universal (i.e., all jets share the same properties) then the LF is entirely
determined by viewing angle effects: for a population with isotropic orientations and a
monotonic viewing-angle-dependent luminosity Liso(θv) (common to all events), the LF
can be obtained [24,206] by application of the chain rule, namely

dR0

dLiso
=

dR0

dθv

dθv

dLiso
= R0

(
∂

∂θv
Liso(θv)

)−1
sin θv

∣∣∣∣∣
θv= f−1(Liso)

, (8)

where f−1 is the inverse of Liso(θv), i.e., f−1(Liso(θv)) = θv. In the simple case of a power
law dependence of the luminosity on the viewing angle, Liso(θv) ∝ θ−a

v , and using the
small-angle approximation sin θv ∼ θv, one obtains [206] dR0/dLiso ∝ L−1−2/a. The fact
that this asymptotes to L−1 when a → ∞ shows that, due to viewing angle effects, the
LF cannot in principle be shallower than L−1 due to the contribution of off-axis jets, no
matter how suppressed their emission is at large viewing angles. In practice, the spectrum
of a far off-axis jet would be much softer than a typical GRB, the duration much longer,
and the light curve smooth [207]. These features would lead to a different classification
than a GRB. As an additional note, the L−1−2/a behavior breaks down when the small
angle approximation sin θv ∼ θv becomes invalid. The assessment of the contribution of far
off-axis jets to the GRB LF thus requires additional care.

In practice, even in the case in which the progenitor parameter space for which a
relativistic jet can be launched is very narrow (as suggested, for example, by the rela-
tively small spread in the peak luminosities of supernovae associated with long GRBs,
e.g., [208,209]), some spread in the jet properties within the population is unavoidable.
For that reason, even in the wildest unification fantasy the best that can be expected is
a quasi-universal jet structure with parameters that are spread around a “typical” value.
The LF in a quasi-universal structured jet scenario can then be seen as a convolution of
probability distributions,

P(Liso) =
∫ π/2

0
P(Liso | θv)P(θv)dθv, (9)
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where P(θv) = sin θv and P(Liso | θv) is the probability distribution of the isotropic-
equivalent luminosity at a given viewing angle, which is in turn induced by the probability
distributions of the jet structure parameters (Salafia et al. in preparation).

The black symbols with error bars in the top panel of Figure 6 show the LF of long GRBs
as obtained by combining samples of high luminosity (HL) GRBs with measured z and
estimated isotropic equivalent luminosities Liso ≥ 1050 erg/s [210]. The plot also shows the
extension of the LF to intermediate luminosities (IL) 1048 ≤ Liso/(erg s−1) < 1050 where,
due to selection effects, only lower limits on the intrinsic rate density can be placed [206],
and to the low luminosity range (LL – Liso . 1047 erg s−1) dominated by few events
detected in the very local Universe [206]. In the bottom panel of Figure 6, the green and
purple lines and bands show the inverse cumulative LFs of short GRBs obtained by two
different studies [211,212] based on the observed properties of the Swift and Fermi samples.

The LF of both long and short GRBs extends over eight orders of magnitudes in luminos-
ity and presents a steep decay L−α with α & 3 at high luminosities (L > Lbreak ≈ 1052 erg/s).
In the structured jet framework, the most luminous events are likely those observed within
the core opening angle. As discussed above, the intermediate and faint end of the LF (for
L < Lbreak) is at least in part shaped by the jet structure [206]. In long GRBs, the binned LF
can be reproduced by a quasi-universal structured jet model [206] with a power law depen-
dence of the luminosity on the viewing angle Liso(θv) = Lc min(1, (θv/θc)−a) with a & 6
and θc and Lc narrowly distributed around 5◦ and 3× 1052 erg/s, respectively, (cyan solid
line in the top panel of Figure 6). In short GRBs, due to the scarcer data and the absence
of an agreement on the general features of the LF, the situation is more unclear. Yet, an
attempt at deriving a quasi-universal jet structure model from modeling the jet propagation
through, and breakout from, binary neutron star merger ejecta [114] does produce an LF
(blue solid line in Figure 6) with a steep decay above a break at Lbreak ∼ 3× 1052 erg/s and
a relatively less steep distribution at lower luminosities, which gets shallower as it extends
to the LL range where the observation of GRB170817A [27] places some constraints [67]. A
shallower (e.g., a power law Lv ∝ θ−2

v ) structure would result in a steeper LF that would
overproduce the LL long GRBs rate density (blue symbol in Figure 6, top panel) or, in short
GRBs, the binary neutron star merger rate (pink shaded region in Figure 6, bottom panel).

3.6. Jet Structure and the Epeak − Eiso Correlation

A fraction of the GRBs (around one-third) that trigger the Burst Alert Telescope (BAT)
onboard Swift end up with a measurement of their redshifts [213]. This allows, in most
cases. The estimate of Eiso and Liso require to measure the SED peak which is often possible
thanks to the detection of the burst also by the Fermi satellite which provides a broad
band (10keV-40MeV) energy spectral coverage., to estimate rest frame properties such
as Epeak, Eiso and Liso. Figure 7 shows the GRBs from [214] on the (Eiso, Epeak) plane
(black symbols), demonstrating the apparent correlation between these two quantities [191].
Such a correlation is naturally expected in a quasi-universal structured jet scenario, given
the common dependence of Eiso and Epeak on the viewing angle (e.g., [215]). Assuming
Gaussian profiles ηγdE/dΩ = ε0 exp(−θ2/θ2

c ) and Γ(θ) = 1 + (Γc − 1) exp(−θ2/θ2
c ), an

angle-independent comoving peak SED photon energy E′peak = 1 keV [216], and a quasi-
universal structured jet scenario in which the structure parameters in the population are
narrowly distributed around typical values 〈ε0〉 = 3× 1053, 〈Γ0〉 = 800, 〈θc〉 = 3◦, the
authors of [125] could reproduce both the LF of long GRBs and the observed Epeak − Eiso
correlation, as shown by the model distribution represented in Figure 7. The horizontal
dispersion in the figure corresponds to just considering a 0.5 dex log-normal dispersion
of the core energy density ε0. As shown by the color-coded viewing angle, within this
interpretation the known long GRBs are observed within θv . 3θc ∼ 9◦, which is consistent
with the constraints derived by [198]. In the bottom left corner, corresponding to Eiso < 1051

erg and Epeak < 30 keV, should reside jets observed at larger viewing angles. If these were
detected with next-generation instruments with wide-field, highly sensitive hard X-ray
monitors, they could probe the expected bending of the Epeak − Eiso correlation induced by
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large viewing angles and in turn help constraining the quasi-universal jet structure scenario.
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Figure 6. Top: luminosity function of Long GRBs as obtained by [210] (black symbols) extended to
low luminosities by [206] (red and blue symbols). Models considering a uniform jet (only seen on-axis
– green – or isotropically oriented – red) or a structured jet with a steep power law profile (cyan) are
shown. The separation in low, intermediate, and high luminosity (LL, IL, HL) GRBs is indicated by
the dashed vertical lines. Bottom: models of the (inverse cumulative) SGRB luminosity function.
Models fitted to observed properties of short GRBs (detected at cosmological distances) are shown
by the green [211] and purple [212] thick transparent lines and bands (medians and 90% credible
regions). The luminosity function obtained by [114] by computing the jet structure from a semi-
analytical calculation of the jet propagation and breakout is shown by the blue lines (contributions
by jets observed in different intervals of viewing angle are shown), arbitrarily normalized to a local
rate density R0 = 100 Gpc−3 yr−1. The local BNS merger rate density constraint from [217], i.e.,
10 ≤ R0,BNS/Gpc3 yr ≤ 1700, is shown by the pink shaded region.
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Figure 7. Rest frame peak energy Epeak versus isotropic equivalent energy Eiso of long GRBs. The
data points (cross symbols) are a flux-limited sample of bright Swift bursts. The dashed (dotted)
line shows the correlation regression line (and its 3σ scatter). The color-coded solid line shows the
values of Epeak and Eiso assuming a structured Gaussian jet seen under progressively larger viewing
angles-vertical color-code bar). The green shadows, representing the 1, 2, 3σ confidence levels around
the color-coded line, are obtained considering a dispersion of the core energy of 0.5 dex around a
nominal value of 3× 1053 erg. Figure reproduced from [125].

3.7. Jet Structure and ‘Late-Prompt’ Emission

The observed X-ray emission of GRBs extending after the prompt phase up to a few
hours is often characterized by a steep decay [218] of the flux transitioning to a shallow
(so-called plateau) phase [219]. On top of this, X-ray flares are often observed [220–222].
Intriguingly, these features of the early X-ray emission can be explained within a structured
jet scenario: the steep-plateau shape is what an observer nearly aligned with the jet axis
would see, while an off-axis observer should see a more uniform power law decay [207,223].
In this interpretation, the X-ray light curve up to the end of the plateau phase would have
an internal origin, being produced by prompt emission photons reaching the observer from
increasingly high-latitude parts of the jet (hence the delayed arrival time, [224]). Flares
have been explained, in the context of a structured jet, as late-time internal dissipation
episodes whose brightness and spectral hardness are reduced by the debeaming effects for
an observer with a viewing angle far from the jet axis [225].

4. Afterglow Emission from a Structured Jet

As explained in Section 2.2, the expansion of the jet material in the “circum-burst
medium” (the relic stellar wind from the progenitor massive star in long GRBs. In most
long GRBs, the afterglow seems to be best modeled assuming a homogeneous interstellar
medium (ISM), which poses a challenge to the massive star progenitor scenario for long
GRBs [88], or a tenuous interstellar medium in short GRBs) leads to the formation of a
shock, which is widely believed to be the main source of the broad-band GRB afterglow
emission [89,226–228]. Hereon, we focus on the case of a homogeneous ISM composed of
hydrogen, with number density n, and discuss the impact of jet structure on the expected
afterglow emission.

4.1. Jet Structure and the Early Afterglow

Initially, as the expanding jet material is highly relativistic, there is no causal contact
between regions at angular distances & 1/Γ and hence the shock dynamics only depends
on local quantities. Calling E(θ) = 4πdE/dΩ(θ), as soon as the isotropic-equivalent ISM
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mass is swept by the jet, M(θ) = nmp4πR(θ)3/3 (where mp is the proton mass and R is the
outer radius of the jet or, more precisely, that of the forward shock) becomes comparable
to E(θ)/Γ2(θ)c2, a reverse shock starts to propagate backwards (as seen in the rest-frame
of the contact discontinuity that separates the shocked ISM and jet materials) through
the jet, initiating the deceleration of the latter. Assuming a jet radial width ∆0 ∼ cTCE
after breakout, the initial deceleration phase proceeds differently depending on the local
Sedov length lS(θ) = (3E(θ)/4πnmpc2)1/3 and bulk Lorentz factor Γ(θ). Assuming free
expansion, the “sound-crossing” radius at which radial sound waves (assuming a rela-
tivistic sound speed cs = c/

√
3) cross the shell is Rs(θ) ∼

√
3Γ(θ)2∆0. The “deceleration”

radius at which the interaction with the ISM becomes relevant is Rd(θ) ∼ lS(θ)Γ−2/3(θ).
If Rs(θ) > Rd(θ), the portion of the jet is said to be in the “thick shell” regime, where the
deceleration starts before radial pressure waves can smooth out radial inhomogeneities
and cause any significant radial spreading [80,90]: in this case, the reverse shock is rel-
ativistic (i.e., the velocity of the unshocked jet is relativistic as seen from the contact
discontinuity that separates the shocked ISM and shocked jet material) and crosses the
whole jet shell at a radius Rcross(θ) ∼ lS(θ)3/4∆1/4

0 . Conversely, if Rs(θ) < Rd(θ) the
jet portion is in the “thin shell” regime, where it reaches the deceleration radius after
undergoing a significant radial spread, which washes out radial inhomogeneities and
leads to an effective jet radial with ∆(θ) ∼ R/Γ(θ)2. In this case, the reverse shock re-
mains Newtonian and crosses the shell at Rcross(θ) ∼ Rd(θ). Interestingly, as shown
in Figure 8, assuming E(0) = 1054 erg and Γ(0) = 1000 (the dependence on these val-
ues is weak) and adopting a Gaussian profile ∝ exp(−(θ/θc)2/2) for both quantities,
for most short GRBs (with TCE . 2 s and n . 1 cm−3) the deceleration is entirely in
the thin shell regime (see also [229]), while for long GRB jets (typically with TCE ∼ 30 s
and n ∼ 1 cm−3) it proceeds in the thick shell regime within an inner region θ < θthick
which corresponds typically to the jet core, θthick/θc ∼ 1. More generally, within the
above Gaussian structured jet assumption, the existence of a transition angle θthick corre-
sponds to the condition Γ(0) > (lS(0)/

√
3cTCE)

3/8 ∼ 430 E1/8
54 n−1/8

0 T−3/8
CE,1 , in which case

θthick = (2θc/
√

7)[8 ln Γ(0)− 3 ln(lS(0)/
√

3cTCE)]
1/2.
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Figure 8. Angle θthick within which the deceleration takes place in the thick shell regime, in units of
the core angle θc, in a structured jet with Gaussian energy dE/dΩ(θ) and bulk Lorentz factor Γ(θ)
profiles ∝ exp(−(θ/θc)2/2), assuming 4πdE/dΩ(0) = 1054 erg and Γ(0) = 1000, as a function of the
ISM number density n and central engine duration TCE. Boxes show the regions of the plane where
most long (red box) and short (grey box) GRBs are expected to lie.
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During this phase, diffusive shock acceleration of electrons [230–233] can take place
at both the forward and reverse shocks, leading to synchrotron [234] and possibly inverse
Compton radiation. For viewing angles close to the jet axis, where the emission is domi-
nated by material moving close to the line of sight, the reverse shock emission is expected to
peak at the observer time tpk,RS ∼ (1 + z)Rcross(θv)/Γ(θv)2c that corresponds to the shock
crossing time. In the thin shell regime, this matches the peak time of the forward shock
emission. The light curve of the reverse shock emission in the Optical (where the peak of
the synchrotron spectrum at tpk,RS is expected to lie for “standard” parameters, [234]) and
X-rays are expected to display a rapid rise and decay before and after the peak, therefore
appearing as a flare. In the radio, the expected decay is slower (as the synchrotron peak
moves rapidly to lower frequencies after the peak), with possible late-time bumps [235],
even though this critically depends on how rapidly the shock-generated magnetic field
decays after the reverse shock has disappeared [236]. The emission as seen by a far off-axis
observer may be instead dominated by material moving at a different angle, or more
generally consist of a comparable amount of radiation from a broader portion of the jet,
resulting in a delayed and smoother light curve (see [229] for examples in short GRBs).

In parts of the jet where the deceleration proceeds in the thick shell regime, the radial
structure plays a role in the reverse-forward shock dynamics, and thus in shaping the
early afterglow emission. This is particularly relevant in far off-axis parts of the jet that
contain blown-out cocoon material (which is expected to feature a broad velocity profile,
e.g., [79,116,138]) and/or if the central engine does not turn off abruptly at TCE, but rather
decays slowly, resulting in a jet with a low-velocity tail that contains a non-negligible
amount of energy. In that case, the reverse shock can be long-lived, with slower material
gradually catching up, with modified dynamics of both the reverse and forward shocks:
this is often called a refreshed shock [237] scenario. This remains currently one of the leading
explanations for the X-ray plateaux (see Section 3.7). The latter phenomenon is therefore
mostly explained as resulting from either a radial or an angular jet structure [238]: the
degeneracy between these two options when trying to explain “non-standard” decays in
afterglow light curves has been addressed in [239].

4.2. Jet Structure and the Late Afterglow

As soon as the reverse shock has disappeared, the shocked jet shell transfers most
of its energy to the shocked ISM [83,91] and the system turns into a blastwave, that is, a
forward shock whose memory of the details of the original explosion is lost. In this phase,
its dynamics depend solely on the (angle-dependent) Sedov length lS(θ) ∝ (E(θ)/n)1/3

and can be described by the evolution of the Lorentz factor of the shocked ISM immediately
behind the forward shock, as a function of the forward shock radius (and the angle, given
the anisotropy) Γ(R, θ). As long as the blastwave is relativistic, Γ(R, θ)� 1, its radial struc-
ture and evolution are well-described by the self-similar Blandford–McKee solution [92],
stably against perturbations [83], and hence Γ(R, θ) = (R/lS(θ))−3/2 [24,92,240]. Lat-
eral energy transfer (which typically proceeds from the jet axis outwards) starts being
relevant as soon as transverse causal contact is established, which happens at each an-
gle θ when [Γ(R, θ)]−1 & θ. From that radius on, lateral pressure waves will start
transferring shock energy laterally, gradually smearing out the angular energy profile
E(θ) [31,32,43,241]. As soon as the entire shocked region reaches transverse causal con-
tact, it expands laterally [11,93,95,242], gradually reaching isotropy. At late times, when
the whole shock becomes non-relativistic and the expansion quasi-spherical, the shock
structure and evolution is well-described [93,94,243] by the Sedov-Taylor self-similar
solution [244–246]. This qualitative description should make clear that most of the memory
of the angular structure is wiped out during the lateral spreading phase.

The shock dynamics and emission in the structured jet scenario in this phase have
been addressed by several studies, e.g., [24,31,32,37,43,57,64,199,241,247–251]. At any time
in the evolution, the emission is typically modeled within a parametrized relativistic leptonic
diffusive shock acceleration and synchrotron/inverse-Compton emission model [227,228].
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Shock-accelerated electrons are assumed to be injected in the shock downstream with
a power-law distribution of Lorentz factors, dne/dγ ∝ γ−p (where ne is the comov-
ing electron number density in the immediate downstream, and we focus on the case
where p > 2), above a minimum Lorentz factor γm. Their number is assumed to be
a fraction. Most often, the fraction is set to χe = 1, despite the theoretical expectation
being χe ∼ few× 10−2 [233,252]. Yet, in some GRB afterglows with broad-band, high-
cadence datasets, χe < 1 has been shown to provide a substantially better fit to the data,
e.g., [236,253]. χe of the total shocked ISM electrons, and their energy density is assumed
to be a fraction εe of the internal energy in the shock downstream (which in a strong shock
depends only on the shock velocity/Lorentz factor and on the adiabatic index, being set
by shock-jump conditions [254]): the minimum Lorentz factor γm is entirely determined
once the shock Lorentz factor Γ and the χe, εe and p parameters are given. A random
magnetic field generated by small-scale turbulence behind the shock [255] is assumed to
hold a fraction εB of the energy density. The electron population in the shock downstream
evolves as fresh electrons are injected, and as older electrons cool down due to synchrotron,
inverse-Compton and adiabatic losses: as a result, the electron distribution in phase space
takes approximately the form [228]

dne

dγ
∝
{

γ−q γp ≤ γ < γ0
γ−p−1 γ ≥ γ0

, (10)

where γp = min(γm, γc), γ0 = max(γm, γc),

q =

{
p γm ≤ γc
2 γm > γc

, (11)

and γc is the Lorentz factor above which electrons lose most of their energy through
synchrotron, inverse-Compton and adiabatic losses in a dynamical time t′dyn ∼ R/Γc. This
is typically given by [227,228]

γc =
6πmec2Γ

σTB2R(1 + Y)
, (12)

where Y = urad/uB is the ratio of radiation energy density. This includes the syn-
chrotron radiation produced by the electrons–which emit and cool both by synchrotron
and by inverse-Compton scattering of their own synchrotron photons, i.e., synchrotron-
self-Compton [256,257]–and possibly an external radiation field, which can be upscattered
by relativistic electrons in the shock downstream giving rise to an additional emission
component [258–260]. to magnetic energy density as measured in the shock downstream
comoving frame. More complicated electron energy distributions arise when Klein-Nishina
effects are important and most electrons cool rapidly, e.g., [178,180].

The above simple model of electron acceleration and cooling thus depends on the
“microphysical” parameters p, χe, εe and εB, and on the shock Lorentz factor Γ. Once the
shock dynamics Γ(R, θ) is determined, the luminosity emitted towards an observer at a
viewing angle θv from electrons in the entire shock can thus be computed for a fixed set of
microphysical parameters by integrating the radiative transfer equation after computing
the synchrotron (and possibly inverse-Compton) emissivity (and absorption coefficient)
over the shock downstream, the shock radial structure is given by the appropriate self-
similar solution. In order for the resulting luminosity to be appropriately compared to the
observed flux, the integration must be performed over the appropriate equal-arrival-time
volume or, in other words, at the appropriate ‘retarded’ time to account for the different
photon paths that lead to the same arrival time to the observer [7,67,261–263]. If the shock is
approximated as infinitely thin, this reduces to equal-arrival-time surfaces [43,199,228,264].

Even when limiting the discussion to an isotropic explosion and to synchrotron emis-
sion only, the above model leads to rather complex light curves [263]. At any fixed time,
the SED is composed of various smoothly-connected power law segments, corresponding
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to different spectral regimes: the main critical frequencies are the synchrotron frequencies
νsyn(γ) = δγ2eB/2πmec (where δ is the Doppler factor related to bulk motion) corre-
sponding to the electron distribution break Lorentz factors γm and γc (typically referred
to as νm = νsyn(γm) and νc = νsyn(γc)), and frequency νa below which synchrotron
self-absorption becomes important (i.e., the synchrotron self-absorption optical depth
τssa(νa) = 1). The comoving specific synchrotron emissivity at a comoving frequency ν′

can be approximated by a series of power-law segments, namely

j′ν′ = j′ν′ ,max





(ν′/ν′p)1/3 ν′ ≤ ν′p
(ν′/ν′p)−(q−1)/2 ν′p < ν′ ≤ ν′0
(ν′0/ν′p)−(q−1)/2(ν′/ν′0)

−p/2 ν′ > ν′0

, (13)

where ν0 = νsyn(γ0), νp = νsyn(γp), and q, γ0 and γp have the same meaning as before.
The maximum specific emissivity j′ν′ ,max depends on the microphysical parameters, ISM
density and shock Lorentz factor [199,227]. When considering optically thin portions of
the shock, the intensity received by the observer is just Iν = δ3 j′ν′(ν/δ)∆R′, where ∆R′ is
the shock effective thickness, typically of order ∆R′ ∼ R/Γ2. Hence, if the emission is
dominated by a small, optically thin portion of the shock, the observed flux density has the
same shape as the emissivity. Synchrotron self-absorption [265] suppresses the emission
when τssa > 1, introducing low-frequency power law segments with Iν ∝ να with α = 2
if ν < νp and α = 5/2 otherwise. If γc < γm, an additional power law segment with
α = 11/8 emerges below νa due to the inhomogeneous cooling stage of electrons behind
the shock [266]. Useful figures summarizing all the possible synchrotron spectral regimes
in GRB afterglows can be found in [263]. Reference [178] treats additional cases where the
electron distribution (and hence the synchrotron spectrum) is modified by a non-monotonic
dependence of the cooling rate on the electron Lorentz factor γ due to Klein–Nishina effects.

For a given jet structure, observed off the jet core (θobs > θc), the emission is dominated,
at different times, by different portions of the emitting surface [249,251]. Figure 9 shows
that as time increases, the flux seen by the observer is dominated by emissions produced
progressively close to the jet axis as a consequence of the competition between the decrease
in the shock velocity (implying the increase in the beaming angle and the decrease in the
emissivity) and the increasing shock initial energy towards the jet axis with respect to the
observer line of sight (center of the coordinate system in Figure 9). This effect has important
consequences on the observed afterglow light curves for different jet structures and viewing
angles. Figure 10 shows some examples of mono-chromatic afterglow light curves at three
characteristic frequencies corresponding to the radio, optical and X-ray bands (from top to
bottom). Three different jet structures are considered here: uniform (solid lines), Gaussian
(dashed line) power-law with both the energy and the Lorentz factor decreasing as θ−3

(dotted line). In all three cases, a jet core opening angle of 3 degrees is considered. As long
as the observer’s line of sight is within the beaming cone of the jet core, θv− θc < 1/Γ(R, 0),
the light curves corresponding to different structures are almost indistinguishable. This
applies to the entire light curve as long as θv < θc. If the viewing angle is larger, differences
among the three structures are apparent mainly in the rising phases of the light curves, with
the two non-uniform structures presenting similar shallow rising phases preceding the
peak, after which all structures join into the same, core-dominated decay. The enormous
difference in the light curves at intermediate viewing angles θc < θv . few× θc stems
from the fact that, in the Gaussian and power-law structure cases, the emission is initially
dominated by material moving along the line of sight, which is absent in the uniform
jet case.

The fact that the emission is dominated by material progressively closer to the jet
axis impacts also the apparent displacement of the source centroid as seen in Very Long
Baseline Interferometry (VLBI) imaging [67,248,267–270]. The surface brightness of the
shock, as seen by a distant observer, corresponds to the intensity Iν described above. Its
distribution Iν(θx, θy) on the plane of the sky (where θx and θy represent two suitably
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chosen angular coordinates on the relevant sky patch) is most commonly referred to as the
‘image’ of the source. See the next section for some example surface brightness distributions,
which can be measured through VLBI imaging within the limited resolution that can be
reached with current facilities. The image centroid (i.e., the mean of the distribution) lies
on the projection of the jet axis on the (θx, θy) plane because the jet axisymmetry induces a
reflection symmetry in the image. Such symmetry can also be exploited to speed up the
computation of Iν for the calculation of light curves [199]. The displacement of the centroid
before the light curve peak (after which the emission becomes core-dominated) is directly
related to the shape of the jet structure.

The fact that the evolution of the pre-peak light curves and in principle also that of
the image centroid position contain some information on the jet structure suggests that it
is possible to reconstruct (at least partially) the latter information from the observations.
This is typically achieved by fitting an analytical structured jet afterglow model to the
observed light curves (and centroid displacement), in order to recover the parameters that
describe the structure, e.g., [63,67,248,269,271,272]. As demonstrated by [273], the light-
curve-based reconstruction can be performed more explicitly by integrating a differential
equation derived from standard afterglow theory. Unfortunately [273,274], the accuracy
and cadence required for a detailed reconstruction are highly demanding, and global
degeneracies remain unbroken unless the evolution of the emission in multiple spectral
regimes is observed see also [251].

Figure 9. Angular map showing the intensity distribution per unit solid angle (color coded) of
emission from the afterglow forward shock, centered on the line of sight. The position of the jet axis
is marked by the white cross symbol. The green cross and red (blue) contours show the peak of the
intensity and the region containing 50 (80%) of the total flux. A power-law structured jet with core
values Γc = 1000 and θc = 0.03 rad is considered. The power-law slopes are a = 4 and b = 2 for
the energy and Γ structure, the observer viewing angle is 10 times the core opening angle and the
external medium density is constant. The maps correspond to different observing times (as measured
in the rest frame of the central engine), from 500 s (top left) to 580 days (bottom right). Reproduced
from [251].
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Figure 10. Example synthetic afterglow light curves for jets at z = 1 with differing structures,
seen under various viewing angles (color-coded as reported in the legend), computed within the
“standard afterglow” model described in Section 4.2 assuming εe = 0.1, εB = 10−3, p = 2.2, and a
homogeneous external medium with number density n = 0.1 cm−3. Each structure can be defined as
dE/dΩ = (Ec/4π) f (θ/θc) and Γ = 1 + (Γc − 1) f (θ/θc): (i) the Uniform structure (solid lines) has
f (x) = Θ(1− x), where Θ(x) is the Heaviside step function; (ii) Gaussian jet (dashed lines), with
f (x) = exp(−x2/2); (iii) Power-law jet, with f (x) = (1 + x3)−1. For all jets, Ec = 1053 erg, Γc = 300
and θc = 3◦. Each panel shows light curves computed at a different observing frequency: 1.4 GHz
(top panel), r-band (i.e., 4.6× 1014 Hz, central panel) and 1 keV (i.e., 2.4× 1017 Hz, bottom panel). In
the bottom panel, we show for comparison the slopes expected for the X-ray (mostly also valid for
the Optical) post-peak (for viewing angles close to the jet axis) and post-jet-break light curves. The
late-time peak produced by the emission of the counter-jet is also annotated.

5. Gw170817 and GRB170817A: An Observational Test-Bed for Off-Axis Structured
Jet Theory

As noted in the introduction, the discovery of GW170817 and its electromagnetic coun-
terparts [25,26] marks a discontinuity in the evolution of the interest of the astrophysical
community in structured jets. The reason is that a structured jet observed off-axis provides
the most satisfactory and self-consistent explanation for the behavior of the associated
short gamma-ray burst GRB170817A [55,56] and of the non-thermal emission observed
at the source position starting on the second week after the gravitational wave event
in radio [63,66,67,275–280], X-rays [58,60,281–286] and optical around the peak (with the
Hubble Space Telescope [287,288] and with the Large Binocular Telescope [67]). Striking
evidence in favor of such a scenario came from the latter component: its initial light curve
evolution, with an unprecedented shallow increase in flux as ∼ t0.8 over three months (see
Figure 11), sparked a debate within the community about its interpretation. The two main
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competing scenarios attributed the emission to a mildly relativistic shock propagating into
the interstellar medium. In one scenario, the shock was produced by an off-axis structured
jet, e.g., [58,62] that successfully broke out of the merger ejecta. In the other, it was due
to a quasi-spherical outflow with a velocity profile, with most energy in the slower ejecta
(models of the radio surface brightness in the two scenarios are shown in Figure 12).
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Figure 11. Observations and model of the afterglow of GRB170817A. Colored circles with error
bars show flux densities measured in radio, X-ray and optical observations (data from [289]) at the
position of GW170817, rescaled to a common frequency of 3 GHz assuming a power-law spectrum
Fν ∝ ν−0.584 [60]. The data points are color-coded according to the color bar on the right in order to
show the original observing frequency. The red solid line is the prediction of an off-axis structured
jet model with a power-law profile of both the energy and the Lorentz factor, with the same form
and similar parameters as that in [67], namely E(θ) = E(0)/(1 + (θ/θc)sE ) and Γ(θ) = 1 + (Γ(0)−
1)/(1+(θ/θc)sΓ ) with θc = 3.2◦, E(0) = 4× 1052 erg, sE = 4.5, Γ(0) = 1000, sΓ = 3.3, n = 10−3 cm−3,
εe = 0.1, εB = 10−4, p = 2.168 and θv = 19◦.

The latter outflow could have been either the result of the jet being present, but
‘choked’ [279,290] (i.e., the central engine turned off before the head was able to break out),
or could have arisen from the rapid conversion of magnetic energy into kinetic energy soon
after the merger, e.g., [291,292]. Unfortunately, Nakar and Piran [239] showed that it was
impossible to tell apart the two scenarios solely from the light curve evolution before the
peak, because a shallow power-law increase in the radio and X-ray flux density could be
produced by ejecta with an appropriately chosen angular profile, or velocity profile (or an
infinite family of combinations of the two), and in neither case the required parameters
were unrealistic. The solution to the riddle was eventually provided by high-resolution
VLBI observations [66,67] at 75, 207 and 230 days after the merger, which revealed an
apparently superluminal motion of the radio source centroid and a very small projected
size of the image [67] see Figure 13. Only the off-axis structured jet scenario has been
demonstrated to provide a complete, self-consistent explanation of the light curves and
centroid motion to date.

The off-axis viewing angle is most likely in the 15–25◦ range, see [66,293], which is in
good agreement with the binary orbital plane inclination derived from the gravitational
wave analysis [25], has been also identified as the culprit of the extremely low luminosity
of the GRB170817A prompt emission approximately Liso ∼ 1047 erg/s, see [26,55,56] when
compared to the other known short GRBs with a redshift measurement, since the latter is
instead observed within∼2θc [198,205]. However, the simple interpretation of GRB170817A
as being regular short GRBs with a suppressed flux due to relativistic beaming e.g., [26,294]
is not viable. Compactness limits [204,205] indicate that the GRB170817A emission was
produced by material moving at a Lorentz factor Γ & few, but seen under a viewing angle
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θe . 5◦. Given the viewing angle θv & 15◦ and the opening angle θc . 5◦, e.g., [293],
this is not compatible with emission originating at the border of the jet core, for which
θe = (θv − θc) > 5◦. The mechanism that produced the observed emission could still have
been a similar one as that behind the known short GRB population, but operating well
outside the jet core, e.g., [197], or a different mechanism, such as the cocoon shock breakout,
e.g., [79,239,290] see Section 2.5.

(A) Structured jet

(B) Quasi-spherical outflow, 𝜽c=30°

(C) Quasi-spherical outflow, 𝜽c=45°

(D) Quasi-spherical outflow, 𝜽c=60°

Figure 12. Model images of an off-axis structured jet (A) and of three quasi-spherical explosions (B,
C and D) with similar parameters, but differing opening angles θc. The angle between the line of
sight and the shock symmetry axis in all cases is θv = 15◦. The images show the surface brightness
at 5 GHz, 207 days after the merger, as seen from a distance of 41 Mpc. In each panel, the merger
is located at coordinates (0, 0), while the grey cross shows the image centroid and the full width at
half the maximum of the image in two perpendicular directions. All models are compatible with
the observations of the GW170817 non-thermal multi-wavelength counterpart (shown in Figure 11)
before the peak. Adapted from [67].
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Figure 13. Global VLBI image of the GRB170817A afterglow 207 days after the merger. The main
panel (A) shows the cleaned surface brightness map (color-coded according to the color bar on the
right) of a small region around the position of GW170817, observed 207 days after the merger. Red
contours are lines of constant surface brightness corresponding to −20 (dashed), 20 and 40 (solid)
µJy/beam. The root-mean-square of the image noise is 8 µJy/beam. The ellipse in the lower left
corner of the plot encompasses the full width at half the maximum of the synthesized beam (i.e.,
the resolution element). The inset, panel (B), shows a zoom of the region close to the peak of the
surface brightness distribution, with black error bars marking the best fit and one-sigma errors on the
centroid position of the source at 75 and 230 days, as measured by [66], with the axes showing the
displacement with respect to the position at 75 d. Reproduced from [67].

6. Concluding Remarks

In this review, we attempted at summarizing the historical development of the current
ideas on the processes that shape the structure of relativistic jets in gamma-ray bursts
and the main observational consequences of that structure. We put some emphasis on
the qualitative physical description of the structure formation and on the imprint of the
structure on the main observables that characterize the prompt and afterglow emission
of gamma-ray bursts, with the aim of providing first guidance (with minimal use of
technicalities and a pedagogical approach) to those who encounter these topics for the
first time. Inevitably, the review only covers a fraction of the relevant literature, only
scratches the surface of most arguments, and represents only a partial account of the huge
scientific effort performed by the community in the last few decades on this topic. For
example, we entirely neglected the important topic of the polarization of the emission from
a structured jet: fortunately, this is brilliantly covered by another review article [45] in this
same Special Issue.

Most of the topics presented here are fields of active research and are evolving at a
fast pace, especially in the latest years after GW170817. The upcoming science runs of
the ground-based gravitational wave detector network, currently comprising the Laser
Interferometer Gravitational-wave Observatory (LIGO, [295]), Advanced Virgo [296] and
KAGRA [297], will likely soon yield at least one new binary neutron star and/or black
hole-neutron star merger event (e.g., [298–307]), hopefully with an associated jet: this will
provide new unique insights on the structure of short GRB jets, on the properties of off-axis
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jet emission in general, and on the incidence of jets, which can be used to constrain the
progenitor population (e.g., [308]). With new ‘golden’ events such as GW170817, direct
information on the jet structure can be extracted, e.g., through the methodologies discussed
at the end of Section 4.2, provided that a detailed, high-cadence, multi-wavelength dataset
will be collected. The availability of VLBI observations will greatly enhance the chances to
break the inherent degeneracies in the afterglow modeling and hence in the jet structure.
Moreover, new events observed at differing viewing angles will be the perfect route to
test the quasi-universal structured jet hypothesis. We look forward to learning much more
about the structure of gamma-ray burst jets from these and other observations, and from
theoretical advances, in the close future.
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Abstract: The recent multi-messenger and multi-wavelength observations of gamma-ray bursts
(GRBs) have encouraged renewed interest in these energetic events. In spite of the substantial amount
of data accumulated during the past few decades, the nature of the prompt emission remains an
unsolved puzzle. We present an overview of the leading models for their prompt emission phase,
focusing on the perspective opened by future missions.

Keywords: gamma-ray burst; prompt emission; relativistic jets

1. Introduction

In the past few years, new observations have led to several breakthroughs in the
field of high energy astrophysics. The first detection of the binary neutron star merger
event GW170817 by the Laser Interferometer Gravitational-Wave Observatory (LIGO)
and the Virgo Consortium coinciding with a short-duration gamma-ray burst (GRB) [1–3]
was a watershed moment in astronomy. For the first time, both gravitational waves and
electromagnetic waves were detected from the same astrophysical source. Furthermore,
this detection firmly placed the merger of neutron star binaries as progenitors of (at least,
some) short GRBs. This event was accompanied by a “kilonova”, also robustly establishing
neutron star mergers as critical contributors of the production of heavy elements in the Uni-
verse [4,5]. These exciting observations have reinvigorated the interest of the astronomical
community in understanding the underlying physics of gamma-ray bursts, their associated
jets, and progenitors.

A second major breakthrough was the detection of the very high energy (>100 GeV)
emission from GRBs by the Major Atmospheric Gamma Imaging Cherenkov (MAGIC) tele-
scopes and High Energy Stereoscopic System (H.E.S.S.) [6,7]. These discoveries provided
crucial data for relativistic jets models in which gamma-ray bursts are produced, as well as
the nature of high energy radiation processes. On the other hand, neutrinos from GRBs are
expected following the interactions of energetic protons that may be accelerated in the GRB
environment, however no neutrinos from GRBs have been firmly detected yet [8]. As a
result of this lack of detection, one critical piece of information regarding the possible GRB
radiation mechanism is still missing. With the advent of new multi-messenger observations,
it is becoming increasingly important to revise theoretical models to understand the physics
in the vicinity of black holes and neutron stars, the nature of relativistic jets, and the origin
of GRBs as the most energetic events in the Universe.

These recent observations add and extend the knowledge gained in the past several
decades about the nature of GRBs. Observationally, we know that the vast majority of
GRBs have the following common features: (i) Most GRBs consist of highly variable
pulses of gamma-ray photons typically lasting dozen of seconds, having a non-thermal
spectrum peaking at ∼a few 100 keV. (ii) The occurrence rate is approximately once per
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day from random directions in the sky [9–11]. (iii) The prompt emission is followed by the
afterglow emission detected at lower energies (X-ray, optical, and radio) lasting for days,
weeks, months, and (in radio band) years after the main event. (iv) For a number of GRBs,
long lasting gamma-ray photons with energy >100 MeV have been observed during the
afterglow phase.

The extreme nature of these events—short variability time scales ∼10 ms, extreme
energy of up to (isotropic equivalent) 1055 ergs [12], emission over a broad energy scale,
from optical to TeV, and the connection of the origin of these explosions with black-hole
formation, have posed a challenge for the theoretical modeling of these events. In this
review we will focus on the prompt emission of gamma-ray bursts, and provide a short
summary of some of the most recent results, and of the proposed models for this emission
episode. For more extensive reviews see, e.g., [13–17].

2. Prompt GRB Emission: Key Observational Properties
2.1. Spectral Properties: Sub-MeV Emission

Currently, the wealth of observations on prompt gamma-ray burst emission in the
keV/GeV energy range comes from the Fermi, Swift, INTEGRAL, and Konus–Wind satel-
lites. The spectrum in sub-MeV energy range is commonly fitted by the so-called Band
function [11], which is an empirical function consisting of low- and high-energy power
laws, smoothly connected around the peak energy at which most of the energy is emitted.
The observed photon spectra indices, α and β of the low- and high-energy power-laws,
respectively, may serve to distinguish different radiative mechanisms and properties of the
electron distribution (that emit synchrotron radiation, if it is the dominant radiative process,
see below). The most recent Fermi GBM (Gamma-ray Burst Monitor [18]; covering ∼8 keV
to 40 MeV) gamma-ray burst spectral catalogue [19] provided α values for time-integrated
(“fluence”) spectra. When selecting only the models with spectral curvature, the low-
energy index values are distributed around α ∼ −1.1, which is in agreement with previous
findings [20,21]. Somewhat steeper low energy spectra α ∼ −0.7 have been reported for a
Fermi GBM time-resolved spectral analysis of brightest bursts [22] (excluding the values
obtained for simple power-law fits).

Recent works (e.g., [23,24]) provided fits to the gamma-ray burst prompt emission
spectra below the spectral peak with not a single, but rather two power laws, connecting at
a characteristic low energy spectral break. The break energy below which the spectrum
hardened was found to be at (80–280 keV) for a sample of Fermi bright long GRBs [24], while
it was at lower energies (3–22 keV) for a sample of GRBs contemporaneously observed
by Swift BAT+XRT [23] (in the latter sample also Fermi GBM data were included when
available). The importance of these fits lies in the obtained slopes, −0.6 and −1.5 below
and above the break, respectively, that are consistent with the prediction of the synchrotron
emission theory. A low-energy spectrum having two breaks thus may be a general property
of GRB prompt emission though possibly not easily observable with present instruments.
On the other hand, studies of the proposed measure of the spectral sharpness, namely the
width of the spectral peak [25], showed that a large fraction of the observed GRB prompt
spectra is not consistent with the theoretically expected synchrotron model under various
assumptions (e.g., delta-function distribution of electrons, and Maxwellian or power-law
electron distribution). This result therefore suggests emission mechanisms other than the
optically thin synchrotron radiation [26].

A viable alternative is that of a thermal emission, predicted as the first signal arriving
from the relativistically expanding fireball, e.g., [27,28]. The thermal spectral component
was fitted in the early time-resolved spectra [29,30], or the entire time-integrated spectrum
was fitted with a blackbody spectrum [31]. Several authors proposed the fit of a blackbody
superimposed on the power-law component in order to fully describe the low energy
portion of the spectrum [32–35]. The thermal component exhibited temporal evolution,
with a characteristic rise and subsequent decay of the thermal flux. Recent works stress
the importance of considering the temporal evolution of the photospheric emission: At
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earlier times, ∼50% of the analyzed pulses were preferably fit with the photospheric
emission [36,37].

High Energy Emission

The first observations of GeV emission from GRBs were obtained by EGRET (the
Energetic Gamma-Ray Experiment Telescope, [38]) on board the Compton Gamma Ray
Observatory in flight 1991–2000 [39,40]. The duration of high energy emission was often
longer than the emission at keV, and showed a distinct temporal evolution [41,42].

The Fermi LAT instrument (the Large Area Telescope; [43]) is sensitive to γ-rays in
the energy range ∼30 MeV to ≥300 GeV. Since its launch in 2008, it asserted several new
observational characteristics at energies >100 MeV [44]: (i) Many of the bright GRBs could
not be fitted with commonly used models consisting of the low- and high-energy power
law, and an additional power law component was required to fit the high-energy portion
of the spectrum abd (ii) the emission above 100 MeV tends to be delayed with respect to
emission at lower (sub-MeV) energies. When high energy emission was detected, it started
during the prompt phase in >60% of the cases. Given the Fermi LAT field of view, this
fraction may be even higher; (iii) the high energy emission lasts systematically longer than
the sub-MeV prompt emission, and the high energy flux often follows a power law decay
∼t−1. Recently, the two Imaging Atmospheric Cherenkov Telescopes, MAGIC and H.E.S.S.
telescopes, reported the observations of the very high energy emission [6,7]. The γ-rays
from GRB 190114C were observed in the energy range 0.2–1 TeV starting 57 s after the burst
onset. The prompt emission duration of this event was ∼116 s by Fermi GBM and ∼362
s by Swift BAT. The observed very high energy emission was associated with the inverse
Compton component in the afterglow phase, however the contribution from the prompt
emission at early times could not be excluded [45].

2.2. Light Curve Properties

Prompt GRB light curves show erratic behavior, and so far no common model has
been accepted that would fully describe the observed behavior. The duration of emission is
associated with the timescale on which the inner engine producing a GRB operates, while
the temporal variability reflects its variations in time [46] (though other sources of the
observed variability have been proposed, e.g., local relativistic turbulence [47], see below).
Broadly, we distinguish two classes of events, short and long GRBs with the dividing
line at T90∼2 s [48], where T90 refers to the time in which 5% to 95% of the counts in the
50–300 keV band is accumulated.

It has been recognized that the dividing line of T90∼2 s depends on the specific gamma-
ray detector used, thus additional information must be used to determine if a GRB is “long”
or “short” (e.g., [49,50]). This has a theoretical implication: there is strong evidence that
“long” GRBs are associated with the collapse of a massive star (the so-called “collapsar”
model [51,52]). This evidence is based on the association of long GRBs with core-collapse
supernova and thus massive star progenitors [53,54]. Short GRBs, on the other hand, are
believed to be associated with the merger of two compact objects [55]. This idea has been
proved by the association of the gravitational wave event GW170817 with a GRB (although
this GRB may be atypical [1–3]).

In a small number of short GRBs, there is evidence of an extended emission lasting
tens of seconds after the short initial spike [56–58], whose origin is still debated. Extended
emission from short GRBs was also observed by the Fermi LAT at energies >100 MeV, e.g.,
in GRB 090510 or GRB 170127C [44].

The observed intrinsic variability during the prompt GRB emission can be rather
short, down to ∼tens of millisecond timescale or lower [59,60]. It poses a major constraint
on prompt emission models, as the short timescale on which the observed signal can
vary in the simplest models is given by δT∼R/(cΓ2) [61] (R is a typical radius of the
emitting region and the Γ is the jet bulk Lorentz factor). For GRBs with LAT detection,
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short timescale variability during the prompt phase can be found in a handful of bursts,
e.g., GRB 131108A [44] and GRB 170214A [62].

2.3. Polarization

The leading models of the non-thermal emission, namely synchrotron emission and
Compton scattering, both produce highly polarized emission [63]. However, in order to
observe such a polarized signal, one has to break the spherical symmetry, which seems
easier during the later time afterglow phase, due to lateral expansion of the slowing-down
jet. Indeed, the first claimed detection of polarization signal was during the afterglow
phase [64,65]. For a recent comprehensive study of polarization during the prompt phase
for different scenarios see, e.g., [66].

High degree of linear polarization was claimed for several bursts, detected by different
instruments: RHESSI, BATSE, and Integral [67–72]. Significant linear polarization was
detected by the GAP instrument on board IKAROS satellite [73,74] for several GRBs: 100826A
(Π = 27 ± 11%), 110301A (Π = 70 ± 22%), and GRB100826A (Π = 84+16

−28%), in all cases
with more than 2.9 σ confidence.

In recent years, there have been dedicated missions to study GRB polarization, such
as the Indian-led ASTROSAT, which reported several highly polarized signals detected by
the CZTI instrument [75–77]. A second dedicated instrument is the POLAR detector [78].
The key result is that, while in many GRBs the time-integrated polarized signal is very
low, there are rapid changes in the polarized signal, indicating the need for a time-resolved
analysis, in which the signal is much more pronounced.

3. Theories of GRB Prompt Emission

Several current models can successfully interpret some of the spectral and temporal
features of GRB emission. The main unknowns in the models for prompt emission are the
nature of the energy reservoir and the subsequent energy dissipation, details of the particle
acceleration mechanism, and the dominant radiative process. Within current leading
models, the observed non-thermal spectrum is interpreted as either [i] a synchrotron and
synchrotron self-Compton radiation from a population of relativistic electrons accelerated
during the energy dissipation in the outflow (e.g., [79,80]), or [ii] as a Comptonized quasi-
thermal emission from the photosphere (e.g., [81–84]). We give an overview and outline
the main problems for the several leading models.

3.1. Hot Fireball Model

The hot fireball model assumes the expansion of a fireball composed mostly of photons,
electron-positron pairs, and neutrinos [85–87], where magnetic field is energetically sub-
dominant. As the fireball expands adiabatically from a very small radius, the energy
of photons and pairs is transferred to protons, which are accelerated to large Lorentz
factors [88]. At large distances from the central engine, the kinetic energy of the jet is
transformed back to thermal energy, and gamma-rays are produced [89].

Using conservation of energy and entropy, it can be shown (e.g., [15]) that the accelera-
tion of the jet is linear with distance from the base of the fireball R0, namely Γ(r) ∝ r. The
acceleration proceeds until the outflow reaches the saturation radius Rs = R0Γs, where Γs
is the terminal Lorentz factor. This is true as long as the photons are coupled to electrons in
the outflow, therefore, the photospheric radius Rph plays an important role. (i) If Rs < Rph,
then the jet reaches Γs at Rs. (ii) On the other hand, if Rph < Rs, then the acceleration
mostly stops at Rph [90,91].

The luminosity of the photospheric component in the hot fireball model depends on
cases (i) and (ii) mentioned above. For case (i), since the photospheric radius is larger than
the saturation radius, the photon temperature decreases due to adiabatic cooling beyond
the saturation radius and the thermal luminosity is expected to be lower than in case (ii).
The observed photospheric emission is expected to be at a few MeV [85–88]. The emerging
spectrum would not be as simple as fν ∝ ν2 below the peak, where ν is the observed
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frequency and fν is the flux density, however integration from different radii would flatten
it slightly to approximately fν ∝ ν1.4−1.5 [83,92–94] and an angular dependence of the
jet Lorentz factor can flatten it to ∝ ν0 [95], see below. The presence of a strong thermal
component in the gamma-ray spectrum would point to the hot fireball model. There is
some evidence for a photospheric component in a number of GRB spectra, e.g., [96]. On
the other hand, the lack of this clear component has been used to support the magnetically
dominated jet model [97], which is described below.

3.2. Particle Acceleration

Following the dissipation of kinetic or magnetic energy, particles are accelerated to
high energies. These particles, then, emit the high-energy, non-thermal radiation observed.
Modeling this radiation (e.g., as synchrotron emission) provides an indirect evidence for
particle acceleration to non-thermal distribution. This was first done in the context of the
GRB afterglow [98,99].

The theory of test particle acceleration (i.e., assuming a fixed background) has been
well established for many decades [100–105]. In the past 10–15 years, advances in parallel
computation, in particular, particle-in-cell (PIC) simulations, have enabled the modeling
and studying of this process from first principles [106–109], under various conditions (e.g.,
magnetization, etc.) [110–113]. There have been several attempts to extend the theory
beyond the test particle to include the feedback on the surrounding plasma [114,115]. Alter-
native theories, such as stochastic turbulence acceleration have also been considered [116].

In recent years, there has been a considerable interest in the theory of magnetized
outflows. When the magnetic field is energetically dominant, it may convert its energy to
kinetic energy by reconnection of the magnetic field lines, namely, a topological change
in the magnetic field structure. Using PIC simulations, many authors have demonstrated
that efficient acceleration of particles take place in such reconnection layers [113,117].
Furthermore, the accelerated particles obtain a power law distribution, similar to the
expectation from a Fermi-like acceleration [111,113,118–125].

3.3. Internal Shock Model

In the context of GRBs, the first ideas for interpreting the observed highly irregular
temporal pattern of radiation came soon after establishing the extragalactic origin of
GRBs [10]. It was suggested that energy and matter injection by the compact central object
(<107 cm) does not occur at a steady rate. The resulting outflow would in that case consist
of a sequence of “shells” with fluctuating Lorentz factors ([126,127]). In the interaction
of a faster shell and a slower one emitted earlier, a shock would develop, which would
accelerate electrons to relativistic velocities.

Emission from internal shocks in a relativistic wind with varying Lorentz factors
has been studied extensively, e.g., [128–132]. The initial kinetic energy is dissipated in
collisions of a series of successive shells emitted from the central engine, having a non-
uniform distribution of Lorentz factors Γ(t). In the model described by [129], shells interact
only by direct collisions, and one shock wave is discretized by the series of shocks (for a
comparison with a detailed hydrodynamical calculation, see e.g., [133,134]). The dynamic
phase is described by the following parameters:The total duration of the energy ejection
by the central engine, the distribution Γ(t), and the injected kinetic power during the
ejection phase.

For each collision, one can calculate the radius, collision time, Lorentz factor of the
shocked material, and the energy dissipated in the collision. The advantage of this model
is that the variability time of the energy injection roughly translates into the observed
variability time in the GRB lightcurve [135]. The fraction of the thermal energy dissipated
in collisions is deposited in electrons in the two colliding shells, while the remaining energy
goes into proton acceleration and magnetic field amplification. The efficiency of the energy
dissipation process is typically low, .15% [129,136,137], which is the main drawback of the
internal shock model.
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The microphysics related to a shocked medium is usually parametrized by assuming
that a fraction εe of the dissipated energy is given to the ambient electrons [126,129,131,135].
The electrons are assumed to be accelerated to a power-law, n(γe) ∝ γ

−p
e , above their initial

thermal distribution (typical Lorentz factor denoted by γm). The slope of the electron distri-
bution p depends on the details of the acceleration process [129]. Under the assumption that
the leading radiative process is synchrotron emission from these power-law distributed elec-
trons, the observed high energy photon spectral index β of the “Band”-fitting function, pro-
vides the indication for the steepness of the particle distribution, p ≈ 2.5 [138]. For typical
parameters, the synchrotron emission produced by the accelerated electrons in a magnetic
field B would occur at observed energy Esyn = 50(Γ∗/300)(B/1000 G)(γe/100)2 eV [129].
To obtain higher electron Lorentz factors (103–104) in order to reach an observed peak
energy at a ∼few × 100 keV, several authors have suggested that only a fraction ζ ∼10−3

of electrons are accelerated [129,131,139].
Note that there is a large uncertainty in the value of the magnetic field. During the

prompt phase, there can be two sources of magnetic field: (i) a strong magnetic field may
be associated with the central engine (e.g., [140]). Its strength will decay with distance,
however it may still be considerable if the source is highly magnetized, and the dissipation
does not occur at too large a distance. (ii) In addition, the magnetic field may be generated
at the shock front, obtaining an uncertain fraction (referred to as εB) of the dissipated energy
at the shock.

The accelerated relativistic electrons cool mainly by the synchrotron process, and
the associated inverse Compton radiation. The high energy portion of the spectrum is
attenuated by photon-photon annihilation, and by the EBL (extragalactic background light)
absorption. The low energy portion of the spectrum has a steep cutoff due to self-absorption.
The temporal profiles of the prompt emission can be obtained when the contributions from
all collisions are taken into account. One example of such study is shown in Figure 1.
Here the calculation was performed neglecting the interaction between photons emitted
in a shocked region and electrons/photons present in another region (see, e.g., [141]); in
addition, the possible contribution of the shock accelerated protons was not considered.698 Ž. Bošnjak et al.: Prompt HE emission from GRBs in the internal shock model

Fig. 15. A single pulse burst in the “synchrotron case” with a low magnetic field. Same as in Fig. 14 except for the microphysics parameters:
εB = 5 × 10−3, εe = 1/3, ζ = 2 × 10−3 and p = 2.5.

Fig. 16. A single pulse burst in the “inverse Compton case”. Same as in Fig. 14 except for the initial distribution of the Lorentz factor that varies
from 100 to 600 and for the microphysics parameters: εB = 10−2, εe = 1/3, ζ = 1 and p = 3.5. In the left panel, the lightcurves observed both in
the Fermi-GBM+LAT energy range are entirely dominated by inverse Compton emission.

electron Lorentz factors Γm, and therefore large synchrotron
timescales. On the other hand, these early times correspond
to small radii so the dynamical timescale is still small. In this
first phase, t′syn <∼ t′ex and the efficiency of inverse Compton
scatterings is large, as a large fraction of the shocked re-
gion is populated by relativistic electrons (see Sect. 3). It
results in a weak precursor in the GeV lightcurve. This pre-
cursor can disappear if a different initial distribution of the
Lorentz factor in the outflow is adopted, especially if it leads

to an immediate violent shock (for instance with an initial
discontinuity).

– In a second phase (around the peak of the pulse in the GBM
range), the shock becomes stronger, Γm increases and the
synchrotron timescale decreases. On the other hand, as the
radius increases, the dynamical timescale increases. This re-
sults in t′syn % t′ex and a low efficiency for inverse Compton
scatterings. The emission at high energy is dominated by the
synchrotron component.

Figure 1. A single pulse burst: the main emission peak is due to the synchrotron radiation. The
microphysics parameters used in the simulations are εB = 5× 10−3, εe = 1/3, ζ = 2 × 10−3, p = 2.5, and
dE/dt = 5 × 1053 erg s−1. As the assumed magnetic field is low, the non-negligible signatures of in-
verse Compton scatterings are favored in the Fermi LAT (the Large Area Telescope) energy range LAT
energy range. The process included in calculation are the following: adiabatic cooling, synchrotron
emission and synchrotron-self absorption, inverse Compton scatterings, and γγ-annihilation. The
effects of secondary pairs were not taken into account. Left: observed light curves in Fermi-GBM
(Gamma-ray Burst Monitor and the LAT range. The synchrotron (thin solid line) and inverse Comp-
ton (thin dashed line) components are shown. Right: observed time-integrated spectrum during the
rise, early decay, and whole duration of the pulse. From Credit: [131], reproduced with permission
©ESO [131].
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Some authors have pointed out difficulties within the internal shock model when
applied to the ‘naked-eye’ burst GRB080319B for which variable prompt optical emission is
present [142,143]. The main issue seems to be that the observations point to a very large
radius of emission: at these large distances, the gamma-ray flux would be much smaller
than observed. These difficulties have served as motivation for alternative models [142].

3.4. The Role of Neutrons in the GRB Jet

It is possible that the GRB jet is also composed of a population of neutrons [144–147].
These neutrons may change the GRB jet dynamics and have an effect on the resulting
prompt emission phase [92]. As mentioned before, in the case of the hot fireball model
without neutrons, the fireball accelerates as long as the photons are coupled to the electrons.
Due to the smaller proton-neutron cross section, when neutrons are present in GRB jet
they decouple the protons at a smaller distance from the central engine than the Thomson
photosphere. If the decoupling radius is also smaller than the radius Rs where protons
attain their maximum speed, then neutrons attain a Lorentz factor Γn < Γs. This two-fluid
state or “compound” state of the jet, similarly to the internal shock model, extracts the
kinetic energy of internal motions of the jet. More specifically, it extracts the energy of the
streaming of plasma through the neutron component throughout a volume instead of being
solely confined to the shock front as in internal shocks [92].

Since this jet is prone to collisions between neutrons and protons, it creates multiple
e± pairs, which can have an effect on the emerging gamma-ray spectrum, by cooling via
synchroton and inverse Compton. These cooled pairs form a thermalized pair population
which is Coulomb-heated by collisions with protons. This mechanism is able to produce a
peak near 1 MeV and a “Band” spectrum with fν ∝ ν1.4 and fν ∝ ν−1.5 below and above
the peak, respectively [92].

Magnetic fields change the spectrum below the peak by significantly cooling the pairs
produced in the neutron-proton collisions via the synchroton process [148]. This does not
significantly alter the peak of the spectrum, but does flatten the spectrum below the peak,
see Figure 2. It also steepens the spectrum above the peak since inverse Compton emission
by pairs becomes less important above the peak in lieu of stronger synchrotron emission
below it, which may be in tension with spectral observations [14].
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Figure 2. Spectrum of the magnetized, collisionally heated jet. The solid, short-dashed, long-dashed,
dotted, dot-dashed, and triple dot-dashed curves correspond to magnetizations of 0, 10−3, 0.01, 0.1,
0.5, and 2, respectively. From ©AAS. Reproduced with permission [148].

3.5. Magnetically Dominated Jet

Some authors have considered models in which the GRB jet is magnetically dominated,
that is, where magnetic fields dominate the jet luminosity at the base of the jet [149–152]. In
these models, the jet is accelerated as it converts its magnetic energy to bulk kinetic energy.
At larger distances from the central engine, the kinetic energy of the jet is transformed
to thermal energy, commonly by magnetic reconnection instead of shocks (shocks in this
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scenario seems to be too inefficient, e.g., [117,153]), and gamma-rays are produced. For
general radiation properties in magnetically-dominated jets, see [154].

Jet acceleration in a magnetic model can occur due to the dissipation of the magnetic
field in a striped configuration (such as that of a pulsar wind). This “striped jet” model
invokes a magnetized jet with small-scale field reversals or “stripes” [120,155–160], where
magnetic reconnection is able to start from small distances and continue as the jet accelerates
and collimates. In the case of a black hole central engine, the alternating magnetic fields can
be produced by the magneto-rotational instability in the innermost regions of the accretion
flow [160]. For the case of a magnetar central engine, the alternating fields can be produced
by an oblique dipole rotator [155,156]. Recently, the possibility of a distribution of stripe
sizes in a magnetized jet has been considered [160].

In the striped jet, the jet accelerates (as the magnetization drops) up to a saturation
radius Rsat, where the magnetization reaches ∼1. Jet acceleration proceeds, not linearly
with the radius as in the hot fireball model, but as Γ(r) ∝ r1/3, e.g., [155,156]. Magnetic
reconnection energizes particles and their emission spectrum will depend on the location
of the Thomson photosphere compared to Rsat. In this model, the observed gamma-ray
prompt spectrum can be dominated by a Comptonized thermal spectrum [158,161,162].
Depending on the particle energy injection, the photospheric emission can be subdominant
and a non-thermal spectrum can develop. The details of the non-thermal component in
this model depend then on the particle energy injection, and several possibilities can be
considered [158,163,164].

Jet acceleration can also occur by adiabatic expansion of the outflow [165,166]. In
this case, the jet accelerates also as Γ(r) ∝ r1/3 [166]. While there is no magnetic recon-
nection in this picture, energy dissipation can be driven by internal shocks within the
outflow [167,168].

In all models that attempt to explain the prompt gamma-ray emission, reproducing
the variability of the observed gamma-ray light curves is crucial. In the case of magnetic
reconnection models, including the striped jet model mentioned above, a promising way
to explain the light curve variability is to consider small reconnection regions that move
relativistically in the co-moving frame of the jet with Lorentz factor ∼ few—10 as considered
in the “minijets” or “jet in jet” model, relativistic turbulence model, and ICMART (Internal
Collision-induced MAgnetic Reconnection and Turbulence) model [47,142,152,169–172]. It
is likely that the directions of motion of these small reconnection regions, instead of being
isotropically distributed in the comoving frame of the jet, are primarily perpendicular to the
direction of the flow [171,172], and this would explain several of the observed prompt GRB
temporal and spectral properties [171]. In this particular scenario, the prompt emission
would be delayed with respect to the isotropic case, which would allow for the peak of
the GRB afterglow to occur during the prompt emission phase in contrast to the simple
isotropic model [172], see Figure 3. It would also explain the observed very steep X-ray
emission, which is even steeper than the decay expected in the isotropic case [172].
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Figure 3. Left: typical prompt emission light curves in the “minijets” model. Degree of anisotropy
of minijets’ directions increases from top to bottom. Different light curves (normalized) have been
shifted vertically for displaying purposes. Anisotropy shifts the overall light curves to later times.
The vertical dotted (dashed) lines for each light curve correspond to the T90 duration. We include the
observed peaks of the GeV light curves (black crosses) for the sample in [173], scaled for each of the
simulated light curves. As the level of anisotropy increases, the peaks of the GeV light curves also
shift to later times, making most of them consistent with t ≥ ∆/c, where ∆ is the shell thickness. In
the simplest GRB afterglow model, the deceleration time will occur at times t ≥ ∆/c (see small black
arrow) and if the peak of the GeV light curves correspond to the deceleration time, then anisotropic
minijets’ directions alleviate the problem of having them at times much less then ∆/c. From [172].
Right: light curves of a single pulse at different frequencies. The pulse clearly becomes narrower with
lower frequencies in some magnetic reconnection models as observed in the prompt emission phase.
From [171]. Reprinted (and modified) permission of Oxford University Press on behalf of the Royal
Astronomical Society.

3.6. Radiative Processes
3.6.1. Synchrotron Emission and Inverse Compton Scatterings

Among the non-thermal radiative processes, synchrotron emission from relativis-
tic electrons has been considered an important mechanism in the context of the prompt
emission of GRBs [79,135,174–176]. Several authors have taken a general approach and
determined the source properties (e.g., jet bulk Lorentz factor, electrons’ Lorentz factor,
distance from the central engine to location where gamma-ray are produced) by assuming
that the peak of the gamma-ray emission spectrum is produced by the synchrotron process
(e.g., [31,130,132,177]; for the case of a magnetic jet, see, e.g., [178]). The major challenge for
the synchrotron model is posed by the observed hard low energy spectrum that is in appar-
ent contradiction with the predictions of the simple synchrotron model (e.g., [99,138,179]).
The flux fν ∝ ν−1/2 below the peak of the spectrum is expected when electron’s radiative
time scales are much shorter than the dynamical times (‘fast-cooling regime’) [99]. We
define γc as the Lorentz factor of electrons whose synchrotron loss timescale is equal to the
adiabatic cooling timescale tex, γc = 6πmec/(σT B2tex), where me is the electron’s mass, c
is the speed of light, and σT is the Thomson cross-section. The synchrotron fast-cooling
regime is then characterized by γc < γm. This regime is favorable for prompt gamma-ray
emission as it has a high radiative efficiency. There have been several studies reconciling
the observed spectrum with the synchrotron emission, and proposing solutions for harder
spectral slope: The pitch-angle distribution [138], the small scale structure of the magnetic
field [180,181], or processes that involve the appearance of a quasi-thermal component in
addition to non-thermal synchrotron [27,182].

It is also possible to have the synchrotron mechanism responsible for the GRB prompt
phase, however modified by including an additional source of cooling due to inverse
Compton scatterings [183–186]. The soft low-energy spectral slope of the photon spectrum
α = −1.5, resulting from the assumption of fast cooling synchrotron spectrum, could be
hardened if a sub-dominant radiative process (like inverse Compton scatterings) transferred
around 20–40% of the energy from the synchrotron component to higher energies [185].
There are two parameters that control the importance of inverse Compton scatterings:
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wm = γmεm, where εm = hνm/mec2 and νm = ν(γm), determine whether the scatterings
occur in the Thomson regime (wm � 1) or if Klein–Nishina effects need to be taken into
account; another parameter is YTh, which determines the intensity of the inverse Compton
component peaking at high energies. When Klein–Nishina corrections are important
(wm & 1), the cross section and the energy boost are reduced so that the ratio of the
total energy in the inverse Compton component over the total energy in the synchrotron
component becomes Eic/Esyn � YTh [131]. It has been shown that the physical conditions
in the emitting region allow for a synchrotron component peak at ∼ a few 100 keV, and a
moderately efficient inverse Compton scatterings in the Klein–Nishina regime. In particular,
in the internal shock scenario [185], a large fraction of the dissipated energy εe ∼ 0.1–1/3
should be injected in a small fraction of electrons ζ . 0.01 and the fraction of the energy
injected in the magnetic field should remain low, εB . 10−3. Additionally, the ‘marginally
fast cooling regime’ was proposed by [185], considering that electrons are in the fast cooling
regime but not deeply in this regime (i.e., γc . γm rather than γc � γm). When the cooling
frequency becomes close to the frequency νm, the observed photon index can become very
close to the value −2/3 below the cooling frequency, even in the fast cooling regime. This
solution requires collisions at small radii and/or low magnetic fields. However, in this
context, and focusing on conditions where synchrotron cooling is balanced by a continuous
source of heating, one naturally finds solutions consistent with those of the minijets model
in the magnetically dominated jet described above [187], where dissipation occurs far from
the central engine.

High energy gamma-rays in the prompt GRB phase could be also produced by inverse
Compton scattering of synchrotron photons: “synchrotron-self-Compton” SSC emission.
However, in its simplest form, this mechanism either produces a more energetic component
in very high energy gamma-rays or would require a more energetic component as a low-
energy synchrotron seed, which is inconsistent with observations [143,188]. On the other
hand, the SSC it is defined in the beginning of the paragraph origin of GRB prompt
emission seems to work well in the context of the relativistic turbulence model [142].

3.6.2. Comptonized Thermal Radiation

Photospheric (thermal) emission is inherent to the “fireball” model as, following the
initial explosion, the plasma is optically thick, and photons cannot escape. Rather, they
are coupled to the expanding gas, converting their internal energy to kinetic energy of the
expanding gas. Only when the gas sufficiently expands does the optical depth decrease
such that the photons escape. It is therefore of no surprise that the very first cosmological
GRB models considered photospheric emission as a leading radiative process [81,86,87,189].
However, the fact that the prompt spectra appears non-thermal has led to focus on other
broad-band models, in particular synchrotron.

Renewed interest in this model resumed in the early 2000s, with the realization that
the synchrotron model appears too broad to explain the steep low energy spectral slope (the
‘synchrotron line of death’) [190]. Several authors considered a possible contribution from
photospheric photons to the observed spectra [27,82,90,91,191,192]. It was realized that
the observed spectrum of photons originating from the photosphere did not necessarily
resemble a “Planck” function, due to two complementary effects. The first is possibly
sub-photospheric energy dissipation, e.g., by lateral shock waves at the boundary between
the relativistic jet and collapsing star, or reconnection of magnetic field lines, which heats
the electrons in the plasma [158,161,193,194]. The dissipation heats the electrons, which
then serve as seeds for inverse-Compton scattering. When such events occur below the
photosphere, the original ‘Planck’ spectrum can be heavily modified, and the result depends
on the details of the energy exchange between the particles and photon fields; this is
demonstrated in Figure 4.

A second, independent effect is the aberration of light, which is essentially the rela-
tivistic version of the well-known limb darkening effect from solar observations. Due to
the probabilistic nature of the scattering process, the photosphere is in fact ‘vague’, namely
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the last scattering location of photons can occur in various spatial locations (as opposed
to a single surface) [83,92,93,95,195,196]. This location is angle-dependent: at high angles,
it occurs, on the average, at larger radii than at angles < 1/Γ (the jet Lorentz factor). In a
spherical explosion, this aberration leads to a modification (mainly) of the Rayleigh–Jeans
part of the spectrum. However, the jets are not spherical, but have some lateral shape
(angle-dependent Lorentz factor). In this case this effect becomes very pronounced and
affects both the low as well as the high energy spectral slopes making both of them shal-
lower than the naively expected Rayleigh–Jeans shape [95,197,198], although steeper than
the expected from synchrotron radiation, making the spectral slopes consistent with the
data [36,164,199,200].

An interesting version of the photospheric model is the ‘back scattering’ dominated
model [201,202]. In this model, the jet drills a funnel through the stellar envelope, and
accelerates a ‘cork’ made of stellar material ahead of it. The photons originate from e±

pair annihilation close to the central engine, across the virtually empty jet before being
back-scattered from the cork material ahead of them (if the cork does not disintegrate too
rapidly). Although in the cork frame they are scattered backward, they will be detected
by an observed located off axis, due to the relativistic angle change between the cork
and observer’s frame. It was recently demonstrated [203,204] that the resulting spectra
in this setup is in excellent agreement with the observed, both at low and high energy.
Furthermore, this model naturally explained the observed peak energy—total energy
relation (known as “Amati” correlation; [205]) without the need to invoke any additional
assumption.
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Figure 4. Left: time averaged broadband spectra expected following kinetic energy dissipation at
various optical depths. For low optical depth, the two low energy bumps are due to synchrotron
emission and the original thermal component, and the high energy bumps are due to inverse Compton.
At high optical depth, τ ≥ 100, a Wien peak is formed at 10 keV and is blue-shifted to the MeV range
by the bulk Lorentz factor of ∼100 expected in GRBs. In the intermediate regime, 0.1 . τ . 100, a
flat energy spectrum above the thermal peak is obtained by multiple Compton scatterings. Figure
taken from [194]. ©AAS. Reproduced with permission. Right: spectral decomposition of GRB
090902B (taken 9.6–13.0 s after the GBM trigger) enables clear identification of the physical origin
of the emission. The dash-dotted (red) curve shows the spectrum that would have been obtained if
synchrotron radiation was the only source of emission. The dashed (green) curve shows the resulting
spectrum from synchrotron and synchrotron self-Compton SSC, and the solid (blue) curve shows
the spectrum with the full radiative ingredients (synchrotron, SSC, the MeV thermal peak, and
Comptonization of the thermal photons). From [206]. Reprinted (and modified) permission of
Oxford University Press on behalf of the Royal Astronomical Society.

3.6.3. Hadronic Processes

Hadronic processes refer to radiation from protons that are present in the GRB
outflow [207–214]. These protons could in principle radiate via the proton synchrotron
process and produce the observed gamma-ray prompt emission. However, even if these
protons do not produce the observed gamma-ray spectrum, if present, they could poten-
tially interact with photons and decay to pions through the delta resonance: photopion
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processes (see, e.g., [207]). Pions decay into neutrinos, making GRBs possible sources of
neutrinos; into leptons, which could in turn undergo synchrotron emission, and neutral
pions decay directly to two high energy photons. Proton-photon interactions can also gener-
ate electron-positron pairs directly via the Bethe–Heitler process. Several authors have used
the observed 100 MeV LAT prompt emission to constrain hadronic models [209–211,213].
To explain the 100 MeV LAT photons during the prompt phase, (i) the photopion and
Bethe–Heitler processes require energy in protons larger than the observed gamma-ray
energy by a factor of a thousand or more and (ii) the proton synchrotron mechanism
requires protons to have a minimum Lorentz factor of ∼106, which is much larger than
expected if the protons are accelerated in shocks [213]. This makes hadronic processes less
energetically viable than leptonic models.

4. Discussion: A Look into the Future

With the advent of observations at very high (GeV/TeV) energies by Imaging Atmo-
spheric Cherenkov Telescopes such as MAGIC [6] and H.E.S.S. [7], and the perspective being
opened by the future multi-messenger environment for gamma-ray bursts, the premise of
radiation models will inevitably be revisited. At very high energies, the future Cherenkov
Telescope Array (CTA) will provide improved sensitivity to up to an order of magnitude
with respect to current IACTs [215,216]. Although the recently provided detection rate is
modest (during the prompt phase, it is expected to be . 1 per year [217,218]), if CTA pro-
vides GRB observations with high photon statistics, it will help constrain emission models
(e.g., the properties in the emission site of high-energy photons). The observed variability
could help differentiate between emission mechanisms [217]. As the Fermi LAT spectra
often displays a hard power-law spectrum extending to GeV energies, the observations
of the high energy part could provide the information on the total radiated energy, and
the bulk Lorentz factor can be constrained if the high-energy spectral cutoff due to pair
production is identified [217]. At the low energy end, the SVOM (Space-based multi-band
astronomical Variable Objects Monitor) mission aims to survey the high-energy sky and
follow-up transients at optical and X-ray wavelengths [219]. Its main goals are observations
of the high-redshift GRBs (z > 5), and faint/soft nearby events. It will also likely be the
alert facility for CTA, opening e.g., the possibility of detecting low luminosity events which
are not triggered by the current missions [220]. Other future multi-messenger facilities
for GRB-related science include, e.g., the third-generation gravitational-wave observatory
Einstein Telescope [221], the development of the extension of the IceCube Neutrino Ob-
servatory IceCube-Gen2 [222], and ATHENA [223] satellite for the X-ray domain. Upper
limit of neutrino flux from GRBs [224] as well as the observations at longer wavelengths
(e.g., using the upcoming Vera Rubin Observatory or the Square Kilometer Array-SKA)
could provide information on jet composition—baryonic or magnetic jet. The observational
advances need however to be followed by theoretical effort, i.e., numerical simulations of
the processes involved in the production of prompt emission, such as energy dissipation
and particle acceleration, in order to fully understand the extreme conditions in which
gamma-ray bursts are produced.
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Abstract: Over half a century from the discovery of gamma-ray bursts (GRBs), the dominant
radiation mechanism responsible for their bright and highly variable prompt emission remains poorly
understood. Spectral information alone has proven insufficient for understanding the composition
and main energy dissipation mechanism in GRB jets. High-sensitivity polarimetric observations from
upcoming instruments in this decade may help answer such key questions in GRB physics. This article
reviews the current status of prompt GRB polarization measurements and provides comprehensive
predictions from theoretical models. A concise overview of the fundamental questions in prompt
GRB physics is provided. Important developments in gamma-ray polarimetry including a critical
overview of different past instruments are presented. Theoretical predictions for different radiation
mechanisms and jet structures are confronted with time-integrated and time-resolved measurements.
The current status and capabilities of upcoming instruments regarding the prompt emission are
presented. The very complimentary information that can be obtained from polarimetry of X-ray flares
as well as reverse-shock and early to late forward-shock (afterglow) emissions are highlighted. Finally,
promising directions for overcoming the inherent difficulties in obtaining statistically significant
prompt-GRB polarization measurements are discussed, along with prospects for improvements in
the theoretical modeling, which may lead to significant advances in the field.

Keywords: gamma-ray bursts; polarization; radiation mechanisms; jet structure; instruments &
methods

1. Introduction

Gamma-ray bursts (GRBs) are one of the most energetic, and electromagnetically
the brightest, transient phenomena in the Universe. They are the ideal test beds for
understanding nature at its extreme that involves an explosive release of energy over a
short timescale, producing a burst of γ-rays with an isotropic-equivalent luminosity of
Lγ,iso ∼ 1051 − 1054 erg s−1. It is now well established that most GRBs are cosmological
sources and that they are powered by ultrarelativistic (with bulk Lorentz factors Γ & 100)
bipolar beamed outflows driven by a central engine–a compact object. The identity of
the central engine, which could be either a black hole (BH) or a millisecond magnetar,
is not entirely clear as the highly variable emission is produced far away from it at a
radial distance of R ∼ 1012 − 1016cm. The most luminous phase of the burst, referred
to as the “prompt” phase is short lived with a bimodal duration distribution, where the
short GRBs have typical durations of tGRB ∼ 10−1 s and the long GRBs typically last for
tGRB ∼ 30 s while the dividing line sits at t ∼ 2 s [1]. These two classes of GRBs are also
distinct spectrally, with the short GRBs being spectrally harder as compared to the long
GRBs that produce softer γ-rays. Other clues, e.g., the association of long-soft GRBs with
star-forming regions [2] and type-Ib/c supernovae [3–5] and that of the short-hard GRBs
with early type galaxies [6,7] lead to the identification of two distinct progenitors. The
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long-soft GRBs are associated with the core-collapse of massive (& (20− 30)M�) Wolf–
Rayet stars [8], whereas the short-hard GRBs were theorized to originate in compact object
mergers, namely, that of two neutron stars (NSs) or a NS-BH pair [9,10]. The unequivocal
proof of the latter association had to wait until the gravitational wave (GW) detectors,
LIGO and Virgo, became operational, which led to the coincident detection of GWs from
the merger of two NSs and a short-hard GRB by Fermi-GBM and the INTEGRAL-ACS from
GW 170817/GRB 170817A [11,12].

Although the global picture is fairly clear, the details of the energy dissipation process,
the exact radiation mechanism, and the transfer of radiation in the highly dynamical flow
remain poorly understood. All of these different processes combine to produce a non-
thermal spectrum that is often well described by the Band function [13], an empirical fit to
the spectrum featuring a smoothly broken power law. In νFν space, which indicates the
observed energy flux around the frequency ν with Fν being the spectral flux density, this
break manifests as a peak at the mean photon energy 〈Ebr〉 ' 250 keV, which also represents
the energy at which most of the energy of the burst is released, and the asymptotic power-
law photon indices below and above the break energy have mean values of 〈αBand〉 ' −1
and 〈βBand〉 ' −2.3, respectively [14,15]. After decades of spectral modeling of the prompt
emission, the basic questions of GRB physics remain unanswered, and it is becoming
challenging to advance our understanding with spectral modeling alone.

An exciting opportunity was presented by the claimed detection of high levels of
linear polarization, with Π = 80%± 20%, in GRB 021206 [16]. Although this result had
a detection significance of 5.7σ, further scrutiny by other works [17,18] cast irrevocable
doubts and ultimately refuted the final result. Nevertheless, this one result initiated
a vigorous theoretical effort to understand the polarization of prompt GRB emission
with the expectation that highly sensitive measurements will be able to resolve many
of the outstanding questions of GRB physics. Over the past several years, the number
of prompt GRB polarization measurements (in some cases time-resolved) have grown;
however, the main results remain inconclusive due to inherent difficulties in obtaining
highly statistically significant measurements. Therefore, it is hoped that the next generation
of γ-ray polarimeters that will be launched in this decade will provide further important
clues.

The main objectives of this review were to provide a concise yet comprehensive
overview of the current status of theoretical developments as well as observations in the
field of prompt GRB polarization and also to highlight the need for developing more sensi-
tive instruments and better analysis tools, which are hoped to yield statistically significant
measurements in the coming decade. Many points presented here have also been covered
in earlier reviews on the topic e.g., [19–24]. This review begins with a summary of the fun-
damental questions in GRB physics (Section 2) that can be addressed with measurements
of linear polarization along with insights gained from prompt GRB spectral modeling.
These include the outflow composition and dynamics (Section 2.1), energy dissipation
mechanisms (Section 2.2), radiation mechanisms (Section 2.3), and the angular structure of
the outflow (Section 2.4). An overview of γ-ray polarimetry is presented in Section 3, which
includes the fundamental principles of γ-ray polarization measurement (Section 3.1) and a
summary of the different detectors that have been used for GRB polarimetry (Section 3.3).
The theory of GRB polarization is presented next in Section 4, which covers several topics,
such as polarization from uniform (Section 4.1) and structured (Section 4.2) jets with differ-
ent radiation mechanisms, temporal evolution of polarization (Section 4.3), polarization
arising from multiple overlapping pulses (Section 4.4), the most likely polarization for
a given radiation mechanism (Section 4.5), and the energy dependence of polarization
(Section 4.6). The current status of prompt GRB polarization measurements is presented
next, which includes time-integrated (Section 5.1), time-resolved (Section 5.2), and energy-
resolved (Section 5.3) measurements. The importance of polarization measurements from
the other phases of the burst, namely, X-ray flares, reverse-shock emission (optical flash
and radio flare), and forward-shock emission, which also probe the properties of the GRB

60



Galaxies 2021, 9, 82

outflow, is emphasized in Section 6. Finally, Section 7 touches upon the outlook for this
decade, which will see the launch of more sensitive instruments (Section 7.1). The pre-
dicted performance of some is compared in Section 7.2. This review concludes by offering
some suggestions for improvements in the polarization data analysis (Section 7.3) and its
theoretical modeling (Section 7.4).

2. Key Questions That Can Be Addressed with GRB Polarization

Measurements of the prompt GRB polarization may help shed light on many critical
aspects of the relativistic outflow whose knowledge has evaded us so far. Below, we sum-
marize key open questions in GRB physics, which can be probed with spectro-polarimetric
observations. More detailed reviews and discussions of these topics can be found in
other review articles (e.g., [25–29]). Theoretical modeling of prompt GRB polarization and
comprehensive results are provided in Section 4.

2.1. What Are the Outflow Composition and Dynamics?

The main dissipation and radiation mechanisms that produce the GRB prompt emis-
sion are dictated by the composition of the outflow. The two most widely discussed
scenarios invoke an outflow that is either kinetic-energy-dominated (KED) [30] or Poynting-
flux-dominated (PFD) [31,32]. In the former, most of the energy is initially thermal (fireball)
and is eventually transferred to the kinetic energy of the cold baryons, while in the latter the
main energy reservoir is the (likely ordered) magnetic field that drives the expansion and
acceleration of the flow. If the radiation mechanism is indeed synchrotron (see Section 2.3),
then the level of polarization in both types of flows depends on the structure of the mag-
netic field that is either generated in situ, e.g., in internal shocks in a KED flow, or survives
at large distances from the central engine, which could happen in both types of flows. Our
theoretical understanding of the B-field structure in the emission region in a given type
of flow is still limited and rather speculative. Any measurement of polarization will put
strong constraints on the B-field structure. Therefore, in combination with polarization
measurements, spectral and temporal (pulse profiles) modeling will allow us to constrain
the composition.

The distinction between a KED and PFD flow can be conveniently parameterized
using the magnetization parameter,

σ ≡ w′B
w′m

=
B′2

4π
(

ρ′c2 + γ̂
γ̂−1 P′

) −−→
cold

B′2

4πρ′c2 , (1)

which is defined as the ratio of the comoving (all quantities measured in the comoving/fluid
frame are primed) magnetic field enthalpy density, w′B = B′2/4π, to that of matter, w′m =

ρ′c2 + γ̂
γ̂−1 P′ or w′m = ρ′c2 when it is cold (P′ � ρ′c2). Here B′ is the magnetic field

strength, and we assumed here for simplicity that the baryons dominate the total rest mass
with density ρ′ = mpn′, where n′ is the particle number density, mp is the proton mass,
and c is the speed of light. The baryons were assumed to be cold with an adiabatic index
γ̂ = 5/3 (γ̂ = 4/3 for a relativistic fluid) and negligible pressure P′ when compared with
the particle inertia. A KED flow will have σ < 1; magnetic fields, if present, are weak and
randomly oriented with short coherence length scales and are unimportant in governing
the dynamics of the outflow. On the other hand, a PFD flow will have σ > 1, and the
magnetic field is much more ordered where it is responsible for accelerating the flow.

A prime example of a KED flow is the standard “fireball” scenario [33,34], in which
total energy E is released close to the central engine, launching a radiation-dominated
and optically thick outflow, with Thomson optical depth τT � 1. The temperature at the
base of the flow is typically kBT &MeV, which leads to copious production of e±-pairs via
γγ-annihilation that further enhances the optical depth. The enormous radiation pressure
causes the flow to expand adiabatically, thereby converting the radiation field energy to
the kinetic energy of baryons, which are inefficient radiators due to their large Thomson
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cross-sections. The bulk Lorentz factor (LF) of the fireball grows linearly with the radius,
Γ(R0 < R < Rs) ≈ R/R0, where R = R0 is the launching radius, while its comoving
temperature declines as T′(R) ∝ R−1. The amount of baryon loading, i.e., the amount
of baryons with total mass Mb entrained in the flow of given energy E, determines the
terminal LF, Γ∞ = E/Mbc2, which is attained at the saturation radius R = Rs ∼ Γ∞R0 at
which point the growth in the bulk Γ saturates and the flow simply coasts at Γ = Γ∞. The
kinetic energy of the baryons is tapped at a large distance (R > Rs) from the central engine
via internal shocks (see below).

In a PFD flow, large-scale magnetic fields propagate outwards from the central engine
with an angular coherence scale θB > 1/Γ, where 1/Γ represents the characteristic angular
scale over which the flow is causally connected and, as discussed later, also the angular
scale into which the emitted radiation is beamed towards the observer from a relativistic
flow. While the fireball scenario is well agreed upon and has enjoyed many successes
since it is fairly robust, no such standard model exists for a magnetized outflow to explain
GRB properties. In several works (e.g., [35–39]), ideal-MHD models for a steady-state,
axisymmetric, and non-dissipative outflow have been developed in which the flow expands
adiabatically due to magnetic stresses. The flow is launched highly magnetized near the
light cylinder radius, RL, with σ(RL) = σ0 � 1 and bulk LF Γ(RL) = Γ0 ∼ 1. As the
flow expands, its magnetization declines with radius, and in the case of a radial wind
(i.e., unconfined, with a negligible external pressure) the flow is limited to a terminal LF
of Γ∞ ∼ σ1/3

0 where the corresponding magnetization of the flow is σ ∼ σ2/3
0 [40]. For

weak external confinement (an external pressure profile pext ∝ z−κ with κ > 2, where
z ≈ R = (z2 + r2

cyl)
1/2 is the distance from the central source along the jet’s symmetry

axis and rcyl is the cylindrical radius), the acceleration saturates at a terminal LF of Γ∞ ∼
σ1/3

0 θ−2/3
j and magnetization σ∞ ∼ (σ0θj)

2/3 ∼ (Γ∞θj)
2 � 1 where θj is the jet’s asymptotic

half-opening angle [41]. For strong external confinement (pext ∝ z−κ with κ < 2), the
jet maintains lateral causal contact and equilibrium, leading Γ ∼ rcyl/RL ∼ (z/RL)

κ/4,
which saturates at Γ∞ ∼ σ0, σ∞ ∼ 1, and Γ∞θj ∼ 1. Since prompt GRB observations
demand the dissipation region to be expanding ultrarelativistically with Γ∞ & 100, to
avoid the compactness problem [25,42], and afterglow observations suggest that typically
θj & 0.05− 0.1, which implies Γ∞θj & 10 in GRBs. This suggests that the weakly confined
regime is most relevant for GRBs; however, it implies σ∞ ∼ (Γ∞θj)

2 � 1, which suppresses
internal shocks. It has been pointed out [43,44] that the sharp drop in the surrounding
(lateral) pressure as the jet exits the progenitor star in long GRBs can lead to Γ∞θj � 1
along with a more modest asymptotic magnetization σ∞ & 1, but even then internal shocks
remain inefficient.

When the steady-state assumption is relaxed, alternative models that consider an
impulsive and highly variable flow yield a much larger terminal LF with Γ∞ ∼ σ0 and
may achieve σ∞ < 1 or even σ∞ � 1 under certain conditions [45,46]. In this scenario, a
thin shell of initial width `0 is accelerated due to magnetic pressure gradients that causes
its bulk LF to grow as Γ ∼ (σ0R/R0)

1/3, where R0 ≈ `0, while its magnetization drops
as σ ∼ σ2/3

0 (R/R0)
−1/3. The bulk LF of the shell saturates at Rs ∼ σ2

0 R0 at which point
its Γ ∼ Γ∞ ∼ σ0 and σ ∼ 1. For R > Rs, the magnetization continues to drop further as
σ ∼ (R/Rs)−1 as the shell starts to spread radially. For a large number of shells initially
separated by `gap, the radial expansion is limited as neighboring shells collide and one
expects an asymptotic mean magnetization of σ∞ ∼ `0/`gap. This scenario offers the dual
possibility of magnetic energy dissipation via MHD instabilities when σ > 1 at R < Rs as
well as kinetic energy dissipation via internal shocks when σ < 1 at R > Rs.

Similar outflow dynamics were obtained in a popular model that makes the mag-
netohydrodynamic (MHD) approximation and features a striped-wind magnetic field
structure [47–51], in which magnetic field lines reverse polarity over a characteristic length
scale λ ∼ πRL = πc/Ω = cP/2 = 1.5 × 107P−3 cm. Here, Ω = 2π/P is the central
engine’s angular frequency with P being its rotational period. Close to the central en-
gine the flow may be accelerated by magneto-centrifugal, and to some extent, thermal
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acceleration. At distances larger than the Alfvén radius, where RA & RL, these effects
are negligible, and when collimation-induced acceleration is ineffective then the prop-
erties of the flow can be described using radial dynamics. If a reasonable fraction (the
usual assumption is approximately half) of the dissipated energy in the flow goes towards
its acceleration, conservation of the total specific energy, while ignoring any radiative
losses, yields the relation Γ(R)[1 + σ(R)] = Γ0[1 + σ0] for a cold flow, which simplifies
to Γ(R)σ(R) ≈ Γ0σ0 for σ(R) � 1. At the Alfvén radius, the four velocity of the flow
is uA = ΓAβA = σ1/2

A ≈ ΓA ≈ Γ0σ0/σA ≈ σ0/σA, which implies that σA ≈ σ2/3
0 and

ΓA ≈ σ1/3
0 . The terminal LF is achieved at the saturation radius Rs when σ(Rs) ∼ 1, at

which point Γ∞ ≈ Γ0σ0 ≈ σ0 = σ3/2
A . In this scenario, the saturation radius is given by

Rs = Γ2
∞λ/6ε = 1.7× 1013Γ2

∞,3(λ/ε)8 cm, where ε = vin/vA ∼ 0.1 is a measure of the
reconnection rate where it quantifies the plasma inflow velocity vin into the reconnection
layer in terms of the Alfvén speed. For magnetized flows, vA = c

√
σ/(1 + σ), which

approaches the speed of light for σ � 1. Beyond the Alfvén radius, the bulk LF grows
as a power law in radius, with Γ(R) = Γ∞(R/Rs)1/3, while the magnetization declines as
σ(R) = (R/Rs)−1/3.

In the regime of high magnetization (σ� 1), an alternative model that does not make the
MHD approximation was considered by Lyutikov and Blandford [32] and Lyutikov [52].

2.2. How and Where Is the Energy Dissipated?

The composition of the outflow has a strong impact on the dominant energy dissipa-
tion channel. To produce the prompt GRB emission, the baryonic electrons as well as any
e±-pairs, which are the primary radiators, cannot be cold, and they need to be accelerated
or heated to raise their internal energy. The observed photon energy spectrum is not only
shaped by the underlying radiation mechanism but also the radial location in the flow
where energy is dissipated. If most of the energy is dissipated much below the photospheric
radius, at R � Rph, where the Thomson optical depth of the flow is τT � 1 and where
the radiation field and particles are tightly coupled via Compton scattering (baryons are
coupled with the leptons via Coulombic interactions) and assume a thermal distribution,
the final outcome is a quasi-thermal spectrum [31,33,34]. The observed spectrum in this
case is not a perfect blackbody, due to the observer seeing different parts of the jet with
different Doppler boosts, but close to one with a low-energy (below the spectral peak
energy) photon index αph = d ln Nγ/d ln E ≈ 0.4, which is softer from αph = 1 expected for
a Rayleigh–Jeans thermal spectrum [53,54]. If instead most of the energy is dissipated in
the optically thin (τT < 1) parts of the flow, then a non-thermal spectrum emerges. When
the flow is continuously heated across the photosphere, the final spectrum is a combination
of two components: quasi-thermal and non-thermal.

If the flow is uniform (i.e., quasi-spherical with negligible angular dependence within
angles of . 1/Γ around the line of sight), then any thermal component will show negligible
polarization as there is no preferred direction for the polarization vector to align with.
Even if different parts of the flow may be significantly polarized at the photosphere [55],
the net polarization averages out to zero after integrating over the GRB image on the
sky. However, angular structure in the flow properties can lead to modest (Π . 20%)
polarization [24,56–58]. The polarization of the non-thermal spectral component ultimately
depends on the radiation mechanism, discussed in Section 2.3.

In a KED flow, after an initial phase of rapid acceleration of the fireball when the
bulk LF saturates, the particles are cold in the comoving frame with negligible pressure
(P′ � ρ′c2). The energy of the flow is dominated by the kinetic energy of the baryons,
which is very ordered. To produce any radiation, particle motion needs to be randomized. A
simple and robust method to achieve that is via shocks. The canonical model of internal
shocks [30,59–61] posits that the central engine accretes intermittently and ejects shells
of matter that are initially separated by a typical length scale ∼ ctv/(1 + z) and have
fluctuations in their bulk LFs of order ∆Γ ∼ Γ, with Γ being the mean bulk LF. Here, tv
is the observed variability of the prompt emission lightcurve, and z is the redshift of the
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source. Typically, R0 ∼ 107 cm and Γ∞ ∼ 102 − 103 so that the acceleration saturates at
Rs ∼ Γ∞R0 ∼ 109 − 1010 cm. For R > Rs, faster-moving shells catch up from behind with
slower ones and collide to dissipate their kinetic energy at internal shocks occurring at the
dissipation radius of Rdis = 2Γ2

∞ctv/(1 + z) = 6× 1013(1 + z)−1Γ2
∞,2tv,−1 cm.

When the shells collide, a double-shock structure forms with a forward shock going
into the slower shell and accelerating it while a reverse shock goes into the faster shell
and decelerates it. These shocks heat a fraction ξe of the electrons into a power-law energy
distribution, with dNe/dγe ∝ γ

−p
e for γe > γm, where these electrons hold a fraction

εe of the total internal energy density behind the shock. The LF of the minimal energy
electrons, γm = [(p− 2)/(p− 1)](εe/ξe)(mp/me)(Γud − 1) (for p > 2), depends on the
relative bulk LF, Γud, of the upstream to downstream matter across the relevant shock. A
fraction εB of the internal energy density behind the shock is held by the shock-generated
magnetic field of strength B′ ∼ 102 − 103 G. More generally, one can express the comoving
magnetic field in terms of the radius and outflow Lorentz factor and magnetization at that
radius, as well as the observed isotropic equivalent γ-ray luminosity, Lγ,iso, and the γ-ray
emission efficiency, εγ (i.e., fraction of the total outflow energy channeled into gamma-rays),
B′ = 1.8× 105Γ−1

2 R−1
14 (

σ
1+σ )

1/2L1/2
γ,iso,52ε−1/2

γ,−1 G. The exact structure of the magnetic field
is still an open question, but it has been argued that streaming instabilities [62–66], e.g.,
the relativistic two-stream and/or Weibel (filamentation) instability, are responsible for
generating a small-scale field with coherence scale on the order of the electron and/or
proton skin depth, c/ω′p = c(4πn′e2/m)−1/2 where ω′p is the plasma frequency, which
depends on the particle number density n′; mass m is the particle mass; and e is the
elementary charge. Since the coherence length of the shock-generated field is much smaller
than the angular size of the beaming cone (θB � 1/Γ), the net polarization is limited to
Π . 30%.

Alternatively, interactions of the shock with density inhomogeneities in the upstream
can cause macroscopic turbulence in the downstream (e.g., excited by the Richtmyer–
Meshkov instability), which can in turn amplify a shock-compressed large-scale upstream
magnetic field to near-equipartition with the downstream turbulent motions [67–72]. The
dynamo-amplified magnetic field is expected to form multiple mutually incoherent patches
(with angular sizes up to a fraction of the visible region) in which the field is largely ordered.
The expected polarization, after averaging over such patches in the observed region, is
typically expected to be small, with Π . 2% [69].

As mentioned earlier, in a PFD flow, the main dissipation channel is magnetic re-
connection and /or MHD instabilities. Both of these are non-ideal effects that cannot be
treated in an ideal MHD formalism. Magnetic field energy is dissipated when opposite
polarity field lines reconnect, which leads to acceleration of electrons that then cool by
either emitting synchrotron radiation outside of the reconnection sites or inverse-Compton
scattering of either synchrotron photons or a pre-existing radiation field advected with
the flow. Exactly where dissipation commences depends on the initial magnetic field
geometry in the flow as the field lines expand outward from the central engine to larger
distances [73]. If the flow is axisymmetric and is not permeated by polarity-switching field
lines, magnetic energy can still be dissipated due to current-driven instabilities, e.g., the
kink instability [74–77]. Such an instability may also occur at the interface between the
jet and the confining medium, e.g., the stellar interior of a Wolf–Rayet star in long-soft
GRBs [78] and the dynamically ejected wind during a binary neutron star merger in short-
hard GRBs. Magnetic field lines that reverse polarity on some characteristic length scale λ
can be embedded into the outflow in a variety of ways [79]. These can indeed be injected at
the base of the flow where field polarity reversals are obtained in the accretion disk due to
the magnetorotational instability, as demonstrated in several shearing-box numerical MHD
simulations [80] as well as in global simulations of black hole accretion [81]. Depending
on how particles are heated/accelerated when magnetic energy is dissipated, as the flow
becomes optically-thin, as discussed in the next section, the polarization will be energy
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dependent and can be Π . 60% if synchrotron emission dominates and the B-field angular
coherence length near the line of sight is θB & 1/Γ.

In the striped-wind model [49,50,82], magnetic dissipation commences beyond the
Alfvén radius and becomes the dominant contributor towards flow acceleration. Below
the Alfvén radius the flow is accelerated due to magneto-centrifugual effects as well as
collimation provided by the confining medium [39,83]. If the confining medium has a sharp
outer boundary (e.g., the edge of the massive star progenitor for a long GRB), then as the
jet breaks out of the confining medium, the flow becomes conical and expands ballistically.
The sudden loss of pressure also leads to some further acceleration via the mechanism of
rarefaction acceleration [44] that operates in PFD relativistic jets. While these ideal MHD
processes may continue to operate at length scales relevant for prompt GRB emission,
magnetic reconnection in a striped wind provides a source for gradual acceleration out to
the saturation radius Rs. Beyond this radius magnetic reconnection subsides, and therefore
acceleration ceases and the flow starts to coast. When the prompt emission is produced in
an accelerating flow, the degree of polarization is not affected. Instead, the duration of the
pulses becomes shorter in comparison to that obtained in a coasting flow—see, e.g., [84].

Other variants of the PFD model, as presented above, include the internal-collision-
induced magnetic reconnection and turbulent (ICMART) model [85], in which high-σ
shells are intermittently ejected by the central engine that dissipate their energy at R ∼
1015 − 1016 cm, where collision-induced magnetic reconnection and turbulence radiates
away the magnetic energy and reduces the initially high magnetization of the ejecta to
order unity. The expected polarization from an ICMART event has been presented in
Deng et al. [86] using 3D numerical MHD simulations where they also find a 90◦ change in
polarization angle.

2.3. What Radiation Mechanism Produces the Band-like GRB Spectrum?

Few radiation mechanisms have been proposed to explain the Band-like spectrum of
prompt emission, the most popular being synchrotron and inverse-Compton. Below, we
present a concise summary of the different proposed mechanisms and show the expected
polarization in Figure 1.

2.3.1. Optically-Thin Synchrotron Emission

Relativistic electrons gyrating around magnetic field lines cool by emitting syn-
chrotron photons. When the energy distribution of these electrons is described by a
power law, e.g., that obtained at collisionless internal shocks due to Fermi acceleration, the
emerging synchrotron spectrum is described by multiple power-law segments that join
at characteristic break energies [87,88]. These correspond to the synchrotron frequency,
Em = Γ(1 + z)−1hν′m = Γ(1 + z)−1γ2

m(h̄eB′/mec), of minimal-energy electrons with LF γm
and the cooling frequency, Ec = Γ(1 + z)−1hν′c = 36π2(1 + z)−1(h̄emec3/σ2

T)(Γ
3β2/B′3R2),

of electrons that are cooling at the dynamical time, t′cool = t′dyn = R/Γβc. Here, B′ is
the comoving magnetic field, and σT is the Thomson cross-section. The high radiative
efficiency of prompt emission demands that the electrons be in the fast-cooling regime
for which Ec < Em and the νFν spectrum peaks at Epk = Em. In this case, the spectrum
below the peak energy has a photon index αph = −2/3 for E < Ec and αph = −3/2 for
Ec < E < Em. Above the peak energy, the photon index is αph = −(p + 2)/2 where p is
the power-law index of the electron distribution.
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Figure 1. Approximate degree of polarization for different radiation mechanisms and jet struc-
tures [24]. If the emission is synchrotron then polarization for different B-field configurations is given
(assuming Πmax = 70%). For each jet structure, a distinction is made between two cases: (i) when
the observer’s viewing angle (θobs) is much smaller than the half-opening angle (θj) of a top-hat jet
or, in the case of a structured jet, if it is much smaller than the core angle (θc) and (ii) when θobs is
close to θj, i.e., the edge of the jet. For a structured jet, θobs can exceed θc by an order unity factor
before the fluence starts to drop significantly. When θobs ≈ θj, the minimum value of polarization
can be zero in all cases, except for Btor, for a pulse with a given ξ j = (Γθj)

2, where ξ1/2
j is the ratio of

the angular sizes of the jet and of the beaming cone. Different pulses may have slightly different ξ j

(typically with a similar θj but different Γ), which on average would yield a finite polarization. The
quoted lower range reflects this mean value (see [24] for more details). For the Btor case, Π = 0%
when θobs = 0 due to symmetry and |Π| > 0% otherwise, while Π ≈ 50% at 1/Γ < θobs < θj.

While synchrotron emission is still regarded as the default emission mechanism, the
basic “vanilla” model has been argued to be not as robust as previously thought. First,
its predictions have been challenged by a small fraction of GRBs that showed harder
low-energy (E < Epk) spectral slopes with αBand > −2/3 [89–92], often identified as the
synchrotron line of death. Some possible alternatives that have been suggested to resolve
this discrepancy include anisotropic electron pitch angle distribution and synchrotron
self-absorption [93], jitter radiation [94], and photospheric emission [95]. The line-of-
death violation is generally derived by fitting the empirical Band-function to the observed
spectrum. When synthetic synchrotron spectra (after having convolved with the energy
response of a detector) are fit with the Band-function, an even softer 〈αBand〉 = −0.8
is found due to the detector’s limited energy range (e.g., Fermi/GBM [96]), which does
not quite probe the asymptotic value of αph. Since a significant fraction of GRBs show
low-energy spectral indices that are harder than this value, it might indicate that another
spectral component is possibly contributing at low energies and offsetting the spectral
slope. Second, the spectral peak energy in the cosmological rest-frame of the source is given
by Em(1 + z), which depends on a combination of Γ, γm, and B′ to yield the measured
peak energy in the range 200 keV . [Epk,z = Epk(1+ z)] . 1 MeV [97] with a possible peak
around Epk,z ∼ mec2 [98]. Given that all of these quantities can vary substantially between
different bursts, the synchrotron model does not offer any characteristic energy scale at
which most of the energy is radiated in the event that the Epk,z distribution indeed narrowly
peaks around ∼ mec2 [99]. Third, the synchrotron model predicts wider spectral peaks
than that obtained by fitting the Band-function to observations [100]. This issue has now
been demonstrated for a large sample of GRBs where the spectral widths obtained with
the simplest synchrotron model yielding the narrowest spectral peak, e.g., a slow-cooling
Maxwellian distribution of electrons, is inconsistent with most of the GRBs [101,102].
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Moreover, it is rather easy to get a wider spectral peak by having, e.g., fast-cooling particles,
variable magnetic fields, etc., but it is much harder to obtain narrower peaks.

Several works that find the synchrotron model to be inconsistent with observations
invariably use empirical models, e.g., the Band-function, a smoothly-broken power law, to
determine low-energy spectral slopes and peak widths. This may become a problem in
instances where such models are unable to capture the intrinsic complexity of the underly-
ing data. Therefore, an arguably better approach is to directly fit physical models to the
raw data to derive spectral parameters and remove any bias [103–106]. Such an approach
has led to alleviating some of the issues encountered by the optically thin synchrotron
model, where it was shown that direct spectral fits (in count space rather than energy space)
with synchrotron emission from cooling power-law electrons can explain the low-energy
spectral slopes as well as the spectral width of the peak [107].

Magnetic Field Structure

If the coherence length of the magnetic field is larger than the gyroradius of particles,
the structure of the magnetic field in the dissipation region does not affect the spectrum
or the pulse profile. However, it significantly affects the level of polarization. Therefore,
spectro-polarimetric observations that strongly indicate synchrotron emission as the under-
lying radiation mechanism can be used to also determine the magnetic field structure. At
least four physically motivated axisymmetric magnetic field structures, and the emergent
synchrotron polarization, have been discussed in the literature [108–111]:

1. Bord: An ordered magnetic field with angular coherence length 1/Γ . θB � θj, where
1/Γ is the angular size of the beaming cone. It is envisioned that the jet surface is
filled with several small radiating patches of angular size much smaller than the jet
aperture and that these are pervaded by mutually incoherent ordered magnetic fields.
In this way, such a field configuration as a whole remains axisymmetric in a statistical
sense (despite having a local preferred direction for a given line of sight, namely, the
ordered field direction at that line of sight) and also different from a globally ordered
B-field. This type of field structure was motivated by the high-polarization claim
of Π = 80%± 20% [16] in GRB 021206 and by the notion that the local synchrotron
polarization can be very high with Πmax ∼ 75%. Magnetic fields with sufficiently
large coherence lengths that are not globally ordered can be advected with the flow
from the central engine where their length scale is altered en route to the emission
site due to hydromagnetic effects.

2. B⊥: A random magnetic field (i.e., with ΓθB � 1) confined to the plane transverse to
the local velocity vector of the fluid element in the flow. In many cases, the flow is
assumed to be expanding radially, which is a good approximation when the prompt
emission is generated since no significant lateral motion is expected at that time. This
field structure is motivated by the theoretical predictions of small-scale magnetic
fields generated by streaming instabilities at collisionless shocks [62–66].

3. B‖: An ordered field aligned along the local velocity vector of the outflow. This field
structure presents the opposite extreme of B⊥, and in reality the shock-generated
field may likely be (at least its emissivity-weighted mean value over the emitting
region downstream of the shock) more isotropic than anisotropic whereby it would
be a distribution in the B⊥ − B‖ parameter space (see, e.g., [109,112] in the context of
afterglow collisionless shocks).

4. Btor: A globally ordered toroidal field symmetric around the jet symmetry axis. Such
a field configuration naturally arises in a high magnetization flow in which the
dynamically dominant field is anchored either to the rotating central engine or in
the accretion disk. The azimuthal motion of the magnetic footpoints tightly winds
up the field around the axis of rotation, which is also the direction along which the
relativistic jet is launched. Due to magnetic flux conservation, the poloidal component
declines (Bp ∝ R−2) more rapidly as compared to the toroidal component (Bφ ∝ R−1)
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as the flow expands. Therefore, at large distances from the central engine the toroidal
field component dominates.

2.3.2. Inverse-Compton Emission

If the energy density of the (isotropic) radiation field (U′γ = 3Lγ/16πR2Γ2c, where Lγ

is the isotropic-equivalent luminosity) advected with the flow is much larger than that of
the magnetic field (U′B = B′2/8π), relativistic particles with LF γe cool predominantly by
inverse-Compton upscattering softer seed photons, with energy E′s, to higher energies with
a mean value (for an isotropic seed photon field in the comoving frame), E′ = (4/3)γ2

e E′s.
When the Thomson optical depth of the flow is τT > 1, these seed photons undergo
multiple Compton scatterings, where the process is usually referred to as Comptonization,
until they are able to stream freely when τT < 1. Comptonization has been argued as a
promising alternative to optically thin synchrotron emission where it is able to explain a
broader range of low-energy spectral slopes, provide a characteristic energy scale for the
peak of the emission, and yield narrower spectral peaks [99,113] It is the main radiation
mechanism in a general class of models known as photospheric emission models in which
the outflow is heated across the photosphere due to some internal dissipation.

At the base of the flow, where τT � 1, the radiation field is thermalized and as-
sumes a Planck spectrum. If the outflow remains non-dissipative the Planck spectrum is
simply advected with the flow, cooled due to adiabatic expansion, and then released at
the photosphere [33,34]. However, only a few GRBs show a clearly thermally dominated
narrow spectral peak [114], whereas most have a broadened non-thermal spectrum with
a low-energy photon index (αph < 1) softer than that obtained for the Planck spectrum
(αph = 1). In many cases, a sub-dominant thermal component in addition to the usual
Band function has been identified [115,116]. These observations imply that photospheric
emission plays an important role [117], but the pure thermal spectrum must be modified by
dissipation across the photosphere [54,95,118–120]. Several theoretical works tried to un-
derstand the thermalization efficiency of different radiative process, e.g., Bremmstrahlung,
cyclo-synchrotron, and double Compton, below the photosphere to explain the location of
the spectral peak and the origin of the low-energy spectral slope e.g., [121–123].

While sub-photospheric dissipation and Comptonization is able to yield the typ-
ical low-energy slope, further dissipation near and above the photosphere is needed
to generate the high-energy spectrum above the thermal spectral peak. This can be
achieved by inverse-Compton scattering of the thermal peak photons by mildly relativistic
electrons [24,100,124–127]. If the flow is uniform, the net polarization of the Comptonized
spectrum is negligible due to random orientations of the polarization vector at each point
of the flow, which, upon averaging over the visible part, adds up to zero polarization.
Alternatively, if the flow has an angular structure, particularly in the bulk-Γ profile, then
net polarization as large as Π . 20% can be obtained [24,57].

2.3.3. Dissipative Jet: Hybrid Spectrum

If the jet is dissipative across the photosphere, a hybrid spectrum can emerge where
the spectral peak is dominated by a quasi-thermal component but- the low and high-energy
wings are dominated by non-thermal emission either from synchrotron or Comptonization.
The final outcome depends on the nature of the dissipation and how that leads to particle
acceleration/heating. Gill et al. [128], who carried out numerical simulations, and Beni-
amini and Giannios [129], who performed semi-analytic calculations, considered a steady
PFD striped wind outflow, which is heated due to magnetic dissipation commencing at
radii when the flow is optically thick to Thomson scattering with initial τT0 = 100. At
higher τT , and equivalently lower radii, the flow maintains thermal equilibrium while it
is being accelerated due to gradual magnetic dissipation. Localized reconnecting layers
accelerate the baryonic electrons, as well as any produced e±-pairs, into a relativistic power-
law distribution. In this instance, since the flow is strongly magnetized with σ > 1, the
relativistic particles are predominantly cooled by synchrotron emission. The development
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of the spectrum as the flow expands is shown in the left panel of Figure 2 as a function
of the total τT . The final observed spectrum is indeed Band-like, but it is different from
the optically thin synchrotron spectrum even though by the end of the radially extended
dissipation the total spectrum (energetically) is synchrotron dominated.
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Figure 2. Spectral evolution in a dissipative steady PFD striped wind flow, shown as a function of the Thomson optical
depth as the jet is heated accross the photosphere. The spectra are shown for two different particle heating scenarios:
(Left)—relativistic power-law particles produced by magnetic reconnection, and (Right)—mildly relativistic particles
forming an almost mono-energetic distribution due to distributed heating and Compton cooling. The flow was evolved
from initial τT0 = 100 until the total optical depth of baryonic electrons plus produced e±-pairs was much less than unity.
The observed spectrum is effectively a sum over the optically thin spectra. See [128] for more details.

Alternatively, particle heating can occur in a distributed manner [31,124,126,130,131]
throughout the whole causal region due to MHD instabilities. In this case, particles remain
only mildly relativistic. Their mean energy is governed by a balance between (gradual and
continuous) heating and Compton cooling, which leads to a mono-energetic distribution.
The spectral evolution as the flow expands is shown in the right panel of Figure 2. In
this case the high-energy spectrum is again Band-like, but unlike the previous case it is
completely formed through Comptonization [124,126,131]. The mildly relativistic particles
do produce some synchrotron emission but only at energies (1 + z)E . 1 keV.

Both particle energization mechanims can give rise to a Band-like spectra; however,
they can produce completely different energy-dependent polarization. In both, if the jet
is uniform and can be approximated as part of a spherical flow (i.e., away from the jet
edge in a top-hat jet), then no polarization is expected near the spectral peak, as it is
dominated by the quasi-thermal component. In such a scenario, away from the peak,
where the spectrum is dominated by non-thermal emission, it is possible to measure high
polarization (Π . 50%) if the emission is synchrotron and the flow has a large scale
ordered magnetic field, e.g., a Btor field. Other field configurations, namely, B⊥ and B‖, will
yield vanishingly small net polarization. Alternatively, if the non-thermal component is
produced by Comptonization, then the expected polarization is again almost zero. On the
other hand, if the LOS passes near the sharp edge of a top-hat jet or the edge of the almost
uniform core in a structured jet, then the entire spectrum with non-thermal emission from
Comptonization can produce Π . 20%. Similarly, the non-thermal wings coming from
synchrotron emission can now yield significant polarization with 4% . Π . 28% for B⊥
and 10% . Π . 56% for B‖, while Btor again yields higher levels with 10% . Π . 60%.
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2.3.4. Other Proposed Mechanisms

(a) Compton Drag

This model envisions the propagation of the relativistic outflow in a dense bath of
seed photons with energy Eseed that provide the drag for the expanding outflow whereby
cold electrons in the outflow Compton upscatter soft photons [132,133]. The seed photons
can be provided either by radiation from the associated supernova remnant that exploded
a time ∆t ' few hours before the outflow is launched, or if ∆t is negligibly small then by
the walls of the funnel that has been cleared in the massive star progenitor’s envelope by
the jet-driven bow shock post core-collapse. These requirements limit the applicability
of this model to only long-soft GRBs and do not explain how such an emission would
arise in short-hard GRBs. This scenario presents an entirely non-dissipative flow, which is
insensitive to the magnetization but yields a high (. 50%) radiative efficiency. To produce
the variability, the flow is required to be unsteady. The required τT & 1 in this model may
make it difficult to produce prompt high-energy emission due to opacity to pair production.

When the prompt GRB emission originates inside the funnel, it is assumed that the
funnel is pervaded by a blackbody radiation field emitted by the funnel walls. The spectral
peak of the observed prompt emission is then simply the inverse-Compton scattered peak
at energy EIC ∼ Γ2Eseed, where Γ is the bulk LF of the outflow. Inhomogeneity in the funnel
temperature and bulk-Γ of subsequent shells, which could also collide to produce internal
shocks, gives rise to a Band-like broadened spectrum. The local polarization, i.e., from a
given point on the outflow surface, can be as high as 100%; however, the net observable
polarization, e.g., in a top-hat jet, is reduced to Π . 50% for a jet with (Γθj)

2 > 10 [24].
If the jet is narrower than this with (Γθj)

2 < 10, then the net polarization can be much
higher with Π . 95% [134]. However, such high polarization requires highly idealized
assumptions that are hard to meet in reality.

(b) Jitter Radiation

If the magnetic field coherence length is much smaller than the gyroradius of particles,
then synchrotron radiation is not the correct description of the radiative mechanism by
which relativistic electrons cool, as it assumes homogeneous fields. In this case, the particles
experience small pitch-angle scattering where their motion is deflected by magnetic field
inhomogeneities by angles that are smaller than the beaming cone of the emitted radiation
(1/γe). This scenario has been proposed as a viable alternative to synchrotron radiation [94],
where it has been shown to yield harder spectral slopes that cannot be obtained in optically-
thin synchrotron emission. In addition, it can produce sharper spectral peaks as compared
to synchrotron radiation, which agrees better with observations. The small-scale magnetic
fields needed in this scenario may potentially be produced in relativistic collisionless
shocks via the Weibel instability (although this may not be easy to achieve in practice; see
e.g., [135]). The polarization when this small-scale field is confined to a slab normal to the
local fluid velocity is calculated in [136,137], where it is shown that the maximum degree
of polarization is obtained only at large viewing angles when the slab is viewed almost
edge-on. For small viewing angles that apply to distant GRBs, the polarization is indeed
very weak.

(c) Synchrotron Self-Compton

Synchrotron self-Compton (SSC) emission has been considered in some works as a
mechanism that could yield low-energy spectral slopes with photon indices as hard as
αph = 0, a change of ∆αph = 2/3 over the synchrotron line of death [138]. This is facilitated
by the fact that for typical values of the model parameters in the internal shock scenario,
optically thin synchrotron emission peaks at much lower energies (at a few eV when the
SSC peak is at ∼100 keV) and is mostly self-absorbed. One of the major drawbacks of this
radiation mechanism is that it requires the synchrotron emission in the optical, which is the
seed for the harder inverse-Compton emission, to be much (by a factor of &103) brighter
than observed (or upper limits [139]). Otherwise, it requires the Compton-y parameter to
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exceed unity by the same factor, which is hard to accommodate while not strongly violating
the total energy budget of the burst [140,141]. The energy-dependent local polarization for
SSC in an ultrarelativistic spherical flow for two different ordered B-field configurations,
one parallel and the other transverse to the local velocity vector, is calculated in [142],
where they found that the local polarization can be as high as Π . 25% under simplifying
assumptions.

2.4. What’s the Angular Structure of the Outflow?

The angular structure of the relativistic outflow in GRBs affects a number of impor-
tant observables, such as prompt GRB pulse structure [84], polarization [24], afterglow
lightcurve [143], and the detectability of distant GRBs [144,145]. Outflows in GRBs are
collimated into narrowly beamed bipolar jets that have an angular scale Γθj ∼ 10, where
θj in the simplest model of a uniform conical jet, also referred to as a top-hat jet, repre-
sents a sharp edge. The notion of narrowly collimated jets in GRBs was first proposed
by Rhoads [146], and it was later verified by observations of achromatic jet-breaks in the
afterglow lightcurve that yielded θj ' 0.05− 0.4 (e.g., [147–150]). Since Γ & 102 during
the prompt emission phase and assuming that θj remains approximately the same, this
yields Γθj ∼ 5− 40. This geometric beaming futher implies that the true radiated en-
ergy of these bursts is much smaller [149] with Eγ = fbEγ,iso ∼ 1048 − 1052 erg, where
fb = (1− cos θj) ' θ2

j /2 is the geometric beaming fraction with the last equality valid for

θj � 1, Eγ,iso = 4πd2
LSγ(1 + z)−1 ∼ 1048 − 1055 erg is the isotropic-equivalent radiated

energy, Sγ [erg cm−2] is the burst fluence, and dL is the luminosity distance. Since fb is
much smaller than 4π, the solid angle into which radiation from a spherical source is
emitted, only observers whose line-of-sight (LOS) intersects the surface of the jet or passes
very close to the jet edge can detect the GRB, which implies that the true rate of GRBs is
enhanced by 〈 f−1

b 〉 ∼ 500 [149] over the observed rate.
A top-hat jet is clearly an idealization even though it is able to explain several features

of the afterglow lightcurve. Numerical simulations of jets breaking out of the progenitor
star for the long-soft GRBs [151–155] and that from the dynamical ejecta for the short-hard
GRBs [155–160] find that these jets naturally develop angular structures by virtue of their
interaction with the confining medium. If the true energy reservoir lies in a narrow range
and the scatter in Eγ,iso is instead caused by different viewing angles, then either the jet
half-opening angle of a top-hat jet must be different in different GRBs or the jets are not
uniform and must have an underlying angular profile for both the energy per unit solid
angle, ε(θ) = Eiso(θ)/4π, and the (initial) bulk LF, Γ = Γ(θ). Such jets are commonly
referred to as structured jets [161–164] and can be parameterized quite generally as a
power law with ε(θ) ∝ Θ−a and Γ(θ)− 1 ∝ Θ−b where Θ =

√
1 + (θ/θc)2 with θc being

the core angle. A constant true jet energy among a sample of GRBs implies that a = 2, a
model referred to as a universal structured jet (USJ) [161,165–167], where it corresponds
to equal energy per decade in θ and therefore reproduces jet breaks similar to those for a
top-hat jet with θj(top-hat) ∼ θobs(USJ). This angular profile was used as an alternative
model to the top-hat jet to explain the Eγ,iso ∝ Sγ ∝ t−1

b correlation [149] for the afterglow
emission where tb is the jet-break time [161,167]. Other useful parameterizations of a
structured jet include a Gaussian jet with ε(θ) ∝ Γ(θ)− 1 ∝ exp(−θ2/2θ2

c ), which is a
slightly smoother (around the edges) and more realistic version of the top-hat jet.

The large distances of GRBs have precluded direct confirmation and constraints of the
outflow’s angular structure. The main difficulty being the rather severe drop in fluence
when they are observed outside of the almost uniform core. This changed recently with
the afterglow observations of GRB 170817A [12], the first-ever short-hard GRB detected
coincidentally with GWs (GW 170817; [11]) from the merger of two neutron stars. Helped
by its nearby distance of D ' 40 Mpc and an impressive broadband (from radio to X-rays)
observational campaign (e.g., [168–170]), the afterglow observations led to the first direct
and significant constraint on the angular structure of the relativistic jet (e.g., [170–177]). The
afterglow from this source showed a peculiar shallow rise (Fν ∝ t0.8) to the lightcurve peak
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at tpk ' 150 days, after which point it declined steeply (Fν ∝ t−2.2). Several useful lessons
were learned. First, it was shown that a top-hat jet can only explain the afterglow lightcurve
near and after the lightcurve peak [177] and not the shallow rise for which a structured jet
is needed. Second, both power-law- and Gaussian-structured jets can explain the afterglow
of GW 170817, where for a power-law jet the angular structure profile requires a ∼ 4.5 and
b & 1.2 to explain all the observations [178].

While power-law- and Gaussian-structured jets remain most popular, a few other
angular profiles have received some attention. Among them is the two-component jet
model [150,179–183] that features a narrow uniform core with initial bulk LF Γ0 & 100
surrounded by a wider uniform jet with Γ0 ∼ 10 − 30. Nothing really guarantees or
demands the outflow to be axisymmetric and uniform, in which case an outflow with
small variations on small (�1/Γ) angular scales can be envisioned in the form of a “patchy
shell” [184] or an outflow consisting for “mini-jets” [185], with the caveat that significant
variations on such causally connected angular scales are rather easily washed out and hard
to maintain. In case such variations do indeed persist, it could have important consequences
for the time-resolved polarization and PA. For example, patches or mini-jets can have
different polarization and/or PA due to mutually incoherent B-field configurations, which
can lead to smaller net polarization and PA evolution.

3. Gamma-Ray Polarimetry

Despite the wealth of information that can be obtained from prompt GRB polarization,
only a few measurements with modest statistical significance exist. Moreover, many of the
results presented in the past were refuted by follow-up studies. A detailed overview of
many of these measurements and their respective issues is provided in [186]. The two most
recent measurements, by POLAR [187] and Astrosat CZT [188], furthermore appear to be
incompatible with one another, indicating probable issues in at least one of these results
as well. The lack of detailed measurements, and the many issues with them, result from
both the difficulty in measuring γ-ray polarization as well as challenging data analysis at
these energies. Below, we discus first the measurement principle, which causes many of
the encountered issues. This is followed by a description of the different instruments that
have been able to perform measurements to date.

3.1. Measurement Principles

The polarization of X-ray or γ-ray photons can be measured by studying the properties
of the particles created during their interaction within the detector. For all the three
possible interaction mechanisms, namely, the photo-electric effect, Compton scattering,
and pair production, a dependency exists of the orientation of the outgoing products on
the polarization vector of the incoming photon. This is illustrated in Figure 3 for the three
processes. For the photo-electric effect, it is the azimuthal direction of the outgoing electron
that shows a dependency on the polarization vector of the incoming photon; for Compton
scattering, it is the azimuthal scattering angle of the photon; and for pair-production, it is
the plane defined by the electron-positron pair.

The differential cross section for photo-absorption (via the photo-electric effect) has a
dependency on φ, which is defined as the azimuthal angle between the polarization vector
of the incoming photon ~p, as shown in Figure 3, and the projection of the velocity vector of
the final state electron ~β = ~v/c (where β̂ = k̂2) on to the plane normal to the momentum
vector~k1 of the photon,

dσ

dΩ
∝ cos2 φ , φ = cos−1

(
~β · ~p

βp sin θ

)
= cos−1

(
~k2 · ~p

k2 p sin θ

)
, (2)

where dΩ = sin θdθdφ is the unit solid angle, and the polar angle θ is given by cos θ =
β̂ · k̂1 = k̂2 · k̂1. Similarly, for the differential cross section of Compton scattering the
dependence on φ, here the angle between the polarization vector of the incoming photon
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~p and the projection of the momentum vector of the outgoing photon~k2 on to the plane

normal to the momentum vector~k1 of the incoming photon, where φ = cos−1
(

~k2·~p
k2 p sin θ

)
as

in Equation (2), is
dσ

dΩ
=

r2
o
2

E′2

E2

(
E′

E
+

E
E′
− 2 sin2 θ cos2 φ

)
. (3)

Here, r0 = e2/mec2 is the classical electron radius with e being the elementary charge,
E is the initial photon energy, E′ the final photon energy, and θ = cos−1(k̂2 · k̂1) is the polar
scattering angle.

Figure 3. Illustration of the angular dependency of the interaction product on the polarization vector of the incoming photon
for the three interaction mechanisms: photo-electric effect (left), Compton scattering (middle), and pair production (right).
The incoming photon is shown in blue, its polarization vector in green, and the secondary product(s) in red. The θ angle (as
used in Equations (2) and (3)) is defined as the angle between the incoming photon direction and its secondary product. The
φ angle (again as used in Equations (2) and (3)) is defined as the angle between the projections of the polarization vector
and the momentum vector of the secondary product(s) onto the x-y plane. The η angle is the azimuthal angle between the
x-axis and the projection of the momentum vector of the secondary particle onto the x–y plane. The θ and η angles can be
directly measured in a detector, while φ is measured indirectly.

Finally, for pair production the differential cross section is dσ/dΩ ∝ 1 + A(cos 2φ),
where A is the polarization asymmetry of the conversion process (which has dependencies
on the photon energy and properties of the target), and φ is the angle between the polariza-
tion vector of the incoming photon ~p and the plane defined by the momentum vectors of
the electron–positron pair,~k±.

The general concept for polarimetry in the three energy regimes where these cross
sections dominate is therefore similar: one needs to detect the interaction itself and sub-
sequently track the secondary particle, be it an electron, photon, or electron–positron
pair. This requirement indicates the first difficulty in polarimetry: simply absorbing the
incoming photon flux, as is the case in, for example, standard spectrometry, is not sufficient.
The requirement to track the secondary product significantly reduces the efficiency of the
detector.

After measuring the properties of the secondary particles, a histogram of φ can be
made, which shows a sinusoidal variation with a period of 180◦ referred to as a modulation
curve. The amplitude of this is proportional to the polarization degree (PD) and the phase
related to the polarization angle (PA). As can be derived from, for example, the Compton
scattering cross section, the amplitude for a 100% polarized beam will depend on the
energy of the incoming photons as well as on the polar scattering angle. Whereas the
energy depends on the source, the polar scattering angle is indirectly influenced by the
instrument design. For example, using a detector with a thin large surface perpendicular
to the incoming flux, it is more likely to detect photons scattering with a polar angle of 90◦,
which have a larger sensitivity to polarization than those scattering forward or backward.
The relative amplitude, meaning the ratio of the amplitude of the sinusoidal over its mean,
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is directly proportional to the PD. The relative amplitude one detects for a 100% polarized
beam is known as the M100, and it depends on the source spectrum, source location in
the sky, the instrument design, and the analysis. Although for specific circumstances the
M100 can be measured on the ground using, for example, mono-energetic beams with a
specific incoming angle w.r.t the detector, its dependency on the energy, incoming angle,
and instrument conditions, such as its temperature, implies that the M100 required in the
analysis of real sources can only be achieved using simulations. The large dependency on
simulations provides a source for potential systematic errors in the analysis, which can
easily dominate the statistical error in the measurements.

Additionally, it should be noted that in practice retrieving the polarization is signifi-
cantly more complicated as both instrumental and geometrical effects (such as the incoming
angle of the photons w.r.t. the detector and the presence and orientation of materials around
the detector) are added to the polarization-induced signal in the modulation curve. In
order to retrieve the polarization signal one can, for example, divide it by a simulated
modulation curve for an unpolarized signal as illustrated in the first column of Figure 4.
This method is often used, for example in [188]. A second option is to model these effects
together with the signal and fit the uncorrected curve with this simulated response, as was
for example done in [189]. In either case, it requires a highly detailed understanding of
the instrument.

In polarization analysis, any imperfections in modelling the instrument will likely
result in an overestimation of the polarization. As illustrated in Figure 4, for a modulation
curve resulting from an unpolarized flux, removing any instrumental effects from the
modulation curve should result in a perfectly flat distribution. This is illustrated in the
middle column of this figure. Any error in the model of the instrumental or geometrical
effects will, however, result in a non-flat distribution, which, when fitted with a harmonic
function, will result in some level of polarization to be detected. It is therefore in practice
impossible to measure a PD of 0% as it would require both an infinite amount of statistics,
and more importantly, a perfect modelling of all the instrumental effects. On the other
extreme, for a PD of 100%, imperfections in the modelling can result in a lower amplitude,
but can still also increase it further resulting in measuring a nonphysical PD. Overall, due
to the nature of the measurement, both statistical and systematic errors tend to inflate the
PD rather than decrease it. Since it is not possible to test the modelling of the instruments
when in orbit, as there are no polarization calibration sources, this issue exists for all
measurements and can only be minimized by extensive testing of the instrument both on
the ground and in-orbit.

A final figure of merit often used in polarimetry is the minimal detectable polarization
(MDP) [190]. For GRBs the MDP is best expressed as

MDP =
2
√
−ln(1− C.L.)

M100Cs

√
Cs + Cb . (4)

Here, C.L. is the confidence level, Cs is the number of signal events, and Cb the number
of background events. The MDP expresses the minimum level of polarization of the source
that can be distinguished from being unpolarized for a given confidence level. It can
therefore be seen as a sensitivity of a given polarimeter for a given observation. Whereas
this is highly useful for polarimeters observing point sources, for GRB polarimeters, there
is an issue related to the M100. For wide-field-of-view instruments, such as polarimeters
designed for GRB observations, the value of M100 can start to depend on the PA of the
source. For example, in POLAR, the M100 was found to depend on the PA for GRBs with
a large off-axis incoming angle [187]. This is a result of only being able to resolve two
dimensions of the scattering interactions in the detector, making it insensitive (so M100 = 0)
to certain values of PA when the γ-ray photons enter the detector perpendicular to the
readout plane [187]. As in such cases the MDP becomes dependent on PA, it loses its
use as a figure of merit. However, as the MDP remains highly used in the community
and remains the best measure of sensitvity for polarimeters, we used it here in this work
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as well, although with a small adaptation. In order to remove the PA dependence, we
used the mean MDP where the M100 is averaged over all possible values of the a priori
unknown PA.

Figure 4. Illustration of recovering the polarization signal from a raw modulation curve. The left column illustrates the
ideal case with a high PD value, with a raw measured modulation curve (top), abd the perfectly simulated instrumental and
geometrical effects (middle), which pollute the raw modulation curve. The (bottom) panel shows the modulation curve
after correction from the instrumental and geometrical effects, which results in a perfect harmonic function. The middle
column illustrates the same but for an unpolarized signal resulting in a flat distribution. The right column shows the same
for an unpolarized signal; however, random small errors were added to the instrumental and geometrical effects, thereby
simulating a non-perfect understanding of the instrument. The result is a non-flat distribution, which, when fitted, shows a
low level of polarization.

3.2. Detection Principles

To date, the only GRB polarization measurements performed have made use of
Compton scattering in the detector. The majority of these measurements were performed
by making use of a segmented detector concept, for example a detector consisting of
many relatively small scintillators, e.g., for GAP [191] and POLAR [192], or a segmented
semiconductor, such as INTEGRAL-SPI [193] and AstroSAT CZT [194]. In either design,
the Compton scattering interaction can be detected in one segment of the detector while an
additional interaction of the photon in a second segment can be used to reconstruct the
azimuthal Compton scattering angle. This concept is illustrated in Figure 5.
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Figure 5. Illustration of the measurement principle of a polarimeter using Compton scattering. The
incoming γ-ray Compton scatters in one of the detector segments followed by a photo-absorption
(or second Compton scattering) interaction in a different segment. Using the relative position of
the two detector segments, the Compton scattering angle can be calculated from which, in turn, the
polarization angle can be deduced.

At energies below approximately 10 keV the cross section for photo-absorption dom-
inates. Although no successful GRB polarization measurements have been performed
using the photo-electric effect, the detection method has been successfully used recently
to perform polarization measurements of the Crab Nebula in the 3–4.5 keV energy range
using the PolarLight cubesat [195]. Several large-scale polarimeter ideas have been devel-
oped in the past, such as the Low-energy Polarimeter, which was part of the proposed
POET mission, which was dedicated to GRBs [196]. Currently, several missions that use
the same concept are currently under development [197,198]. In these X-ray polarimeters,
the photo-absorption takes place in a thin gas detector. As the produced electron travels
through the gas it releases secondary electrons as it ionizes the gas. These secondary
electrons can be detected using finely segmented pixel detectors in order to track the path
of the electron released in the photo-absorption interaction, allowing to reconstruct its
emission angle.

Polarimetry in the pair-production regime is arguably the most challenging as the
photon flux is low, and the detection method requires highly precise trackers capable of
separating the tracks of the electron and the positron. In spectrometry, the low photon
flux is often compensated by using large detectors with a high stopping power. For
example, by combining tungsten layers with silicon detectors. Here, the silicon serves to
measure the tracks while the tungsten is used to enforce pair production in the detector.
However, the use of high Z (atomic number) materials, like tungsten, significantly increases
multiple scattering of the electron and positron. Multiple scatterings quickly change the
momentum of both products, thereby making it challenging to reconstruct their original
emission direction. To overcome this issue, detectors that use silicon both for conversion
and detection, have been proposed in the past such as PANGU [199]. Although technically
possible, the large number of silicon detectors required to achieve a high sensitivity, with
minimal structural material and a potential magnet, which helps to separate the electron–
positron pair, make such detectors both costly and challenging to develop for space. A
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second option is to use gas-based detectors, such as in the HARPO design [200]. This
detector, which was successfully tested on the ground [201], allows for precise tracking but
has a low stopping power for the incoming γ-rays and therefore a low detection efficiency.
This can be compensated with a large volume. However, as the gas volume obviously
needs to be pressurized, producing and launching such an instrument for use in space is
highly challenging. Despite these challenges, several projects that follow this design are
still ongoing, such as the potential future space mission AdEPT [202], which aims to use a
time projection chamber to measure polarization in the 5–200 MeV energy range as well as
the balloon borne SMILE missions [203].

Although no dedicated pair–production polarimeters are currently in orbit, it should
be noted that both the Fermi-LAT [204] and the AMS-02 [205] instruments could, in theory,
be used to perform polarization measurements in this energy range. For Fermi-LAT, which
is a dedicated γ-ray spectrometer, consisting of silicon strip detectors combined with
tungsten conversion layers, the aforementioned multiple scattering induced distortion is
again a challenge [206]. The polarization capabilities of Fermi-LAT, which has detected
many GRBs to this day, has been studied [206], but no results from actual data have been
published to date. For AMS-02, which does not suffer from the use of tungsten layers and
additionally contains a magnet which separates the pairs, measurements could be easier.
However, as the instrument is designed as a charged particle detector, it remains non-
optimized for this purpose, and so far no results have been published by this collaboration.

3.3. GRB Polarimeters

In this section, we aim to provide a summary of the different instruments that have per-
formed GRB polarization to date. For a detailed overview of each individual measurement
(up to 2016), the reader is referred to [186].

As mentioned earlier, all polarization measurements of the prompt GRB emission
have been performed by making use of Compton scattering. While in the majority of cases
the Compton scattering takes place in the detector, there is one exception. The attempts at
performing polarization measurements with data from the BATSE detector made use of
Compton scattering from the Earth’s atmosphere [207,208]. The BATSE detector consisted
of several scintillator-based detectors and by itself had no capability to directly perform
polarimetry [209]. Instead, it used several detectors pointing towards the Earth, each at
different relative angles, to measure the relative intensity of photons scattering off different
parts of the Earth’s atmosphere. As the probability for photons to scatter off the atmosphere
towards different detectors depends on their polarization properties, such a measurement
is possible for any detector with an Earth-facing sensitive surface. It does however require
a highly detailed modelling of the Earth’s atmosphere, software capable of simulating
the scattering effects properly, and detailed understanding of the detector response as
well as the location and spectra of the GRB. The large number of sources for systematic
errors resulted in inconclusive measurements of GRB 930131 [208]. Despite the initial
lack of success, improvements have been made since then regarding Compton-scattering
models in software such as Geant4 [210]. Furthermore, instruments such as Fermi-GBM
have measured 1000 s of GRBs over the last decade, and similar studies using this data
could prove to be successful in the future.

Systematic errors are a major issue not only for the creative polarization measurement
solution used in BATSE but in all GRB polarization results published thus far from different
instruments. It is especially important for measurements performed using detectors not
originally designed to perform polarimetry such as RHESSI [211] and the SPI and IBIS
detectors on board INTEGRAL. Both RHESSI and SPI make use of a segmented detector
consisting of germanium detectors and thereby allow to study Compton scattering events
by looking for coincident events between different detectors. The IBIS instrument [212]
uses two separate sub-detectors instead, namely, the ISGRI detector consisting of 16384
CdTe detectors and the Pixellated Imaging CsI Telescope (PICsIT), an array of 4096 CsI
scintillator detectors. Since, similar to RHESSI and SPI, IBIS was not originally designed
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to perform polarization measurements, the trigger logic in the instrument was not setup
to keep coincidence events in the PICsIT or ISGRI alone. Rather, only coincidence events
between the PICsIT and the ISGRI are kept, which although lowering the statistics for
polarization measurements, still allows for such measurements [213].

Since all three instruments were not designed as polarimeters, one immediate down-
side of using them as such is the lack of sensitivity. A clear example of this is the non-
optimized trigger logic of IBIS. In the case of RHESSI, different analyses of the same
GRB [16] resulted in vastly different results, in part due to the difficulty in selecting valid
coincident events between different germanium detector channels, again a result of a non-
optimized online event selection. The relatively imprecise time measurement of each event
prompted a large coincidence window to be set in one of the analyses, which resulted in
chance coincidence events induced by different photons or background particles instead of
the Compton scattering event [17,18]. If the instrument had been designed and tested on the
ground as a polarimeter, the coincidence trigger logic and time measurement would likely
have been optimized and event selection methods tested during the calibration phase.

The lack of on-ground calibration for polarization additionally makes verification of
the detector response models difficult and prone to errors—for example, dead material
around the detector can affect the polarization of the incoming flux when it interacts with
it. While such issues are important in spectrometers as well, it can be argued that it is more
important in a polarimeter. Imperfect modelling of certain detector channels for a spectral
measurement can cause issues. However, if on average the channels are modelled correctly,
having a few badly modelled channels will not greatly affect the final flux or spectral result,
as over- and under-performing channels can cancel each other out. In a polarimeter it is
the difference in the number of events between the detector channels that provides the
final measurement and not, as in a simple spectrometer, the average of all the channels. For
a polarimeter, however, one single over-performing detector channel would see a larger
number of scattering events than expected, causing certain scattering angles to be favoured
and thereby faking a polarization signal.

Similarly, dead material in front of the detector channels can easily obscure certain
channels more than others causing a similar effect. Understanding all these issues during
on-ground calibration is therefore crucial to reduce systematic errors. As a result of such
difficulties, the polarization results published by the SPI collaboration clearly mention the
possibility of significant systematic errors not taken into account in the analysis, which can
affect the results [214,215].

In order to overcome such issues, more recent instruments, such as GAP [191] and
POLAR [192], employ small coincidence windows and trigger logics optimized for polar-
ization measurements. Most importantly, such detectors were calibrated prior to launch
with polarized photons in different configurations, such as different photon energies and
incoming angles [191,216,217]. GAP was the first dedicated GRB polarimeter. It made use
of plastic scintillators used to detect Compton scattering photons together with 12 CsI
scintillators used to detect the photon after scattering. The instrument flew for several
years on the IKAROS solar sail mission during which it detected a few GRBs for which po-
larization measurements were possible. The POLAR detector also uses plastic scintillators,
1600 in total, to detect the Compton scattering interaction but uses the same scintillators to
detect the secondary interaction. As a result, the instrument is less efficient for detecting
the secondary interaction and has a poorer energy resolution. However, it allows for a
larger scalable effective area as well as a larger field of view, which in the case of GAP is
restricted by the CsI detectors that shield the plastic scintillators from a far off-axis source.
The POLAR detector took data for six months on board the Tiangong-2 space laboratory,
which resulted in the publication of 14 GRB polarization measurements [187].

Two other detectors, which although not fully optimized for polarimetry, were cal-
ibrated on the ground for such measurements. They are COSI [218] and the CZTI on
Astrosat [194]. The balloon-borne COSI detector uses two layers of germanium double-
sided strip detectors allowing for precise measurements of the interaction locations in the
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instrument. During its long-duration balloon flight in 2017, COSI saw one bright GRB
for which a polarization measurement could be performed [219]. The CZT Imager on
board the AstroSAT satellite uses, as the name suggests, a CZT semiconducter detector. As
this detector is segmented, it allows to look for Compton scattering events. The detector
was calibrated with polarized beams prior to launch to study the instrument response to
on-axis sources [194]. AstroSAT CZTI has detected a large number of GRBs since its launch
and has published polarization measurements of 13 of these to date while it continues to
be operational.

4. Theoretical Models of Prompt GRB Polarization

The focus of this section is to present polarization predictions for the popular prompt
GRB emission mechanisms, as highlighted in Section 2. Since GRBs are cosmological
sources (of modest physical size in astrophysical standards), they remain spatially unre-
solved. Consequently, the measured polarization is the effective average value over the
entire image of the burst on the plane of the sky. Therefore, the obtained polarization is
affected by several effects, such as the intrinsic level of polarization at every point on the
observed part of the outflow; the geometry of the outflow; i.e., the angular profile of the
emissivity and bulk Γ; and the observer’s LOS. Even though GRBs are intrinsically very
luminous, their large distances drastically reduce the observed flux, making them photon
starved. This forces observers to integrate either over the entire pulse or large temporal
segments of a given emission episode to increase the photon count. This causes additional
averaging—time averaging over the instantaneous polarization from the whole source,
which in many cases significantly evolves even within a single spike in the prompt GRB
lightcurve.

Before presenting the model predictions for time-resolved polarization in Section 4.3,
pulse-integrated polarization is discussed first. In the latter, any radial dependence of
the flow properties is ignored for simplicity (but without affecting the accuracy of the
calculation). As a result, pulse-integrated polarization ultimately amounts to integrating
over a single pulse emitted at a fixed radius, where it is not important what that radius is
as it does not enter any of the calculations.

Polarization is most conveniently expressed using the Stokes parameters (I, Q, U, V),
where I is the total intensity, Q and U are the polarized intensities that measure linear
polarization, and V measures the level of circular polarization. In GRB prompt emission,
the circular polarization is typically expected to be negligible compared to the linear
polarization (V2 � Q2 + U2; this is usually expected to hold also for the reverse shock and
afterglow emission) and therefore we concentrated here on the linear polarization. The
local linear polarization (all local quantities are shown with a “bar”) from a given fluid
element on the emitting surface of the flow is given by e.g., [220]

Π̄′ =

√
Q̄′2 + Ū′2

Ī′
=

√
Q̄2 + Ū2

Ī
= Π̄ , (5)

where
Ū
Ī
= Π̄ sin 2θ̄p ,

Q̄
Ī
= Π̄ cos 2θ̄p , θ̄p =

1
2

arctan
(

Ū
Q̄

)
, (6)

and θ̄p is the local polarization position angle (PA). When moving from the comoving
frame of the jet to the observer frame, both the Stokes parameters and the direction of the
polarization unit vector ( ˆ̄Π′ = (n̂′ × B̂′)/|n̂′ × B̂′|, where n̂′ and B̂′ are the unit vectors in
the comoving frame pointing along the observer’s LOS and direction of the local B-field,
respectively) undergo a Lorentz transformation (e.g., Equation (13) of Gill et al. [24]). The
degree of polarization (magnitude of the polarization vector), however, remains invariant
(since Q̄′/Q̄ = Ū′/Ū = Ī′/ Ī). The local polarization is different from the global one,
Π =

√
Q2 + U2/I (all global parameters are denoted without a bar), which is derived

from the global Stokes parameters. It is the global polarization that is ultimately measured
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for a spatially unresolved source. For an incoherent radiation field, meaning the emission
from the different fluid elements is not in phase, which is also true for most astrophysical
sources, the Stokes parameters are additive. Therefore, each global Stokes parameter is
obtained by integration of the corresponding local Stokes parameter over the image of the
GRB jet on the plane of the sky, such that

{
U/I
Q/I

}
→
{

Uν/Iν

Qν/Iν

}
=

∫
dΩ

{
Ūν = ĪνΠ̄ sin(2θ̄p)

Q̄ν = ĪνΠ̄ cos(2θ̄p)

}

∫
dΩ Īν

=

∫
dFν

{
Π̄ sin(2θ̄p)

Π̄ cos(2θ̄p)

}

∫
dFν

, (7)

where dFν
∼= IνdΩ = IνdS⊥/d2

A is the flux contributed by a given fluid element, of
observed solid angle dΩ and area dS⊥ on the plane of the sky, and dA is the angular
distance to the distant source. We worked with the Stokes parameters per unit frequency
for convenience, such as the specific intensity Īν = dĪ/dν. For simplicity, we ignored the
radial structure of the outflow and assumed that the emission originates from an infinitely
“thin shell”. This approximation is valid if the time-scale over which particles cool and
contribute to the observed radiation is much smaller than the dynamical time. It implies
that the emission region is a thin cooling layer of width (in the lab-frame) ∆� R/Γ2. In
this approximation, the differential flux density from each fluid element radiating in the
direction n̂, i.e., the direction of the observer, when the radiating shell is at radius R (radial
dependence included here for the general expression) can be expressed as [221]

dFν(tobs, n̂, R) =
(1 + z)
16π2d2

L
δ3

DL′ν′(R)dΩ̃ , (8)

where z and dL are the redshift and luminosity distance of the source, respectively; L′ν′ is
the comoving spectral luminosity of the fluid element; and dΩ̃ = dµ̃dϕ̃ is its solid angle;
µ̃ = cos θ̃ with the polar angle θ̃ measured from the LOS; and ϕ̃ is the azimuthal angle
around the LOS. The Doppler factor of the fluid element moving with velocity ~β = ~v/c
is given by δD(R) = [Γ(1− ~β · n̂)]−1 = [Γ(1− βµ̃)]−1 (where the second expression holds
for a radial outflow where β̂ = r̂). In order to calculate the Stokes parameters using the
differential flux density, the angular structure of the outflow needs to be specified, as was
done next.

4.1. Polarization from Uniform Jets

In uniform axisymmetric jets, the comoving spectral luminosity, L′ν′ and the bulk-Γ do
not vary with polar angle θ measured from the jet axis, e.g., in a top-hat jet,

L′ν′(θ)
L′0

=
Γ(θ)
Γ0

=

{
1, θ ≤ θj

0, θ > θj .
(9)

It is further assumed that Γ, θj, θobs, and the spectrum (assumed here to be a power
law) remain constant with the radius during emission of the prompt GRB (while L′ν′ can
vary with the radius). Since the emission arises in an ultrarelativistic jet (Γ � 1), it is
strongly beamed along the direction of motion primarily into a cone of angular size 1/Γ.
Consequently, most of the observed radiation arrives from angles θ̃ . 1/Γ around the LOS.
If the LOS intersects the jet surface and is more than a beaming cone away from the edge of
the jet, i.e., if θobs . θj − Γ−1 or equivalently if q ≡ θobs/θj . 1− ξ−1/2

j where ξ j ≡ (Γθj)
2,

then the observer remains unaware of the jet’s edge (however, see Section 4.3), and the
emission can be approximated as if arising from a spherical flow. In this instance, after
averaging over the GRB image on the plane of the sky, a finite net polarization will only
be obtained if the direction of polarization is not axisymmetric around the LOS. Hence, it
becomes necessary to break this symmetry in order to obtain any net polarization. This
naturally happens if the LOS lies near the edge of the jet. Therefore, in such cases a special
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alignment between the flow direction and the observer is needed. This and other effects
that break the symmetry and yield finite net polarization are highlighted below.

4.1.1. Synchrotron Emission from Different Magnetic Field Structures

Synchrotron emission is generally partially linearly polarized. The local polarization
emerging from a given point on the outflow depends on the geometry of the local B-
field and distribution of the emitting electrons, both in energy, γemec2, and pitch angle,
χ′ = arccos(B̂′ · β̂′e), where β̂′e is a unit vector pointing in the direction of the electron
velocity. In the case of power-law electrons, with distribution ne(γe) ∝ γ

−p
e for γe > γmin,

and with isotropic velocity distribution so that all pitch-angles are sampled during the
emission, the maximum local polarization for a locally ordered B-field depends on the
spectrum [108,220]

Πmax =
α + 1

α + 5/3
=

peff + 1
peff + 7/3

. (10)

Here α(ν) = −d log Fν/d log ν is the local spectral index, and peff = 2α + 1 is the effec-
tive power-law index of the electron distribution. Since the local value of α (and therefore
also of peff) smoothly varies with ν, the maximum polarization, Πmax, also varies smoothly
with ν across the spectral breaks of the synchrotron spectrum. The asymptotic spectral index
is different for different power-law segments (PLSs) of the well-studied [87,88] broken
power-law synchrotron spectrum. We have α = 1/2, peff = 2, and Πmax = 9/13 ≈ 0.692
for νc < ν < νm (fast cooling); α = (p− 1)/2, peff = p and Πmax = (p + 1)/(p + 7/3)
for νm < ν < νc (slow cooling); α = p/2, peff = p + 1 and Πmax = (p + 2)/(p + 10/3)
for ν > max(νc, νm) (either slow or fast cooling). For ν < min(νm, νc), there is no peff
since emission in this PLS arises from all cooling electrons that are emitting below their
typical (optically thin) synchrotron frequency. In this case, α = −1/3 and Πmax = 1/2,
the lowest local polarization obtained from synchrotron emission. On the other hand,
shock-acceleration theory suggests that 2 . p . 3, which means that the maximum local
polarization in synchrotron is limited to Πmax . 75%.

When the magnetic fields are tangled or switch direction on angular scales� 1/Γ, e.g.,
in the B⊥ case, the local polarization must be averaged over different B-field orientations.
This has been calculated for an infinitely thin ultrarelativistic shell, while assuming α = 1,
for a tangled B-field [109,222,223]

Π̄rnd
Πmax

=
(b− 1) sin2 θ̃′

2 + (b− 1) sin2 θ̃′
=

{ − sin2 θ̃′
1+cos2 θ̃′ (b = 0, B→ B⊥)

1 (b = ∞, B→ B‖) ,
(11)

where θ̃′ is the polar angle measured from the LOS in the comoving frame (this holds for a
radial flow and more generally θ̃′ → arccos(n̂′ · n̂′sh)). The level of anisotropy of the B-field
is quantified by the parameter b = 2〈B2

‖〉/〈B2
⊥〉, which represents the ratio of the average

energy densities in the two field orientations. The factor of two simply reflects the two
independent directions of the B⊥ component, such that b = 1 for a field that is isotropic in
three dimensions.

The polarization map over the GRB image on the plane of the sky is shown in Figure 6
for different B-field structures (for Γ � 1). Only the area contained within the beaming
cone, shown by the red circle, contributes dominantly to the emission. Outside of it, the
intensity is strongly suppressed by relativistic beaming, which scales as a power of the
Doppler factor. This effect is reflected by the decrease with the angle θ̃ from the LOS (shown
by the red “+” symbol) in the size of the black arrows, which correspond to the magnitude
of the polarized intensity. When the jet possesses axial symmetry (and for synchrotron
emission the same requirement holds also for the global magnetic field structure), then
the image and polarization map are symmetric to reflection along the line connecting the
jet symmetry axis to the LOS. Therefore, it is natural to choose a reference direction for
measuring the local PA θ̄p either along this line or transverse to it (in the figure, θ̄p as well as
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θp are measured from the latter, i.e., the horizontal direction). For such a choice, U = 0 i.e.,
the local Stokes parameter Ū ∝ sin(2θ̄p) vanishes when integrated over the GRB jet image,
and therefore the global polarized intensity is entirely given by Stokes Q, i.e., the integration
of Q̄ ∝ cos(2θ̄p) over the image, where the sign of Q̄ for each fluid element depends on the
local PA θ̄p. The different B-field configurations produce completely different polarization
maps, with distinct patterns of regions contributing predominantly either to polarization
along the line connecting the jet symmetry axis to the LOS (orange–yellow, with local
polarization Π̄ < 0) or transverse to it (blue–white, with local polarization Π̄ > 0), as
shown by the color map. When averaged over the entire GRB image, these are the only
two directions of polarization that can be obtained in an axisymmetric flow in which the
magnetic field also possesses axial symmetry about the jet axis, such that it would represent
a change of 90◦ in the PA when the direction of polarization switches from one to the other.
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-0.5

0

0.5

1.0

Figure 6. Polarization map for different B-field configurations shown on the surface of a top-hat jet (for Γ � 1). The jet
symmetry axis marked with a black “+” symbol and the observer’s LOS is marked with a red “+” symbol. The region
where the LOS is within the beaming cone of the local emission (i.e., from which the radiation is beamed towards us) is
within the red circle, outside of which the the polarized intensity (as shown by the size of the black arrows) declines sharply.
The red line segments show the direction and polarized intensity, now without the de-beaming suppression. Green lines
show the orientation of the magnetic field lines (in the cases Bord and Btor where it is locally ordered). The color map
shows Q̄ ∝ cos(2θ̄p), with θ̄p being the local polarization angle measured counter-clockwise from the horizontal axis, which
corresponds to the level at which each point is polarized either along the line connecting the LOS with the jet symmetry axis
(orange-yellow dominated) or transverse to it (blue-white dominated).

An example of a B-field configuration that does not possess such axial symmetry is
Bord. When Bord is not oriented along the line connecting the jet symmetry axis to the
LOS or perpendicular to it, then this breaks the symmetry of the image polarization map,
thereby enabling other directions of net global polarization to occur, and the corresponding
PA can vary continuously with a finite Π [109].

The level of net polarization after averaging over the GRB image depends on the level
of symmetry of the polarization map around the LOS. In the case of B⊥, and likewise for
B‖, the polarization map is symmetric around the LOS and therefore averaging over the
GRB image would yield zero net polarization (Π = 0) due to complete cancellation for a
spherical flow (or well within a top-hat jet, Γ(θj − θobs)� 1). This symmetry is naturally
broken in Bord and Btor where the local B-field is ordered and provides a particular direction
(transverse to the local B-field direction and to the propagation direction of the photon)
along which the polarization vector aligns. Another way to break the symmetry is by having
the LOS close to the edge of the jet, with θj − Γ−1 . θobs . θj + Γ−1 ⇔ Γ|θobs − θj| . 1
(1− ξ−1/2

j . q . 1 + ξ−1/2
j ⇔ ξ1/2

j |q− 1| . 1), so that some part of the beaming cone
lies outside of the jet surface. The missing emission, which would otherwise contribute
towards cancellation, leads to only partial cancellation and yields a net finite polarization,
|Π| > 0. The sign of net polarization is decided by whichever region, either blue–white or
orange–yellow, makes the dominant contribution to the polarized flux. In Figure 6, Π < 0
for both Bord and Btor, whereas Π ≈ 0 for B⊥.
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Pulse-integrated polarization as a function of q is shown in Figure 7 for different
B-field configurations and different ξ j, where the latter describes how wide or narrow the
jet aperture is compared to the beaming cone. The polarization curves look very different
for the three different field configurations, but there are some features that are worth
pointing out. The polarization vanishes when the observer is looking down the jet axis,
i.e., when θobs = 0 (q = 0), in all cases due to complete cancellation (such a cancellation
would not occur for Bord, which is not shown in Figure 7). For q > 0, polarization grows
rapidly for Btor (for which it saturates at ξ−1/2

j . q . 1− ξ−1/2
j ⇔ Γ−1 . θobs . θj − Γ−1)

but slowly for both B⊥ and B‖. It reaches a local maxima when the LOS is close to the jet
edge, i.e., as before, when |q− 1| . ξ−1/2

j ⇔ Γ|θobs − θj| . 1, and declines sharply for B⊥
and Btor when the LOS exceeds one beaming cone outside of the jet, i.e., θobs & θj + Γ−1

(q > 1 + ξ−1/2
j ). The B‖ case yields a different behavior where Π becomes maximal when

the jet is viewed from outside its edge. In all cases, when q > 1 + ξ−1/2
j ⇔ Γ(θobs − θj) > 1

the fluence drops off very sharply for a top-hat jet. So, even though a large Π is expected
for B‖, it will be challenging to detect. Finally, a change in the PA by 90◦ occurs when
θobs ≈ θj (q ≈ 1) for B⊥ and B‖, at which point Π = 0.

It is clear from Figure 7 that only the Btor case, an ordered field scenario, yields high
levels of polarization when the LOS passes within the aperture of the jet. Since all distant
GRBs must be viewed with q < 1, otherwise they will be too dim to detect, a measurement
of 50% . Π . 65% will strongly indicate the presence of an ordered field component. On
the other hand, if the B-field configuration is more like B⊥ or B‖, then most GRBs will show
negligible polarization.

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.0 0.5 1.0 1.5 2.0 2.5 3.0

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.2

0.4

0.6

0.8

1.0

Figure 7. Pulse-integrated polarization of synchrotron emission for different B-field configurations shown for different
LOSs (q) and size of the beaming cone w.r.t to the jet aperture (ξ j = (Γθj)

2). The spectral index was fixed to α = 3/4, where
a larger α produced a larger Π. Figure adapted from [24] but originally produced in [108].

4.1.2. Photospheric Emission from a Uniform Jet

A photospheric spectral component can arise and even dominate the spectral peak in
scenarios where energy is dissipated below the photosphere. At the photosphere, radiation
decouples from matter and is able to stream freely towards the observer. However, in a
matter-dominated flow in which the baryon rest mass energy density, ρ′c2, is much larger
than that of the radiation field, U′γ, the radiation field becomes highly anisotropic at the
photosphere [55]. At the last scattering surface, this produces significant local polarization
at each point of the observed part of the flow. Nevertheless, upon averaging over the
GRB image the net polarization is expected to be negligible in an axisymmetric uniform
flow since there is no preferred direction for the polarization vector. To obtain finite net
polarization, an inhomogeneous outflow with gradients in bulk-Γ (and to a lesser extent in
comoving emissivity L′ν′ ) across the beaming cone are needed. This scenario is discussed
in Section 4.2.

Alternatively, if the flow is radiation-dominated, i.e., U′γ � ρ′c2, as shown by Be-
loborodov [55], the comoving angular distribution of the radiation field is preserved in the
ultrarelativistic limit as the flow goes from being optically thick to thin. This occurs due to
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the fact that radiation always tries to push the plasma to an equilibrium Lorentz frame in
which the radiative force on the plasma vanishes. As a result, the radiation field accelerates
the plasma to a bulk LF Γ(R) ∝ R, which is a special Lorentz frame in which the (comoving)
direction of freely streaming photons w.r.t the local radial direction remains unchanged
in between successive scatterings. This means that an isotropic radiation field remains
isotropic. Since scattering an isotropic radiation field only produces another isotropic field,
the flow behaves (to leading order) as if no scatterings took place. Since the radiation field
was necessarily isotropic when the flow was optically thick at smaller radii, leading to zero
local polarization, it must yield the same (to leading order) when it becomes optically thin,
as shown below.

The radiation field is able to accelerate the flow to Γ(R) ∝ R only if U′γ/ρ′c2 � 1
and while the matter maintains a small lag, ∆Γ = Γrad − Γmatter, which is initially �
Γmatter ≡ Γ ≈ Γrad (where these LFs are of the respective local center of momentum
frames) corresponding to a relative velocity βγm ∼ ∆Γ/Γ ∼ ρ′c2/U′γ � 1, but it gradually
increases until it eventually becomes comparable to the two near the saturation radius
Rs where U′γτT ∼ ρ′c2 (for τT < 1), the point beyond which matter stops accelerating
and starts coasting, while the scaling Γrad ∝ R remain valid as the radiation-free streams
in increasingly more radial directions. In a steady radiation-dominated spherical flow
the comoving radiation energy density scales as U′γ ∝ V′−4/3 ∝ [R2Γ(R)]−4/3, and the
rest mass energy density of the particles scale as ρ′ ∝ n′e ∝ V′−1 ∝ [R2Γ(R)]−1, where
V′ is the comoving volume. This yields U′γ/ρ′c2 ∝ [R2Γ(R)]−1/3, which for Γ(R) ∝ R
gives U′γ/ρ′c2 ∝ R−1 and τT = n′eσT R/Γ(R) ∝ [RΓ2(R)]−1 ∝ R−3. This further yields
U′γτT/ρ′c2 = (U′γ,ph/ρ′phc2)(R/Rph)

−4 so that Rs ∼ Rph(U′γ,ph/ρ′phc2)1/4 ∼ Rphβ−1/4
γm,ph

and βγm ∼ min[1, (R/Rs)4]. Near Rs the comoving radiation anisotropy becomes signifi-
cant (βγm ∼ 1) and therefore so does the polarization of the radiation scattered at R ∼ Rs,
but this is only a fraction ∼ τT(Rs) ∼ (U′γ,ph/ρ′phc2)−3/4 ∼ β3/4

γm,ph � 1 of the photons,
and therefore the overall local (i.e., from a particular fluid element) polarization is of the
same order, i.e., very small.

4.1.3. Compton Drag

Inverse-Compton scattering of anisotropic radiation yields high levels of polarization
for the scattered radiation field with Π ≤ 100%. This is very different from Comptonization
since the polarization vector of the scattered photon can now be aligned with a particular
direction, which is transverse to the plane containing the wave vectors,~k′′1 and~k′′2 , of the
incoming and scattered photons, respectively, in the rest frame of the electron (hence the
double primes). If the scattering angle is θ′′sc = arccos(~k′′1 · ~k′′2 ), then Thomson scattering of
radiation imparts local polarization

Π̄ =
1− cos2 θ′′sc
1 + cos2 θ′′sc

cold−−−−−→
electrons

1− cos2 θ′sc
1 + cos2 θ′sc

radial−−−→
flow

1− cos2 θ̃′

1 + cos2 θ̃′
(12)

to the outgoing photon. Indeed, if θ′′sc = π/2, then Π̄ = 100%. Here it was assumed that
the electrons are cold and therefore their rest frame is the fluid frame (θ′′sc = θ′sc) that is
moving with velocity ~v, and if it is moving everywhere in the radial direction (v̂ = r̂), then
θ′sc = θ̃′. In general, the local polarization depends on the angle θ′0 between the wave vector
of the incoming photon and the velocity vector of the electron. If the electrons have a finite
internal energy density, which means that they have a velocity distribution, then the local
polarization is obtained by performing a weighted integral over all—see θ′0 [224] for details.

The expected polarization when assuming cold electrons in the comoving frame of an
ultrarelativistic top-hat jet is shown in Figure 8. The polarization curves are very similar
to that obtained for synchrotron emission for the B⊥ field configuration, but for Compton
drag the normalization is (nearly exactly) higher by Π−1

max(α) as given by Equation (10).
Similar results were first obtained by Lazzati et al. [134] for narrower jets with ξ j ≤ 25

84



Galaxies 2021, 9, 82

where they showed that when ξ = 0.04 very high polarization with Π . 95% can be
obtained with Compton drag.
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Figure 8. Pulse-integrated polarization of prompt GRB radiation generated by the Compton drag
mechanism. The electrons were assumed to be cold in the comoving frame. Figure adapted from [24],
but also see [134] for results for a narrower top-hat jet.

4.2. Polarization from Structured Jets

The angular structure of the relativistic jet in GRBs becomes particularly important for
relatively nearby events, e.g., GRB170817A (D ' 40 Mpc), which can be detected with the
current cadre of instruments when the observer is relatively far off-axis and the emission
is dim. For distant GRBs, as mentioned earlier, it is challenging to detect emission from
significantly off-axis jets. Still, there will be some events in which the LOS is just outside the
quasi-uniform core that may not be sharp, as found otherwise in a top-hat jet, but instead
be smoother. Then, it becomes important to model the angular structure and compare
polarization measurements with accurate theoretical models.

The first level of correction for an idealized top-hat jet model is the consideration of
smooth wings of comoving spectral luminosity while the bulk-Γ remains uniform [225].
Like the top-hat jet, L′ν′ = L′ν′ ,0 for ξ ≤ ξ j (θ ≤ θj), but outside of this uniform core the
spectral luminosity can have either exponential or power-law wings:

L′ν′
L′ν′ ,0

=





exp[(
√

ξ j −
√

ξ)/∆], ξ > ξ j (exponential wings)
(

ξ
ξ j

)−δ/2
, ξ > ξ j (power-law wings) .

(13)

Here again it is assumed that Γ, θj, θobs, and the spectrum do not have any radial
dependence.

In a more realistic structured jet the core is no longer uniform. Instead, the spectral
luminosity as well as the bulk-Γ depend on polar angle θ. In general, the properties of
the flow can also depend on the azimuthal angle φ, but here the discussion makes the
simplifying and physically reasonable assumption of axisymmetric jets. Two different
types of structured jets are considered here:

L′ν′(θ)
L′ν′ ,0

=
Γ(θ)− 1
Γc − 1

= exp
(
− θ2

2θ2
c

)
(Gaussian Jet) (14)

L′ν′(θ)
L′ν′ ,0

= Θ−a,
Γ(θ)− 1
Γc − 1

= Θ−b, Θ =

√
1 +

(
θ

θc

)2
(Power-Law Jet) (15)

Here, L′ν′ ,0 and Γc are the core spectral luminosity and bulk-Γ at θ = 0.
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4.2.1. Synchrotron Emission from Structured Jets

The polarization curves for a smooth top-hat jet are presented in Figure 9 for different
B-field configurations as well as for different levels of smoothness of the edges. The
behavior is similar for θobs < θj, but significant differences between the top-hat jet case
appear for θobs > θj. Now that the spectral luminosity does not fall off so sharply for
off-axis observers in the latter case, there is always some emission beamed along the
LOS. For B-field configurations that show a larger degree of symmetry of the direction of
polarization vectors around the LOS (e.g., B⊥ and B‖), the net polarization starts to decline
as the edges of the jet are made smoother. This occurs due to the increase in symmetry that
was broken sharply in the top-hat jet. A completely opposite behavior is seen in ordered
B-field configurations, where the polarization increases with increasing smoothness. This
arises since for a very sharp edge the observed flux is dominated by the core and once most
of it has a similar weight (i.e., beaming and Doppler factor) then a significant amount of
canceling occurs, while for a very smooth or gradual edge the flux is dominated by the
region near the line of sight where the B-field is ordered, resulting in very little averaging
out of the polarization.

The right column of Figure 9 shows the polarization curves for structured jets. When
compared with polarization curves from top-hat jets or even smooth top-hat jets, these are
broadly similar. Note that the δ = 2 smooth top-hat jet (left panel of Figure 9) is broadly
similar in structure to (a = 2, b = 0) structured jet (right panel), where both show similar
polarization behavior, and therefore a δ = 2 smooth top-hat jet can also be considered a
structured jet. In all cases, the curves are now stretched towards larger viewing angles.
This means that appreciable polarization can now be measured when the LOS falls outside
of the brighter core. In addition to that, the drop in fluence for viewing angles outside of
the core is not so severe, as was found for the top-hat jet. Therefore, depending on the
exact angular profile, off-axis observers with q = θobs/θc . few to several can still detect
the GRB and measure high levels of polarization. This is demonstrated in Figure 9 using
a dotted line where the solid to dotted line transition occurs when the off-axis (θobs > 0)
to on-axis (θobs = 0) fluence ratio has dropped to 1%. Nevertheless, there are additional
constraints on the detectability of such off-axis bursts. For example, when the bulk-Γ is
non-uniform and declines with θ, the viewing angle out to which the prompt emission can
be observed may be limited by compactness e.g., [24,145,226]. This is shown using a thick
dot in the figure beyond which the Thomson optical depth of the e±-pairs (τT) produced
due to γγ-annihilation becomes greater than 10. As a result, the polarization is rather
limited to Π . 20% for B⊥ and B‖, but it can be much higher for the ordered field in Btor.

4.2.2. Photospheric Emission from Structured Jets

Photospheric emission yields negligible polarization in a uniform jet unless the view-
ing angle is less than one beaming cone away from the edge of the jet, i.e., |q − 1| .
ξ−1/2

j ⇔ Γ|θobs − θj| . 1. One way to obtain finite net polarization is by having a struc-
tured jet (see Figure 10). This was initially demonstrated in Monte Carlo (MC) simulations
of photospheric emission emerging from axisymmetric relativistic outflows [56,57] that
featured sheared layers outside of the uniform core with gradients in bulk-Γ as a function
of the polar angle θ. It was shown that narrow jets with Γθc ≈ 1 and steep gradients in
bulk-Γ with Γ(θ) ∝ θ−p for θ > θc (some works use the symbol θj instead of θc to refer to
the half-opening angle of the uniform core) and p ∼ 4 can yield polarization Π . 40% for
q = θobs/θc & 1. A more realistic scenario would have Γθc ≈ 10 in which case Π . 10%
is expected. A similar conclusion is reached by carrying out a radial integration of the
radiation transfer equations for the Stokes parameters in a steady flow having angular
structure in the comoving emissivity and bulk-Γ [24]. The results of this work are shown in
the bottom-left panel of Figure 10, and even here it was realized that steep gradients in the
bulk-Γ profile are required to achieve significant polarization with Π . 15%.
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Figure 9. (Left) Pulse-integrated polarization for smooth jets with uniform core and exponential or power-law wings in
spectral luminosity while the bulk-Γ remains uniform. The edges of the uniform jet become smoother with increasing
(decreasing) ∆ (δ) for exponential (power law) wings. (Right) Polarization curves for structured jets. Two cases for the
Gaussian jet (GJ) are shown, where in one both L′ν′ and Γ vary with θ and in the other Γ is kept uniform. For the power-law
jet (PLJ), the power-law index for L′ν′ is fixed (a = 2), but that for the bulk-Γ (b) is varied. The curve for b = 0 is mostly
overlapped by that of b = 1. The dotted lines show the polarization curves for viewing angles at which the fluence has
declined to values smaller than 1% of that expected at θobs = 0. The thick dots mark critical viewing angles beyond
which the emission region becomes too compact to γγ-annihilation, causing the emission to be optically thick to Thomson
scattering of the produced e±-pairs. Figure adapted from [24] and some results for the smoothed top-hat jets were first
presented in [225].
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Figure 10. Polarization from non-dissipative photospheric emission model in a structured jet. (Top-left) Polarization from
the Monte Carlo (MC) simulation of Ito et al. [56] shown for different viewing angles θobs and different gradients in bulk-Γ
(here η). (Top-right) MC simulation results from Lundman et al. [57] featuring a uniform core with half-opening angle
θj and power-law shear (Γ(θ) ∝ θ−4) layer in bulk-Γ. The off-axis spectral luminosity normalized by the on-axis value
(viewing angle θv = 0) is shown with dashed red line. (Bottom-left) Polarization of photospheric emission from a structured
jet obtained from semi-analytic radiation transfer calculation of Gill et al. [177] that features angular structure in both the
comoving emissivity (L′ν′ (θ) ∝ Θ−a, see Equation (10)) and bulk-Γ (Γ(θ) ∝ Θ−b) with

√
ξc = Γcθc = 3 where θc is the

core angle. The solid lines fix a = 2 and dotted lines set b = 2 to disentangle the effect of the two profiles. (Bottom-right)
Polarization derived from a MC simulation with outflow properties obtained from a 2D special relativistic hydrodynamic
simulation of a jet launched inside a Wolf-Rayet star (from Parsotan et al. [58]). The top-panel shows the lightcurve and the
bottom panel shows the temporal evolution of Π and position angle χ.

A more realistic scenario was explored in Parsotan et al. [58] who carried out two-
dimensional (2D) special relativistic hydrodynamic simulations of a jet launched inside
a Wolf Rayet star. The flow dynamics and angular structure thus obtained from the
simulation were then used with a MC code to obtain the polarization of photospheric
emission at the last scattering surface. The results are shown in the bottom-right panel
of Figure 10 that shows the lightcurve and temporal evolution of the polarization and
PA, with the conclusion that Π . 2.5% and PA remained steady within the uncertainties.
In other cases, where the outflow showed more structure, a slightly larger time-resolved
polarization of Π . 5% and time-variable PA was obtained.

4.3. Temporal Evolution of Polarization

The earlier sections only discuss the pulse-integrated polarization, which is relevant
for most GRBs that are not bright enough to be able to yield any time-resolved polarimetric
results. However, with the upcoming more sensitive gamma-ray polarimeters in the next
decade time-resolved polarimetry of prompt GRB emission will become possible. Therefore,
in anticipation of such a development, it is prudent to also construct accurate theoretical
model predictions to compare with time-resolved polarization measurements.

When discussing time-resolved polarization it becomes important to include the
radial dependence of the flow properties, which were ignored for the pulse-integrated

88



Galaxies 2021, 9, 82

discussion. We first describe a simple and very general pulse model of an accelerating,
coasting, or decelerating flow (see, e.g., [227,228]), which is then used to calculate the
time-resolved polarization. Consider a thin ultra-relativistic shell that starts to emit prompt
GRB photons at radius R = R0. The emission continues over a radial extent ∆R and
terminates at R f = R0 + ∆R. During this time, the comoving spectrum, with ν′L′ν′ spectral
peak frequency ν′pk, and spectral luminosity evolve as a power law with radius,

L′ν′(R, θ) = L′0

(
R
R0

)a
S

(
ν′

ν′pk

)
f (θ) with ν′pk = ν′0

(
R
R0

)d
, (16)

where L′0 = L′ν′(R0) and ν′0 = ν′pk(R0) are the normalizations. The factor f (θ) describes
the angular profile of L′ν′ where it is normalized to unity at the jet-symmetry axis with
f (0) = 1, for a uniform spherical flow f (θ) = 1 and for a top-hat jet f (θ) = H(θj − θ) with
H being the Heaviside function and θj the jet half-opening angle. The comoving spectrum
is described by the function S(x), which is considered here to be the Band function, where
x = ν′/ν′pk. The dynamics of the thin shell are given by the radial profile of the bulk-Γ,

such that Γ2(R) = Γ2
0(R/R0)

−m where Γ0 = Γ(R0). The shell is coasting when m = 0 and
accelerating (decelerating) for m < 0 (m > 0). Once the power law indices a and d for
L′ν′ are provided, one has complete information of the temporal evolution of the pulse.
These indices depend on the details of the underlying prompt GRB model, e.g., on the
composition and dissipation mechanism. If the prompt GRB spectrum is assumed to be
of synchrotron origin, then it can be shown [84] that for a KED flow, where energy is
dissipated at internal shocks (m = 0), a = 1 and d = −1. Alternatively, if the flow is PFD
with a striped wind B-field structure and energy is dissipated due to magnetic reconnection,
which also accelerates the flow with m = −2/3, then it is found that a = 4/3 and d = −2.

The pulse profile and temporal evolution of polarization for a KED flow coasting at
Γ0 � 1 is shown in Figure 11 for an ordered B-field (Bord). The different curves are shown
for observed frequency ν = x0ν0, which is a fraction x0 of the peak frequency ν0 = 2Γ0ν′0 of
the first photons emitted along the LOS at radius R0. The apparent arrival time of these
first photons is given by t0,z ≡ t0/(1 + z) = R0/2(1 + m)Γ2

0c, which is the characteristic
radial delay time between the shell to arrive at radius R0 and the hypothetical photon that
was emitted by the engine at the same time as the shell. For m = 0, this is also the angular
time over which radiation from within the beaming cone around the LOS arrives at the
observer. Depending on x0, the pulse profile changes and shows a peak at different times
with the latest peak occurring at t̃ f ≡ t f /t0 = R̂1+m

f = (R f /R0)
1+m = (1 + ∆R/R0)

1+m,
the arrival time of last photons emitted along the LOS from radius R f . At t̃ > t̃ f , the
flux density declines rapidly, and the pulse becomes dominated by high-latitude emission
that originates from outside of the beaming cone, i.e., from angles larger than 1/Γ0 from
the LOS.
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Figure 11. Pulse profile (left) and temporal evolution of polarization (right) for a coasting (m = 0) ultrarelativistic (Γ0 � 1)
thin spherical shell with an ordered field (Bord). Here, energy is dissipated in internal shocks in a KED flow and the emission
is synchrotron, which is modeled using a Band function with asymptotic spectral indices b1 and b2. The shell starts to
radiate at R = R0 and terminates at radius R f = R0(1 + ∆R/R0). The comoving spectral luminosity and spectral peak
evolve as a power law in radius with indices a and d, respectively (see Equation (16)). The different curves show the trend
at the observed frequency ν = x0ν0 where ν0 is the νFν-peak frequency of the first photons emitted along the observer’s
LOS from radius R0, which then arrive at the apparent time t = t0. The emission is assumed to have a Band function
spectrum with asymptotic power-law spectral indices b1 and b2 below and above the spectral peak energy, respectively.
Figure adapted from [84].

The polarization curves show maximal polarization initially, corresponding to Πmax(α)
depending on the local value of the spectral index α for the Band function as set by x0. For
t̃ < t̃ f , the polarization first declines and then saturates, which reflects the averaging of
local polarization over the beaming cone as seen on the plane of the sky, which tends to
yield a net polarization lower than Πmax. For t̃ > t̃ f , like the pulse profile, the polarization
also declines rapidly when high-latitude emission becomes dominant. The polarization
curves at different x0 merge at t̃ = t̃cross(x0), the crossing time of the break frequency across
the observed frequency as the entire spectrum drifts towards softer energies over time. The
merging of the polarization curves occurs due to the fact that after time t̃cross all photons
at the observed frequency ν are harder than the Band-function break frequency beyond
which the Band function features a strict power law with a given spectral index. Therefore,
the level of polarization for all photons sampling the power law is also the same as dictated
by Πmax(α).

The polarization is not always maximal at the start of the pulse if the magnetic field is
not ordered. This is demonstrated in Figure 12 that shows the pulse profile and temporal
evolution of synchrotron polarization for different B-field configurations in a top-hat jet.
As argued earlier, in B-field configurations, e.g., B⊥ and B‖, that produce axisymmetric
polarization maps around the LOS the net polarization vanishes. This symmetry is only
broken when the observer becomes aware of the jet edge, e.g., in a top-hat jet. It is at that
instant the magnitude of polarization begins to grow above zero. The polarization curves
for the three B-field configurations also show a change in the PA by ∆θp = 90◦ when the
curves cross zero. Interestingly, this happens more than once for Btor. The reason for this
can be understood from the polarization maps shown in Figure 6 where the 90◦ change
in the PA occurs when the net polarization begins to be dominated by emission polarized
along the line connecting the jet symmetry axis and the observer’s LOS over that polarized
in the transverse direction or vice versa. At late times, the observed emission vanishes after
the arrival time of the last photons from the edge of the jet furthest from the LOS. Since
the flux declines very rapidly at t̃ > t̃ f , the changes in the PA are challenging to detect
in practice.
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Figure 12. Pulse profile (black) and temporal evolution of synchrotron polarization in a top-hat jet
(THJ, with ξ j = (Γθj)

2 and q = θobs/θj) for different B-field configurations. See caption of Figure 11
for explanation of different symbols and parameters. Figure adapted from [84].

4.4. Polarization from Multiple Overlapping Pulses

Since GRBs are generally photon-starved, the only hope of obtaining a statistically
significant polarization measurement often relies on integrating over broad segments of
the prompt GRB lightcurve. Due to the highly variable nature of the prompt GRB emission,
a given emission episode consists of multiple overlapping pulses. The properties of the
emission region, e.g., bulk-Γ, B-field configuration, can change between different pulses
and improper accounting of these changes in calculating the time-integrated polarization
can lead to erroneous results.

In the simplest scenario, multiple pulses are produced by distinct patches or mini-
jets within the observed region of size R/Γ of the outflow surface. These patches can
be permeated by an ordered B-field the orientation of which is also mutually distinct
among the different patches. A broadly similar B-field structure can also be obtained
in both internal and external shocks due to macroscopic turbulence excited by, e.g., the
Richtmyer–Meshkov instability, which arises in the interaction of shocks and upstream
density inhomogeneities [68–70,229]. In the case of mini-jets, the bulk-Γ of the different jets
can also be different by a factor of order unity, which will affect the size of the individual
beaming cones. Since the Stokes parameters are additive for incoherent emission the time-
integrated net polarization of Np incoherent patches (in the visible region of angular size
1/Γ around the line of sight) is obtained from [63] (where the motivation was afterglow
emission from a shock-generated field rather than incoherent patches or mini-jets).

Π =
Q
I
=

∑
Np
i=1 Qi

∑
Np
i=1 Ii

∼ Πmax√
Np

. (17)

The net polarization is significantly reduced for increasingly large numbers of patches
due to the fact that the PA are randomly oriented, and when added together some can-
cellation occurs. This essentially represents a random walk for the polarized intensity Q
while the total intensity adds up coherently. When multiple time-integrated segments of an
emission episode are compared, the net polarization and PA will vary between them (the
latter is possible as this is a non-axisymmetric global configuration). Alternatively, instead
of ordered B-field patches, one can have a shock-produced B-field (e.g., B⊥) with a patchy
shell or mini-jets that give different weights to different parts of the image and thereby
produce a net polarization (see, e.g., [109,230]).
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Another scenario that is worth considering is when multiple overlapping pulses are
produced by episodic energization of the emission region, e.g., in the collision of multiple
shells in the internal shock scenario where the ejection time of subsequent shells is different,
such that the ejection time of the ith shell in the engine frame is tej,i,z = tej,i/(1 + z).
The onset time of each pulse is then given by tonset,i,z = tej,i,z + t0,z. The scenario of
multiple pulses from a smooth top-hat jet is demonstrated in Figure 13 using simplifying
assumptions, where all pulses have the same R0 and Γ(R0) (so that the radial delay time t0,z
for emission arising from different pulses is the same) and radial extent ∆R. In this case, the
onset times of pulses is simply dictated by the different ejection times of the shells. The left
panel shows the pulse profile, and the right panel shows the polarization calculated for the
Btor field. Time-resolved polarization obtained from multiple temporal segments, where
the emission episode is divided into one, two, or three equal duration segments, is shown
to demonstrate the different levels of polarization obtained when using the multi-pulse
or the single-pulse model. Therefore, when the emission consists of multiple overlapping
pulses, it is important to compare the measurement with model predictions that account
for multiple pulses.
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Figure 13. (Left) Pulse profile of multiple overlapping pulses in an emission episode, shown here for a KED smooth top-hat
jet. A single pulse is also shown for comparison. (Right) Temporal evolution of the polarization for a toroidal magnetic
field (Btor) shown for both the single pulse and multiple pulses. Temporal segments over which polarization is obtained
are calculated by dividing the pulse into one (red), two (blue), or three (green) part(s). See the caption of Figure 11 for
explanation of different symbols. Figure adapted from [84].

4.5. Most Likely Polarization Measurement

As demonstrated in earlier sections, the prompt GRB polarization depends on (i) the
underlying radiation mechanism, (ii) B-field structure (for synchrotron emission), (iii) bulk
LF Γ (top-hat jet) or Γc (structured jet), (iv) θj (top-hat jet) or θc (structured jet), (v) viewing
angle θobs, and (vi) angular structure, e.g., power-law indices a and b for a power-law
structured jet (see Section 4.2). Due to variations in these parameters the polarization
can vary between different pulses within the same GRB as well as between different
GRBs. For an ultrarelativistic flow, three basic quantities naturally arise that affect the
polarization, namely, (a) the normalized jet/core half-opening angle: ξ1/2

j = Γθj (top-hat

jet) or ξ1/2
c = Γcθc (structure jet), (b) the normalized viewing angle: q = θobs/θj (top-

hat jet) or q = θobs/θc (structured jet), and (c) the normalized viewing-angle dependent
fluence: f̃iso(q, ξ j) = Eγ,iso(q, ξ j)/Eγ,iso(0, ξ j) (top-hat jet) or f̃iso(q, ξc) (structure jet), which
is the ratio of the off-axis to on-axis isotropic-equivalent radiated energy or equivalently
the fluence.
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For different pulses emitted by the same GRB, it is natural to expect a considerable
change in (iii), while the other parameters are likely to remain more or less fixed. In, e.g., a
top-hat jet, this will change the parameter ξ j, and, for a given distribution of ξ j between
several pulses, the total polarization, after integrating over multiple pulses, will be different
from that obtained for a single pulse. When adding up the Stokes parameters of different
pulses, an appropriate relative weight using, e.g., Eγ,iso (or more precisely the relative
expected number of photons that will be detected), should be applied.

When comparing emission from different GRBs all of the above-mentioned quantities
can in principle vary (or at least there is no strong evidence against this in the observed
sample of GRBs). In this case, the fluence ratio is important in determining (i) whether for
a given θobs > θj (top-hat jet) or θobs > θc (structured jet) the pulse will be bright enough to
be observed by a given detector and (ii) for a given GRB out to which viewing angle it will
be fluent enough for performing polarization measurements. For a top-hat jet, the fluence
is strongly suppressed due to Doppler de-beaming when Γ(θobs − θj) & 1, whereas, for a
structured jet, the suppression in fluence is not as severe and emission from q . few to
several can be detected if it is not suppressed due to compactness, as discussed earlier.

A distribution of polarization for a given radiation mechanism, while accounting
for variations in the aforementioned quantities between different pulses from the same
source and different GRBs, and its comparison with actual measurements can be used to
answer some of the key questions of GRB physics. Such a distribution obtained from a
Monte Carlo simulation (see [24] for more details) is shown in Figure 14 for a power-law
jet and for different radiation mechanisms as well as different B-field configurations. As
expected, the Btor field being ordered yields the highest polarization with 45% . Π . 60%.
Therefore, if GRB jets feature a large-scale toroidal field, then most GRBs that are emitting
synchrotron radiation will show Π ∼ 50%. For the other two B-field configurations, B⊥ and
B‖, the expected polarization is small with Π . 10%, and one is most likely to find GRBs
with negligible polarization. The same conclusion can be drawn for the Compton drag
and photospheric radiation mechanisms. The polarization in the photospheric emission
model can be Π . 15% when the flow features a much steeper bulk-Γ angular profile
with

√
ξc = Γcθc ∼ few (see Figure 14 of [24] for more details). When comparing with

observations, some of which have at least 3σ detection significance, no firm conclusions
can be drawn at this point. Measurements made by IKAROS-GAP and AstroSat-CZTI find
highly polarized GRBs with Π & 50%, although with large 1σ error bars. On the other
hand, the POLAR data appear to indicate that GRBs are more likely to have significantly
smaller polarization with most of their sample consistent with unpolarized sources. The
apparent discord between the results of these works not only highlights the challenges
involved in obtaining a statistically significant polarization measurement but also calls for
the need to build more sensitive detectors.
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Figure 14. (Right): Distribution of polarization from synchrotron emission for different B-field configurations, Compton
drag (CD), as well as photospheric (Phot) emission in a power-law-structured jet obtained from a Monte Carlo simulation
(with 104 samples). Measured polarizations with 1σ error bars from different instruments are shown for comparison. The
measurement of Π = 66+26

−27% (∼ 5.3σ) from [231] obtained using AstroSat-CZTI is shown with a black dot with cyan error
bars. Figure adapted from [24] where more details can be found. (Left): Zoomed-in version of the figure showing the
several overlapping distributions for clarity (with a bin size smaller by a factor of 0.4).

4.6. Energy Dependence of Polarization

Polarization is energy dependent. This can be easily seen in emission mechanisms
where the local polarization depends on the spectral index, e.g., in optically thin syn-
chrotron radiation (see Equation (10)). The energy-dependent spectro-polarimetric evolu-
tion in this case is shown in the left panel of Figure 15; temporal evolution of polarization
at a given energy and the pulse profile for the same case was shown earlier in Figure 12.
The polarization is sensitive to the local spectral index, which, for a Band-like spectrum,
changes near the spectral peak and asymptotes far away from it.

Energy-dependent polarization is possible also in emission mechanisms where the
local polarization is independent of energy, such as Compton drag in the Thomson regime
(where the energy-independent Equation (12) holds). A featureless power-law spectrum
will have no energy dependence, but the energy-independent polarization would still
depend on the spectral power-law index, Π = Π(α). This occurs since different α-values
give different weights to different parts of the image between which the Doppler factor
varies such that the same observed frequency corresponds to different comoving frequen-
cies. For a non-featureless spectrum, the same effect can cause energy dependence in the
polarization, e.g., for a Band spectrum, the relative weights of different parts of the image
(and therefore also the polarization) will depend on the initial location of the observed
frequency relative to the peak frequency along the LOS (i.e., on x0 = ν/ν0).

Alternatively, if multiple spectral components from different radiation mechanisms
having different levels of polarization contribute to the observed spectrum, the polarization
of the total spectrum will change with energy. This is expected in some photospheric
emission models [232] that posit that the spectral peak is dominated by the quasi-thermal
photospheric component while the low and/or high energy wings may come from syn-
chrotron emission (see, e.g., Figure 2 and discussion in Section 2.3.3). The right panel
of Figure 15 presents such a case, where the polarization grows with decreasing energy
owing to the dominance of flux by the synchrotron component. Near the spectral peak,
the polarization vanishes. In this way, energy-resolved polarization measurements can be
invaluable in understanding the GRB radiation mechanism.
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Figure 15. (Left): Temporal evolution of the Band-like spectrum (solid lines; left y-axis) and the corresponding polarization
(dashed lines; right y-axis) from synchrotron emission with a Btor field for a KED top-hat jet (THJ) with ξ j = (Γθj)

2 = 102

and q = θobs/θj = 0.8, and m = 0. The different colours correspond to different normalized apparent times t̃ = t/t0

where t0 = 2(1 + m)Γ2
0ct/R0 is the arrival time of the initial photons emitted from radius R0 along the LOS. The peak

frequency of the νFν spectrum at this time is given by ν0. (Right): Multi-component GRB spectrum and its energy-resolved
polarization. While the photospheric component dominates both spectral peak and at higher energies, the low-energy
spectrum is produced by synchrotron emission. As a result, the polarization grows towards lower energies as the fraction of
synchrotron photon grows. The light and dark shaded regions correspond to the energy ranges of Fermi GBM (NaI + BGO
detectors, (8–30 MeV), and GAP (70–300 keV), respectively. Figure from [232].

5. Observations
5.1. Time-Integrated Polarization Measurements

To date, the γ-ray polarization of a total of 31 GRBs has been published. For several
GRBs, different analyses have been published, either by different groups using the same
data or, in one case, using data from two different instruments. The time- and energy-
integrated polarization parameters from these measurements are shown in Table 1, together
with the energy range in which they were performed. It is important to note that the
energy ranges mentioned here are those stated in the respective publications but that their
definitions differ between experiments. The energy ranges stated by SPI for example come
from an event selection based on the deposited energy, whereas, for POLAR, which cannot
perform measurements of the incoming photon energy directly, the stated range is based
on the energy-dependent effective area to polarization.

As can be seen from Table 1, especially for the earliest measurements, at the bot-
tom of the table, the results indicate typically high levels of polarization, although, as
explained earlier, this can in some cases be attributed to an error in the analysis. Ad-
ditionally, publications of GRB polarization measurements have focused on those mea-
surements for which a non-zero PD was found. At least several GRB measurements
exist, such as some detected by GAP, for which the PD was found to be compatible
with 0%; however, these were not published but only presented at conferences (https:
//ttt.astro.su.se/groups/head/cost14/talks/Yonetoku.pdf talk accessed on 25 August
2014). This causes an additional bias towards higher PD values found in the list.
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Table 1. The list of all GRBs for which a measurement has been published to date. † For GRB 160821A, several analyses
were published by members of the AstroSAT collaboration. For this GRB, a time-resolved analysis found high levels of
polarization with varying PA as well.

GRB Instr./Sat. Pol. (%) Energy (keV) Remark

171010A [233] AstroSAT/CZT <42 100–300 Significant systematics in mod. curve

170320A [187] POLAR 18+32
–18 50–500 N.A.

170305A [187] POLAR 40+25
–25 50–500 N.A.

170210A [187] POLAR 11.4+35.7
–9.7 50–500 N.A.

170207A [187] POLAR 5.9+9.6
–5.9 50–500 N.A.

170206A [187] POLAR 13.5+7.4
–8.6 50–500 N.A.

170127C [187] POLAR 9.9+19.3
–8.4 50–500 N.A.

170114A [187] POLAR 10.1+10.5
–7.4 50–500 PA evolution

170101B [187] POLAR 60+24
–36 50–500 N.A.

170101A [187] POLAR 6.3+10.8
–6.3 50–500 Hint of PA evolution

161229A [187] POLAR 17+24
–13 50–500 N.A.

161218B [187] POLAR 13+28
–13 50–500 N.A.

161218A [187] POLAR 7.0+10.7
–7.0 50–500 N.A.

161217C [187] POLAR 21+30
–16 50–500 N.A.

161203A [187] POLAR 16+29
–15 50–500 N.A.

160910A [188] AstroSAT/CZTI 94± 32 100–300 N.A.

160821A [231] AstroSAT/CZTI 21+24
–19 100–300 Time interval T0 + 115 to T0 + 155 s †

160821A [188] AstroSAT/CZTI 54± 21 100–300 Time interval T0 + 130 to T0 + 149 s

160802A [188] AstroSAT/CZTI 85± 33 100–300 N.A.

160703A [188] AstroSAT/CZTI <55 100–300 Best fitted PD > 80% in contour

160623A [188] AstroSAT/CZTI <46 100–300 N.A.

160607A [188] AstroSAT/CZTI <77 100–300 Best fitted PD > 60% in contour

160530A [219] COSI <46 100–1000 N.A.

160509A [188] AstroSAT/CZTI <92 100–300 Best fitted PD > 90% in contour

160325A [188] AstroSAT/CZTI 59± 28 100–300 N.A.

160131A [188] AstroSAT/CZTI 94± 33 100–300 N.A.

160106A [188] AstroSAT/CZTI 69± 24 100–300 N.A.

151006A [188] AstroSAT/CZTI <84 100–300 Best fitted PD > 80% in contour

140206A [234] IBIS/INTEGRAL ≥48 200–400 Not calibrated on ground

110721A [235] GAP/IKAROS 84+16
−28 70–300 N.A.

110301A [235] GAP/IKAROS 70± 22 70–300 N.A.

100826A [236] GAP/IKAROS 27± 11 70–300 Pol. Angle evolution

061112 [237] SPI/INTEGRAL <60 100–1000 Not calibrated on ground
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Table 1. Cont.

GRB Instr./Sat. Pol. (%) Energy (keV) Remark

061112 [238] IBIS/INTEGRAL >60 250–800 Not calibrated on ground

041219A [239] IBIS/INTEGRAL ≤4 and 43± 25 200–800 Separated first and second peak

041219A [215] SPI/INTEGRAL 99± 33 100–350 Potential systematic error

041219A [214] SPI/INTEGRAL 60± 35 100–350 Potential systematic error

021206 [16] RHESSI 80± 20 150–2000 Potential systematic errors

021206 [17] RHESSI <100 150–2000 Too low signal to background

021206 [18] RHESSI 41+57
−44 150–2000 Potential systematic error

960924 [208] BATSE/CGRO ≥50 20–1000 Potential systematic errors

930131 [208] BATSE/CGRO ≥35 20–1000 Potential systematic errors

In recent years, data from GAP, POLAR, and Astrosat CZTI have significantly in-
creased the number of measurements; however, the measured PD shows a large range
between the different instruments. POLAR finds results that are mostly compatible with a
low or unpolarized flux, whereas Astrosat CZTI reports high levels of polarization in [188],
with best fitting PD for 10 out of the 11 GRBs exceeding 50%. Although in numerical
form only an upper limit is provided for some of these GRBs by Astrosat CZTI (which are
the numbers reported in Table 1) mthe contour plots for these GRBs in Figure 13 of [188]
indicate that high levels of PD are favoured for all. In most cases, the best fitting PD is close
to the upper limit. The only exception is 160623A where a best fitting PD of approximately
30% is found. It should be noted though that for GRB 160821A, two separate analyses
provided different results for the main emission period. The first from [188] indicates a
rather high level of polarization, whereas [231] found a time-integrated PD compatible with
a lowly or unpolarized flux. The analysis methods used for both analyses were different,
while additionally the selected time intervals differed (a period with low fluence was added
in [231]). Although the interval selection is not discussed in detail, in [240] it is mentioned
that the intervals used in [188] were optimized to maximize the significance of the PD
detection, giving a possible explanation. The same analysis as applied in [188] was applied
in [241] for GRB 171010A where an upper limit of 42% was reported.

The overall impression given by the Astrosat CZTI results is that GRBs are rather
highly polarized. From the POLAR results this is not the case as no significant PD was
detected, and all results are compatible with an unpolarized flux within the 99% confidence
interval. The POLAR results favors low polarization degrees, with PD values exceeding
50% excluded by five of the brightest GRBs with a 99% confidence level. The results from
GAP show both GRBs with a high level of polarization, as well as those with a low level,
while COSI, the last of the four detectors, which was well calibrated on ground, additionally
excludes high values of PD.

Despite the significant increase in available measurements, no clear conclusion on
the PD of GRBs has emerged. It therefore appears that simply continuing to push for
more measurements with the current generation of instruments might not be the best
way forward. Rather, detailed studies scrutinizing the different results found by different
instruments are an easier and more promising way forward. One way to achieve this,
which is discussed later on, is the use of more standardized analyses methods as well as by
making the polarization data public for an independent analysis by different groups.

5.2. Time-Resolved Measurements

Time-resolved analysis was performed on a range of different GRBs by different
collaborations. POLAR only found hints of an evolving PA for two GRBs in their catalog,
GRB 170114A and 170101A [187]. Out of the 14 GRBs studied by POLAR, these are the only
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two with a single fast-rising exponential decay (FRED)-like structure. Such GRBs are of
interest as they are typically considered to originate from a single emission region with no
contamination from multiple overlapping pulses that complicate the analysis. For any other
GRB in the POLAR catalog, all being multi-pulsed, no signs of an evolving PA were found.
It is possible that the PA varies between different overlapping pulses, and integrating over
different temporal segments of the emission episode results in an approximately fixed PA
and also a lower PD due to cancellations. Alternatively, it is equally possible that the PA
does not vary between pulses for many GRBs and that the PD is intrinsically low.

The data of POLAR do not allow to determine the nature of the PA evolution for the
two GRBs for which hints of it were found. The data are compatible with both random
variations as well as a single 90◦ change [104]. Finer time binning or higher statistics within
the time bins are required to fully resolve this.

Both the IBIS, GAP, and AstroSAT CZTI collaborations have reported an evolution of
the PA over more complex GRBs consisting either of multiple separated pulses (100826A,
160325A) or overlapping pulses (041219A, 160821A) [231,236,239,242]. For both 100826A
and 160821A, the evolution is reported to be compatible with PA changes of 90◦. For
160325A, for which a high PD was found in time-integrated analysis presented in [188], the
time-resolved analysis found that the first emission episode showed no or low polarization,
whereas the second episode showed a PD above 43% with a 1.5 σ confidence level. For
041219A, the evolution in PA during the first emission period could explain the low PD
observed with time-integrated analysis.

Neither GAP nor AstroSAT has reported any studies of PA evolution for GRBs with
FRED-like pulses. Therefore, similar to the time-integrated polarization, currently existing
results do not allow to draw any strong conclusions for PA evolution. This is due to the
limited number of measurements, lower precision, as well as the disagreement between
results found by different groups.

5.3. Energy-Resolved Measurements

To date, no energy-resolved polarization measurements for GRBs have been per-
formed. This is mainly a result of the low statistical significance found for the existing
measurements. Dividing the data into energy bins would further reduce the available statis-
tics and therefore not allow for constraining measurements to be performed. A secondary
issue with such measurements is the difficulty in the analysis for many of the polarimeters.
Unlike in spectrometers, a significant number of the detected photons in a polarimeter
are not fully contained in the detector. After a first Compton scattering interaction, a
second scattering interaction can follow, after which the photon escapes. As a result, there
is a large uncertainty on the incoming photon energy. The analysis is therefore not as
simple as dividing the available polarization events based on the energy they deposited
in the detector. Instead, one needs to take into account the energy dispersion and use,
for example, forward folding methods using an energy-dependent polarization response.
Although possible, such methods have not yet been applied to date. It should be noted that
for certain instruments, such as COSI, Compton kinematics can be applied to ensure only
fully contained photons are selected in the analysis. This significantly reduces the issue
of energy dispersion; however, for a proper handling of the data, an energy-dependent
polarization response is still required for energy-dependent polarization measurements.

6. Other Polarization Measurements

So far we have concentrated on the polarization of the prompt GRB emission. While
this is indeed the main focus of this review, here we briefly outline some of the main
features and prospects of polarization measurements from other phases of GRB emission.
Such polarization measurements can be very complimentary to prompt GRB polarimetry
and provide vital additional constraints on the jet angular structure, our viewing angle, and
the magnetic field structure within the GRB outflow or in the shocked external medium.
Some of the polarization measurements from these other GRB emission components are
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performed in the optical, NIR, and sub-mm or radio bands and are therefore technically
less challenging and more reliable. We outline the different relevant emission phases in
approximate order of increasing time from the GRB onset.

6.1. X-ray Flares

X-ray flares—flaring and re-brightening behavior in the X-ray emission from GRBs—
were discovered by the Neil Gehrels Swift space observatory [243] and are detected in
about a third of Swift GRBs [244–249]. They typically display a characteristic shape with a
sharp rise in flux followed by a smoother decay, eventually fading back to the pre-flare flux
level, and also show a different spectrum (typically harder) compared to the underlying
emission. X-ray flares typically occur at times 102 s . t . 105 s after the GRB onset. Their
temporal and spectral properties appear to be a smooth continuation of the prompt GRB
emission spikes [247,248,250]. While during the prompt GRB emission the typical width
or spectrum of the different spikes typically does not show a clear systematic evolution,
the X-ray flares gradually become wider (with FWHM ∆t satisfying ∆t/t ∼ 0.1− 0.3), less
luminous (〈L〉 ∝ t−2.7±0.1), and softer with time t. Their overall properties strongly suggest
that X-ray flares have a common origin with the prompt GRB emission and likely share
similar dissipation and/or emission mechanisms.

Therefore, studying the polarization properties of X-ray flares may provide new
insights both for their origin, as well as on the emission and/or dissipation mechanisms
that are common with the prompt emission. There are some theoretical predictions for
their polarization properties e.g., [251,252], but there is still much room for more detailed
and realistic predictions that could be tested against future observations. Their observed
similarities to prompt GRB pulses suggests that many of the models for prompt GRB
polarization may be generalized to apply also for X-ray flares. The fact that X-ray flares
last up to hours or sometimes even days after the GRB onset allows pointed observations
by sensitive instruments, while their softer spectrum makes them prime targets for future
pointed X-ray polarimeters such as eXTP with a polarimetry focusing array at 2–10 keV
energies e.g., [198,253].

6.2. Reverse Shock Emission

As the GRB outflow sweeps up enough external medium, it is decelerated by a reverse
shock, while a strong relativistic forward shock propagates into the external medium
powering the long-lived afterglow emission. (If the GRB ejecta are still highly magnetized
at the deceleration radius Rdec, σ(Rdec) & 1, this may suppress the reverse shock, making
it weak or even completely nonexistent.) Most of the outflow’s energy is transferred to
the shocked external medium when the reverse shock finishes crossing the ejecta shell
at the deceleration radius, Rdec, corresponding to the deceleration (apparent) time, tdec,
which therefore signals the peak or onset of the afterglow emission e.g., [254–259]. For
the “thick shell” case where the reverse shock is at least mildly relativistic, this time is
comparable to the prompt GRB duration, tdec ∼ tGRB, while, for the “thin shell” case (where
the reverse shock gradually transitions from Newtonian to mildly relativistic), tdec > tGRB.
For frequencies that are above the cooling break frequency νc of the reverse shock emission
at tdec, which may include the optical for a sufficiently large next(Rdec) (e.g., as expected for
the stellar wind of a massive star progenitor in long GRBs), once the reverse shock finishes
crossing the ejecta shell the emission from the LOS sharply drops and the flux decays
rapidly (∼ t−3), corresponding to high-latitude emission. Otherwise, for frequencies in the
range max(νa, νm) < ν < νc, where νa is the break frequency corresponding to synchrotron
self-absorption, a slightly less steep flux decay of about t−2 is expected, as the emission
is dominated by the material along the line of sight where the shocked electrons cool
adiabatically. Therefore, the optical emission typically peaks on a timescale of tens of
seconds and then sharply drops—the optical flash e.g., [183,260–264]. The radio, however,
is typically below the self-absorption frequency νa at tdec (while νm < νa), and its flux
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keeps rising until νa sweeps past the radio band, roughly after a day or so—the radio flare
(e.g., [148,150,180,265–267]).

In terms of the polarization properties of the reverse shock emission, it is important to
keep in mind the following points:

1. The reverse shock emission comes from the shocked ejecta and therefore provides
important information about the magnetic field structure within the GRB outflow.

2. In contrast with the prompt GRB emission where the dominant emission mechanism
is uncertain, in the reverse shock radio, the optical emission is almost certainly
synchrotron radiation (given its large emission radius and broadband SED).

3. Measuring polarization in the optical or radio is generally more reliable than in
gamma-ray or X-ray energies, mainly because it is technically less challenging (despite
the rapid response robotic telescopes needed for the optical flash).

4. As the ejecta decelerates by sweeping up the external medium, the lower bulk Lorentz
factor Γ implies a larger visible region of angle ∼ 1/Γ around our LOS, in which the
structure of the jet and of the magnetic field in the ejecta can be probed.

The optical flash emission typically peaks on a timescale of ∼10–100 s, and the ejecta
Lorentz factor Γ is only somewhat lower than during the prompt GRB emission with
Γ ∼ 102–102.5. The ejecta are decelerated by the reverse shock, typically reducing Γ down
to ∼ 1

2 Γ∞, where Γ∞ is its value during the coasting phase (it can be lower than this for
a highly relativistic reverse shock). However, the prompt GRB emission in photospheric
models can arise from Γ < Γ∞, at which point the outflow is still accelerating and has
not yet reached Γ∞. The optical flash is therefore expected to probe a comparable (i.e.,
only somewhat larger) region of angle ∼ 1/Γ ∼ 10−2.5–10−2 rad around our line of sight.
Nonetheless, optical polarization measurements are more reliable than in gamma rays, and
the optical flash is almost certainly synchrotron, which enables a cleaner and more robust
inference of the ejecta magnetic field structure within this region.

From the observational perspective, since the optical flash usually has significant tem-
poral overlap with the early optical afterglow emission from the shocked external medium,
this requires a detailed modeling of both the total flux and the polarized flux as a function
of time from these two distinct emission regions in order to properly disentangle between
them and derive stronger and more robust constraints on the underlying properties of
the GRB ejecta and its magnetic field structure. Most (but not all, e.g., [268]) of the early
optical polarimetric observations relevant for the optical flash were done by the RINGO
polarimeters on the Liverpool telescope [269–277]. Combining photometric and polarimet-
ric observations [278], they concluded that their data clearly indicates that all epochs in
which significant (linear) polarization was measured were dominated by emission from
the reverse shock (while the optical afterglow emission from the forward external shock
was sub-dominant). Here are a few examples. In GRBs 101112A and 110205A [275], a po-
larization of Π = 6+3

−2 % and 13+13
−9 %, respectively, were measured at the optical peak time

of Tdec ∼ 299 s and ∼ 1027 s, respectively, which appeared to be dominated by the reverse
shock because of the sharp rise to the peak (as∼ t4.2 and∼ t4.6, respectively). In both GRBs,
Tdec � TGRB, indicating a thin shell (with TGRB ≈ T90 ∼ 9.2 s and 249 s, respectively). One
of the best examples so far is GRB 120308A [277], in which Π = 28%± 4% was detected at
240 s < t < 323 s, which gradually decreased down to Π = 16+4

−5% at 575 s < t < 827 s, as
the emission gradually transitioned from reverse-shock- to forward-shock-dominated (see
left panel of Figure 16).
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Figure 16. (Left): Evolution of optical polarization (degree P (a), and position angle θ ((b); degrees east of north) and
brightness ((c) in red (555–690 nm) light using RINGO2 and RATCam, in GRB 120308A (from [277]). (Right): 3 σ upper
limits on the linear polarization of the radio flare emission from three different GRBs overlaid on the theoretical polarization
light curves for a toroidal magnetic field in the GRB ejecta (from [111]). The top two panels are for a uniform (top-hat) jet
where the different lines, from top to bottom, are for θobs/θj = 0.9, 0.8, ..., 0.1, while α = −d log Fν/d log ν is the spectral
index (in the observed radio band) and Πmax = (α + 1)/(α + 5/3). In the top panel, the Lorentz factor of the ejecta is
assumed to remain equal to that of the freshly shocked fluid just behind the forward shock (“FS”), while in the middle panel
it is assumed to follow the Blandford and McKee [279] self-similar solution. The bottom panel is for a “structured” jet, in
which the energy per solid angle drops as θ−2 outside some small core angle.

The radio flare emission, e.g., [148,150,180,265–267], typically peaks on a timescale of
a day or so (∼105 s). By this time, the shocked GRB ejecta shell settles in the back of the
Blandford and McKee [279] self-similar solution, and its Γ (∼5–10) is smaller by a factor
of up to ∼1.5–1.8 compared to the material just behind the forward shock that dominates
the afterglow emission at the same observed time [111,256]. This corresponds to a visible
region of angle ∼0.1–0.2 rad around our line of sight, which is significantly larger than
during the optical flash. Moreover, it often includes the entire jet (for a simple top-hat jet
model) as suggested by the fact that the radio flare peak time is often comparable to the
jet break time in the afterglow lightcurve. Granot and Taylor [111] have used VLA data
of radio flares from three GRBs (990123, 991216, and 020405) to constrain its polarization,
finding only upper limits for both linear and circular polarization. Their best limits are for
GRB 991216, for which they found 3σ upper limits on the linear and circular polarization
of 7% and 9%, respectively. These limits provide interesting constraints on GRB models
and in particular are hard to reconcile with a predominantly ordered toroidal magnetic
field in the GRB outflow together with a “structured” jet, where the energy per solid angle
drops as the inverse square of the angle from the jet axis (see right panel of Figure 16). The
polarization of the radio flare may be affected by the location of the observed frequency ν
relative to the synchrotron self-absorption break frequency νa (polarization is suppressed
when ν < νa, during the rising phase of the radio flare) or by Faraday depolarization on the
way from the source to us (both are discussed in [111]) and may also be subject to plasma
propagation effects within the source (as discussed below, at the end of this section).

Comparing the polarization of the optical flash and radio flare for the same GRB
would enable us to study the magnetic field in the GRB ejecta over a wide range of
angular scales, probing magnetic structures with a coherence length over this angular range,
10−2.5 . θB . 10−1. Measuring the reverse-shock emission polarization at intermediate
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times and frequencies, such as at sub-mm with ALMA (e.g., [265,267]), would provide a
better coverage of this wide range. A particularly interesting example is GRB 190114C,
which was also detected at TeV energies [280]. ALMA measured its sub-mm (97.5 GHz)
total intensity and linear polarization at 2.2 – 5.2 h after the burst, when the emission was
dominated by the reverse shock [267], detecting linear polarization at ≈ 5σ confidence,
decreasing from Π = 0.87%± 0.13% to Π = 0.60%± 0.19%, while the position angle
evolved from 10◦ ± 5◦ to −44◦ ± 12◦. This was the first detection and measurement of the
temporal evolution of polarized radio/millimeter emission in a GRB. Using the measured
linear polarization, Laskar et al. [267] constrained the coherence scale of tangled magnetic
fields in the ejecta to an angular size of θB ≈ 10−3 rad, while the rotation of the polarization
angle rules out the presence of large-scale, ordered axisymmetric magnetic fields and, in
particular, a large-scale toroidal field, in the jet.

6.3. Afterglow Emission

Linear polarization at the level of a few percent has been detected in the optical
or NIR afterglow of about a dozen GRBs [22,281–291]. Higher levels of polarization
(10% . Π . 30%) have been measured mostly in the very early afterglow, likely being
dominated by reverse-shock emission, as discussed above (see, however, [292]). The linear
polarization of the afterglow emission was considered as a confirmation that it arises
primarily from synchrotron radiation, as was already suggested by its spectral energy
distribution.

A variety of models have been suggested for GRB afterglow polarization: emission
from different patches of uniform but mutually uncorrelated magnetic field, either with
microlensing [293] or without it [63], or emission from a random magnetic field within
the plane of the afterglow shock together with scintillation in the radio [64] or with a
jet viewed not along its symmetry axis [223,294,295], possibly with the addition of an
ordered component that pre-exists in the external medium and which is compressed by
the afterglow shock and/or a tangled magnetic field that is not purely in the plane of the
shock and may even be predominantly in the direction of the shock normal [109,296] or
due to clumps in the external medium or a similarly inhomogeneous outflow [109,230].

The most popular models for GRB afterglow polarization feature an axis-symmetric
jet viewed not along its symmetry axis along with a tangled shock-produced magnetic
field that is symmetric about the local shock normal [109,112,143,222,223,294,295,297–299].
In such models, the only preferred direction on the plane of the sky is that connecting
the jet symmetry axis and our LOS, and therefore the net polarization of the unresolved
image must lie either along this direction or transverse to it. Indeed, the tell-tale signature
of such models for a uniform top-hat jet is a 90◦ change in the polarization PA θp as Π
vanishes and reappears rotated by 90◦, around the time of the jet break in the afterglow
lightcurve [223,294]. On the other hand, for a structured jet viewed from outside of its
narrow core, a constant θp is expected. Overall, in such models the linear polarization and
its temporal evolution depend on: (i) the jet’s angular structure, (ii) the local structure of
the shock-generated magnetic field about the shock normal, and (iii) our viewing angle
θobs from the jet symmetry axis. Therefore, afterglow linear polarization observations can
teach us both about the jet’s angular structure and about the shock-produced magnetic
field structure. However, there is a significant degeneracy between the two, which usually
requires making large assumptions about one of them in order to significantly constrain
the other.

The exceptional case of the short GRB 170817A, which was associated with the first
gravitational wave detection of the binary neutron star merger, GW 170817, has allowed
us to break this degeneracy. This event was observed from a large off-axis viewing angle,
and its low-luminosity prompt gamma-ray emission and subsequent long-lived afterglow
emission could be observed thanks to its relatively small distance (D ≈ 40 Mpc). The
combination of an extremely well-monitored afterglow from radio to X-rays e.g., [168–170],
and the super-luminal motion of its radio flux centroid (〈βapp〉 = 〈vapp〉/c = 4.1± 0.5
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between 75 and 230 days after the burst [300]) has allowed a good determination of our
viewing angle and of the jet’s angular structure (e.g., [159,160,171–178,301,302]). This has
enabled making robust predictions for the linear polarization that depend on the shock-
produced magnetic field structure [172]. Shortly thereafter a linear polarization upper
limit, |Π| < 12% (99% confidence), was set in the radio (2.8 GHz) at t = 244 days [303].
Assuming emission from a two-dimensional surface identified with the afterglow shock
front, this has led to a constraint of 0.7 . b . 1.5 on the magnetic field anisotropy
parameter, b ≡ 2〈B2

‖〉/〈B2
⊥〉 [172,303], which was introduced by [109], where B‖ and B⊥ are

the magnetic field compenents parallel and perpendicular to the shock normal direction
n̂sh, respectively, and b = 1 corresponds to an isotropic field in 3D (for which the local and
global polarizations vanish). A more detailed analysis [112] accounted for the emission
from the whole 3D volume behind the afterglow shock, with the global angular jet structure
implied by the GRB 170817A/GW 170817 observation and a local radial hydrodynamic
profile set by the Blandford and McKee [279] self-similar solution. The magnetic field
was modeled as an isotropic field in 3D that is stretched along n̂sh by a factor ξ ≡ B‖/B⊥,
whose initial value ξ f = B‖, f /B⊥, f describes the field that survives downstream on plasma
scales� R/Γsh, and it is evolved downstream according to the [279] solution assuming
flux freezing (i.e., no further magnetic dissipation or amplification far downstream of the
shock front). In a local coordinate system where n̂sh = ẑ, in the above definition of b we
have 〈B2

‖〉 = 〈B2
z〉 and 〈B2

⊥〉 = 〈B2
x + B2

y〉 = 2〈B2
x〉 due to the B-field’s symmetry about n̂sh,

while here in the definition of ξ, B⊥ represents either Bx or By but not (B2
x + B2

y)
1/2 (while

B‖ = Bz). Gill and Granot [112] found that the shock-produced magnetic field has a finite,
but initially sub-dominant, parallel component: 0.57 . ξ f . 0.89 (see Figure 17).

Circular polarization at the level of Πcirc = 0.61%± 0.13% has been reported in the
optical afterglow of GRB 121024A [304] at t = 0.15 days after the burst, when the linear
polarization was Πlin ≈ 4%, implying a relatively high circular-to-linear polarization ratio
of Πcirc/Πlin ≈ 0.15. Nava et al. [305] performed a detailed analysis of the expected Πcirc
and Πlin in GRB afterglows, finding that while ad-hoc configurations may allow large local
Πcirc values, after transformations to the observer frame and integration over the whole
visible region are performed, Πcirc/Πlin remains vanishingly small in any realistic optically
thin synchrotron afterglow emission model and thus concluding that the origin of the
observed Πcirc in GRB 121024A cannot be intrinsic.

Plasma propagation effects due to the presence of cooler thermal electrons, which are
not shock accelerated and represent a fraction 1− ξe of the total number, may be important
if a significant ordered magnetic field component is present in the emitting region [306–308].
Such effects are most prominent in the early afterglow and around the self-absorption
frequency and may therefore potentially affect the reverse shock emission (the “optical
flash” or “radio flare”), as well as the forward shock emission in the radio up to a day
or so [306–308]. These effects may include Faraday conversion of the linear polarization
of the emitted radiation to circular polarization or Faraday depolarization of the emitted
linear polarization. For typical GRB afterglow microphysical parameters, the latter effect
may strongly suppress the linear polarization in the radio but preserve that in the optical.
Therefore, simultaneous observations yielding statistically significant measurements of
polarization in both optical and radio can be extremely useful to confirm the population
of thermal electrons as well as the existence of an ordered B-field. In some GRBs, this
effect may manifest in the sub-mm band where comparison between ALMA and VLA
measurements can constrain the value of ξe [308]. In fact, Urata et al. [309] argued that
the unusually low afterglow polarization (Π = 0.27%± 0.04%) of GRB 171205A in the
sub-mm band, as compared to the typical late-time optical polarization, may have been
the result of Faraday depolarization. Since the true afterglow shock kinetic energy is given
by E′ = E/ξe [310], where E would be the true energy for ξe = 1, a constraint on ξe would
lead to better constraints on the burst energetics.
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Figure 17. Constraining the magnetic field structure in collisionless relativistic shocks from a radio afterglow linear
polarization upper limit in GRB 170817/GW 170817 [112]. (Left): Schematic of post-shock magnetic field geometry for
different values of the local anisotropy parameter ξ ≡ B‖/B⊥ = ξ f χ(7−2k)/(8−2k), whose initial value just behind the shock
is ξ f , for an external density profile ρext ∝ R−k, where χ = 1 + 2(4− k)Γ2

sh(1− r/R) is the Blandford and McKee [279]
self-similar variable, r is the radial coordinate, and R and Γsh are the local radius and Lorentz factor of the afterglow shock
front, respectively. (Top Right): The corresponding evolution of the magnetic field equipartition parameter, εB, with the
distance behind the shock (as parameterized through χ) for ξ f = 0, 0.2, 0.4, 0.57, 0.7, 0.89, 1.2, 2, ∞ (from bottom to top).
The two extreme values of ξ f = 0, ∞ are shown as dotted (straight) lines. The light-grey shaded region corresponds to
the allowed range found in [112], 0.57 . ξ f . 0.89. (Bottom Right): The linear polarization evolution, Π(t), obtained
from a volume integration of the flow, shown for different values of ξ f . The two arrows mark the polarization upper limit,
|Π| < 12%. Comparison was made between two jet structures–a Gaussian jet (GJ) and a power-law jet (PLJ). The result
from [172], which assumed an infinitely thin shell geometry as well as locally isotropic synchrotron spectral emissivity, is
also shown (labeled GG18) for the magnetic field anisotropy parameter b = 0.

7. Outlook for 2030

The handful of successful γ-ray polarimeters has shown over the previous decade that
although challenging, GRB polarization measurements are possible. With this new success,
a range of new instruments with not only a higher sensitivity but also a wider energy
range are foreseen to be launched over the coming decade. As mentioned earlier, however,
simply increasing the number of measurements does not improve our understanding if
different instruments provide incompatible results. Below we first discuss the promising
advances in detector development for the coming decade. This is followed by a discussion
on the need for improvements and standardization of the analysis.
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7.1. Future Instruments
7.1.1. POLAR-2 and LEAP

In the Compton energy range of ∼10–1000 keV, four instruments are proposed. Both
the LEAP [311] and SPHiNX [312] instruments have been proposed for launches in the com-
ing decade, while the POLAR-2 project has already been accepted for launch in 2024 [313].
Additionally, the Daksha mission, a larger-scale full sky monitor follow-up mission based
on the Astrosat CZTI is proposed to be launched in the coming decade as well [240]. Out
of these four, the POLAR-2 and LEAP projects aim to make the next step in this field by
producing instruments with an effective area an order of magnitude larger than the POLAR
instrument. The SPHiNX project instead has an effective area similar to that of POLAR
and will therefore have to make gains over currently existing measurements by aiming
for a longer mission life time. For Daksha, the effective area is planned to be an order
of magnitude larger than that of Astrosat CZTI. As the experiment will consist of two
satellites, each observing half the sky, this increase in effective area is evenly distributed
over the full sky. The design allows for a significant increase in the number of GRBs for
which polarization measurements are possible, while also increasing the precision of each
such measurement, although not by one full order of magnitude.

The POLAR-2 instrument is similar in design to POLAR with, apart from several
minor design improvements, a focus on an improvement in three parts. The first is the
size, which is four times larger than POLAR, resulting in a total geometrical area of
approximately 2500 cm2. Secondly, the scintillator readout technology is improved to
decrease the low-energy threshold of the instrument from 50 keV to 20 keV, giving a total
energy range of 20–800 keV for polarization measurements. Finally, POLAR-2 will be
equipped with spectrometers making it independent of other instruments for spectral
and location parameters of GRBs, which reduces the systematic error on many GRB
measurements. The instrument was approved for launch in early 2024 towards the Chinese
Space Station (CSS).

The LEAP instrument is similar to POLAR-2 both in size and in the detection mech-
anism that uses plastic scintillators. Contrary to POLAR-2, the LEAP instrument will
also use high Z scintillators, which increase the absorption cross section. Therefore, the
instrument will have a larger sensitivity to polarization and a better spectral response
but a reduction in its effective area and field of view. Whereas the total effective area
for LEAP that is useful for spectrometry is ∼3500 cm2 at 250 keV, for polarization it is
around ∼1000 cm2 [314]. For POLAR-2, the effective area of the polarimeter usable for
spectrometry is ∼2000 cm2, and therefore significantly smaller than LEAP. For polarization,
however, it is ∼1400 cm2 and therefore larger than LEAP. The reduction in effective area of
the polarimeter for spectrometry in POLAR-2 is compensated by separate spectrometers,
which will increase this by at least 50%.

The two instruments therefore have different strengths. With a proposed launch in
2025 for LEAP towards the International Space Station (ISS), the combination of both of
these instruments in orbit would allow for detailed polarization measurements of the
majority of GRBs with fluences (as measured in the 10–1000 keV energy range) above
10−6 erg cm−2.

7.1.2. Low-Energy Polarimeters

Apart from adding significant sensitivity in the energy range of ∼10–1000 keV, mis-
sions are also proposed to perform the first GRB polarization measurements at keV energies.

As previously mentioned, the first polarization measurements at these energies, albeit
of point sources, were recently performed by the small scale PolarLite mission [195]. The
IXPE mission [197], which uses a similar measurement technology as PolarLite, is planned
to be launched in 2021. However, as it is optimized for point sources, it has a narrow FoV.
This in combination with a long slewing time makes it unlikely to measure any GRBs.
The larger-scale eXTP mission, however, will still be optimized for point sources but is
designed to also observe targets of opportunity such as GRBs using a shorter slewing time.
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As such, eXTP will be capable of measuring the polarization of the afterglow of GRBs in the
2–10 keV energy range as well as any potential X-ray flares occurring in the afterglow [198].
eXTP is a joint Chinese–European mission and is currently foreseen to be launched in 2028.

The above-mentioned instruments are optimized for point sources and therefore have
a small field of view to optimize the signal to noise. In order to measure the polarization of
the prompt emission from GRBs, which appears at random positions in the sky, a relatively
large field of view is required. A mission under consideration with this capability at keV
energies is the Low-energy Polarimetry Detector (LPD) under development at the GuangXi
University (Private communication with Prof. Hongbang Liu). The instrument is foreseen
to have a sensitivity to polarization in the energy range of 2–30 keV and a maximum
effective area of ∼300 cm2 around 10 keV by using a similar technology as that used by
Polarlight with an optimization of the gas for higher energies. The instrument is under
consideration to be placed alongside POLAR-2 on the CSS, allowing to perform combined
measurements of the prompt emission from 2 keV to 800 keV.

7.1.3. High-Energy Polarimeters

In the MeV energy range, one possible mission to be launched in the coming decade is
AMEGO [315]. The AMEGO mission makes use of many layers of silicon placed on top
of a calorimeter. This makes it ideal to perform polarization measurements using Comp-
ton scattering in the ∼100 keV to 5 MeV energy range. AMEGO will yield polarization
measurements for the brightest 1% of GRBs that it will observe.

A second instrument under development is a satellite version of the COSI balloon
mission [316]. This instrument will make use of germanium strip detectors capable of
measuring the three-dimensional interaction position of incoming photons. The energy
range is similar to that of AMEGO (200 keV to 5 MeV). Thanks to its large field of view, it
will observe around ∼40 GRBs per year with a fluence exceeding 4× 10−6 erg cm−2 for
which it can perform measurements with an MDP of around 50%.

A highly promising instrument concept for polarimetry at MeV energies is the Ad-
vanced Particle-astrophysics Telescope [317]. The instrument is designed to maximize the
effective area for photons in the MeV to TeV energies without using passive materials for
photon conversion. The detector aims to use high Z scintillator crystals for the conversion
in combination with scintillating fibres. This allows for a large-scale detector with precise
measurements of both electron positron pairs and Compton-scattered photons. The current
mission concept would be an order of magnitude more sensitive as a gamma-ray detec-
tor than Fermi-LAT and would be capable of performing polarization measurements at
MeV energies for GRBs as weak as 170817A, for which an MDP of ∼40% was simulated.
The project is in its early stages, and currently a path finder mission is planned for a
balloon flight.

Apart from these two instruments the earlier-mentioned HARPO detector [200] will
be capable of performing polarization measurements in the MeV energy range using pair
production in a gas TPC. Unlike AMEGO and COSI, which are both under consideration
for a launch in the coming decade, the HARPO instrument, of which a prototype has been
successfully calibrated on ground [201], is currently not under consideration for a launch.

7.2. Performance Predictions

Generally, the coming decade looks promising. In the ∼10–1000 keV energy range a
number of new detailed measurements are foreseen, which should be capable of resolving
the current differences in PD reported by different groups. This is illustrated in Figure 18,
which shows the yearly number of measurements capable of excluding a non-polarized
flux as a function of the true polarization degree of GRBs for three different instruments,
GAP, POLAR, and POLAR-2. For this figure, the instrument response of POLAR, as used
in the POLAR analysis, was used as well as that for POLAR-2 in combination with the
Fermi-GBM GRB catalog. For GAP, for which the response is not available, the numbers
were produced by scaling the POLAR numbers based on the performance of GAP and
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POLAR for respectively detected GRBs, again in combination with the Fermi-GBM GRB
catalog. It should be noted that for GAP, for which the detailed response is not known, a
fixed M100 was used, which, given its design, should be close to the truth.

Figure 18. The rate of measurements capable of excluding a non-polarized flux, for different confidence levels, as a function
of the true polarization degree (PD) of GRBs for three different instruments, GAP, POLAR, and POLAR-2. Although exact
numbers are not available it can be assumed that LEAP will be capable of similar rates as POLAR-2, albeit slightly lower.

It can be seen that with GAP excluding a non-polarized flux was possible for a handful
of GRBs per year only in cases where the true PD of the emission is relatively high. For
POLAR, the situation improves and, as was the case, with less than a year of data it was
able to claim exclusion of polarization levels above≈50%. It could not, however, effectively
probe polarization levels below 30% with a high confidence. With POLAR-2, this region will
be probed within a few months, while with 1 year of data it will be capable of determining
whether GRB emission is polarized to levels as low as 10%. To illustrate the type of GRBs
that can be probed with the different instruments, Figure 19 shows the mean MDP for the
three different instruments as a function of the GRB fluence for both short (1 s observed
duration) and long (100 s observed duration) GRBs. As an illustration, the fluence of the
short and very weak GRB 170817A as well as the long and very bright GRB 190114C are
added. It should be noted that the energy ranges used for the different instruments differs,
and the energy range of 50–300 keV was used for GAP, 50–500 keV for POLAR and 20–500
keV for POLAR-2. Although no detailed response is available, the performance of LEAP
is foreseen to be similar to that of POLAR-2 with a typical effective area ∼30% smaller
than that of POLAR-2. A launch of LEAP would therefore further improve the situation,
not only regarding the statistics but more importantly regarding the systematics. As for
Daksha, not enough details on the instrument are available to make any clear predictions,
while the SPHiNX performance would be similar to that of POLAR.

It is evident that the next generation of polarimeters will be capable of almost probing
GRBs with fluences as weak as GRB 170817A, a GRB which was hard to even detect with
both Fermi-GBM and INTEGRAL-SPI but was important due to its association with a
gravitational wave signal [12]. Additionally, for very bright GRBs such as 190114C, which
was observed at TeV energies [280,318], highly detailed polarization measurements will
become possible, indicating that fine time or energy binning will become an available tool
to study such GRBs. It should again be stressed that the mean MDP is simply a figure of
merit and that the estimates given here are not exact, as the details will depend not only
on the fluence and length of the GRBs but also on its energy spectrum, incoming angle,
and position of the polarimeter along its orbit. Additionally, systematic errors, which can
be significant, are not taken into account in an MDP calculation. The predictions should
therefore be taken only to give an indication of the advancement in the field as well as the
possibilities during the coming decade.
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Figure 19. The mean minimal detectable polarization for 99% confidence level (MDP averaged over PA) as a function of the
fluence in the 10–1000 keV energy band for GAP, POLAR, and POLAR-2 for both short (1 s observed duration) and long
(100 s observed duration) GRBs. Short GRBs with a fluence above 10−6 erg/cm2 occur at a rate of approximately 10 per
year on the full sky, whereas, for long GRBs, the rate is about 200 per year. For POLAR-2, the MDP for 5σ confidence is
added as well, using a dotted line. The fluences of two well-known GRBs, the weak and short 170817A and the long and
bright 190114C, were added as an illustration.

Apart from an improvement in the Compton scattering regime, the first polarization
measurements of the prompt emission at MeV energies can be expected towards the end
of this decade. There still remains an additional need for energy-dependent polarization
measurements. Whereas the eXTP instrument can probe the polarization at keV energies, it
is unlikely to detect the prompt emission due to its narrow field of view. An instrument
such as the LPD would, especially when placed closed to POLAR-2, allow to provide an
energy range of 2–800 keV for many GRBs per year. This would allow to study a potential
change in PD in the 10–50 keV energy range, as proposed in some photospheric emission
models [232]. In addition, if either COSI or AMEGO will be launched, detailed energy-
resolved studies will become possible for bright GRBs in the 2 keV to 5 MeV energy range,
thereby fully probing the prompt emission over several orders of magnitude in energy.

7.3. Improvements in Analysis

From the measurement results published to date, it can be seen that increasing the
number of measurements alone is likely not enough to provide clear conclusions on the po-
larization of GRB prompt emission. The clearest example of this is the discrepancy between
the results of POLAR and Astrosat CZTI. Out of the 11 GRBs analysed by the Astrosat CZTI
collaboration in [188], the six GRBs for which statistically significant measurements (based
on the calculation of a Bayes factor required to be above tow) are possible, the polarization
levels for all exceeds 50%. For 12 out of the 14 GRB, measurements presented by POLAR
the PD were found to be below 25% with the two remaining having a low significance.
Although the number of measurements is low, the difference in the results is striking. In
order to advance the field, it is prudent to first understand the cause of these differences in
these results as well as other earlier published results.
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7.3.1. Need for Public Analysis Tools and Data

Polarization analysis is complex, and mistakes can easily lead to high levels of PD
being measured. As the field is not yet mature and collaborations are small, every analysis
has so far almost exclusively been performed using a tool developed for that specific data.
This constant reinvention of the wheel not only allows for mistakes but more importantly
results in instrument-specific analysis tools. Such tools are incapable of being applied
to other data, and their performance is difficult to verify by a referee or other interested
scientists. If, additionally, the code and the data are not public, as is often the case, and
publications lack details on the analysis, then it remains nearly impossible to investigate
discrepancies with other results.

What is therefore required, arguably more so than more measurements, is a stan-
dardized analysis method, which can be adapted to each polarimeter with a public code.
Such tools, similar to those widely used in spectrometry such as Xspec [319] and 3 ML,
would not only allow to understand any potential discrepancies but would also remove
the need to reinvent the method by each new collaboration. Furthermore, if additional
instrument data and responses exist publicly, it would remove the requirement to have an
in-depth understanding of the instrument for being able to perform analysis. This would
allow, similar to what happens in spectrometry, for experts in the field of data analysis and
statistics to perform the analysis instead of only instrument experts as is now often the
case, allowing for more detailed and innovative analyses to be performed.

A first step towards this was produced as part of the 3ML framework [320] for the
analysis of the POLAR data. The developed tools aim to provide a framework in which the
instrument response and the measurement data are combined to perform the polarization
analysis in a transparent way that is usable by anyone. Both for the instrument response
and the data format, a standardized format is proposed similar to that used in spectrometry,
and the tool can therefore easily be adapted for other polarimeters. The tool has been
used first to analyze GRB 170114A [104] in detail using POLAR data, and subsequently
to produce the full GRB catalog published by POLAR [187]. The POLAR data used for
this analysis is furthermore public https://www.astro.unige.ch/polar/grb-light-curves
(accessed on 25 August 2014), allowing further analysis by anyone interested as well as
to perform rigorous tests of the validity of the different POLAR results. The public data
alone could, for example, already be used by the Astrosat CZTI collaboration using the
tools used for the results in [188] to find if their tools provide consistent results are those
published in [187]. Although not perfect, such a study would arguably progress the field
further than the analysis of additional Astrosat CZTI or POLAR data by the collaborations
themselves.

7.3.2. Multi-Instrument Analysis

Thanks to the properties of the 3ML framework, data from different instruments can
be combined. So far, this feature was used only to combine the POLAR data with that from
Fermi-GBM and Swift-BAT. This allowed to improve the spectral fits, as the error on the
spectrum adds to the systematic error on the polarization measurement, which in turn led
to more precise polarization measurements. The 3ML framework additionally allows to
fit physical models directly to the data, rather than fitting the data with empirical models
and subsequently comparing the results with a parameterized outcome of a theoretical
prediction. Although easier, the latter method has, especially in the field of gamma-ray
spectrometry, been found to result in over-interpretation of data analysis results and to
inconsistent conclusions (see discussion in Section 2.3.1). The fitting of physical models
directly to data is especially desirable in the field of polarimetry as it allows to fit these
models, potentially unbinned in time and energy, directly both to spectral and polarization
data at the same time.

Apart from combining spectral and polarization data in the analysis, in theory, the
same can be done using data from two polarimeters in case two different polarimeters
observed the same GRB. In fact, several GRBs were observed by both Astrosat and PO-
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LAR [187,321]. It would therefore be highly desirable to perform combined analysis of the
Astrosat and POLAR data for such GRBs as it would, firstly, allow to study the cause of the
likely discrepancy between the results from both instruments. Secondly, it can allow for
more detailed measurements of the polarization of these GRBs.

With upcoming instruments sensitive in different energy ranges, such analysis tools
will in the future allow to fit physical models to both spectral and polarization data over a
broad range in energy by, for example, combining the data of the LPD, LEAP, POLAR-2,
and AMEGO or COSI. Whereas with the current level of polarimetry analysis tools, the
data has to be studied separately, leaving the full potential of the data unexploited.

As the polarization tool in the 3ML framework discussed here is new and has not
been used for the polarization analysis of other instruments, it is to be seen if it will be used
by the wider community. However, with the potential of two large-scale polarimeters in
LEAP and POLAR-2 launching in the coming years, as well as polarimeters sensitive at
keV and at MeV energies, there is a clear need for a collaborative effort between the groups
to either further develop this tool or construct a completely new one.

7.4. Improvements in Theoretical Modeling of Prompt GRB Polarization

Pulse-integrated polarization from semi-analytic models of axisymmetric flows with
different prompt GRB radiation mechanisms and B-field configurations have been pre-
sented in many works [20,24,108–111,134]. The same setup was used to make predictions
for the time-dependent polarization for synchrotron emission in some works [84,322,323].
On the other hand, only a few works have attacked the problem using MC simula-
tions [56–58] or radial integration of the transfer equations for the Stokes parameters [55].
Many of these have focused only on photospheric emission.

As the next decade may see the launch of more sensitive instruments to measure
GRB polarization with high fidelity, it calls for time- and energy-dependent polarization
predictions (Π(E, t), θp(E, t)) for more realistic outflow models, which would also predict
the time-dependent flux density, FE(t).

One of the weaknesses of current theoretical models is the assumption of an axisym-
metric flow, which is usually made for simplicity and convenience. This restricts the change
in PA to only ∆θp = 90◦, whereas some observations do show, although not so convincingly
yet, hints of gradual PA swings. To obtain a change in the PA other than ∆θp = 90◦ or to get
a gradually changing PA, the condition for axisymmetry must be broken, e.g., the magnetic
field configuration/orientation and/or the emissivity can change as a function of (θ, φ).

One possibility is that the different pulses that contribute to the emission arise in
“mini-jets” within the outflow e.g., [32,85,324–327]. In this case, the different directions of
the mini-jets or bright patches w.r.t. the LOS (e.g., [109,230]) would cause the PA to also be
different between the pulses even for a field that is locally symmetric w.r.t the local radial
direction (e.g., B⊥ or B‖) as well as for fields that are axisymmetric w.r.t to the center of
each mini-jet (e.g., a local Btor for each mini-jet). Finally, broadly similar results would
follow from an ordered field within each mini-jet (Bord), which are incoherent between
different mini-jets. Time-resolved measurement in such a case would naturally yield a
time-varying PA.

Alternatively, as shown by Granot and Königl [109] for GRB afterglow polarization, a
combination of an ordered field component (e.g., Bord) and a random field, like B⊥, can
give rise to a time-varying PA between different pulses (with a different ratio of the two
field components) that cab, e.g., arise from internal shocks. The ordered field component
here would be that advected from the central enginem and the random field component
can be argued to be shock-generated. Notice that the ordered field component should not
be axisymmetric in order for the position angle to smoothly vary.

Realistic theoretical predictions can be obtained by coupling radiation transfer model-
ing with MHD numerical simulations of relativistic jets after they break out of the confining
medium. A step towards this direction was taken by Parsotan et al. [58] who used the MHD
code FLASH to first obtain the jet’s angular structure by injecting variable jets into stellar den-
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sity profiles of Wolf–Rayet stars at core-collapse. They then used an MC code to carry out
the radiation transfer of the Stokes parameters and obtain the time-resolved polarization
for the photospheric emission (see Figure 10). In another recent work, Ito et al. [328] carried
out global neutrino-hydrodynamic simulations of a relativistic jet launched in a binary NS
merger scenario. The photospheric emission and polarization from the short GRB was then
calculated using a relativistic MC code. While these works focused only on photospheric
emission, polarization modeling for other radiation mechanisms performed in the same
vein is lacking and can prove to be very fruitful.

MC radiation transfer and MHD numerical simulations of relativistic jets can be
computationally expensive. They are nevertheless a useful tool that can be used to cali-
brate semi-analytic models by delineating the relevant parameter space expected in GRB
jets. Ultimately, when high quality observations are made in this decade, fast and com-
putationally inexpensive theoretical models will be required to carry out time-resolved
spectro-polarimetric fits in a reasonable amount of time. This further stresses the need
for a library of models, akin to Xspec [319] that is used routinely for spectral fitting or
boxfit [329] for GRB afterglow lightcurve modeling, which can be conveniently used by ob-
servers. Combining the library of models with the 3ML framework for spectro-polarimetric
data analysis will become a very powerful tool for GRB science.

In order to test the different model predictions, e.g., from different radiation mecha-
nisms, on an equal footing, a single underlying theoretical framework should be devised
for the jet structure and dynamics, which allows the same freedom in the different model
parameters. Such an approach can help to isolate the dominant prompt GRB radiation
mechanism when compared with observations.

To conclude, the next decade appears very promising for answering many fundamen-
tal questions in GRB physics. With the launch of several dedicated instruments capable of
performing high-fidelity γ-ray and X-ray spectro-polarimetry, a larger sample of statisti-
cally significant prompt GRB polarization measurements will be obtained. Improvements
in polarization data analysis using a single underlying framework that allows simultaneous
fitting of both spectrum and polarization from different instruments will yield unbiased and
high-quality results. More realistic theoretical models of both time- and energy-dependent
polarization based on advanced numerical simulations will allow to better understand the
true nature of GRB jets.
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Abstract: The prompt emission of most gamma-ray bursts (GRBs) typically exhibits a non-thermal
Band component. The synchrotron radiation in the popular internal shock model is generally put
forward to explain such a non-thermal component. However, the low-energy photon index α ∼ −1.5
predicted by the synchrotron radiation is inconsistent with the observed value α ∼ −1. Here,
we investigate the evolution of a magnetic field during propagation of internal shocks within an
ultrarelativistic outflow, and revisit the fast cooling of shock-accelerated electrons via synchrotron
radiation for this evolutional magnetic field. We find that the magnetic field is first nearly constant
and then decays as B′ ∝ t−1, which leads to a reasonable range of the low-energy photon index,
−3/2 < α < −2/3. In addition, if a rising electron injection rate during a GRB is introduced, we find
that α reaches −2/3 more easily. We thus fit the prompt emission spectra of GRB 080916c and GRB
080825c.

Keywords: gamma rays bursts; radiation mechanisms; non-thermal

1. Introduction

The prompt radiation mechanism of gamma-ray bursts (GRBs) is still being debated,
even though the prompt spectra can usually be fitted well by the Band function [1], which
suggests a smoothly jointed broken power law with the low-energy photon index α ∼ −1,
the high energy photon index β ∼ −2.2 and the peak energy Ep ∼ 250 keV [2,3]. Currently,
neither the possible one-temperature thermal emission from an ultrarelativistic fireball,
nor the single synchrotron radiation from shock-accelerated electrons within this fireball,
provide an explanation for such a low-energy photon index (see [4,5] for a review).

Generally, there are two mechanisms that explain the low energy photon index α ∼ −1
of the GRB prompt emission. The first mechanism is the Comptonized quasi-thermal emis-
sion from the photosphere of an ultrarelativistic outflow [6–20]. The second mechanism is
synchrotron and/or synchrotron self-Compton (SSC) emission in the optically thin region.
For fast-cooling synchrotron radiation in the internal shock model, possible solutions
include invoking a small-scale rapidly decaying magnetic field [21], a decaying magnetic
field with a power-law index in a relativistically-expanding outflow [22–24], a decaying
magnetic field in a post-shock region [25], Klein–Nishina (KN) cooling [26,27], an ad-
justable synchrotron self-absorption frequency [28,29], or the acceleration process [30] and
other evolutional model parameters [31]. Alternatively, slow cooling was introduced to
understand the low-energy photon index [32]. In addition to the internal shock model, the
other energy dissipation mechanisms, such as the ICMART model [33], were proposed
to solve the low-energy spectral index issue. In some models (e.g., [34]), the observed
prompt emission of GRBs is understood to be dominated by the SSC emission, while the
synchrotron radiation is in much lower energy bands.
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The fast cooling synchrotron radiation in the internal shock model is generally consid-
ered to be a straightforward and leading mechanism to explain the GRB prompt emission
spectra, and the most important issue in this model is to explain the low-energy spectral
index. An underlying assumption in the traditional synchrotron internal shock model is
to calculate the electron cooling without considering the evolution of the magnetic field.
In other words, the magnetic field is treated as a constant and its effect in the continuity
equation of electrons is usually ignored (e.g., [35]). In the fast cooling case, the predicted
low-energy photon index α ∼ −3/2 is much softer than observed. In this paper, we try
to alleviate this problem. We calculate the magnetic field in the realistic internal shock
model during a collision of two relativistic thick shells and obtain an evolutional form
of the magnetic field, B′ ∝ constant before the time δt that is nearly equal to the ejection
time interval of the two shells, and B′ ∝ t−1 after the time δt. We consider the cooling
of electrons accelerated by internal shocks for this evolutional magnetic field, and find
the resulting spectral index α ∼ −3/2 for B′ ∝ constant and α ∼ −2/3 for B′ ∝ t−1, by
adopting a cooling method similar to that in Ref. [22]. Actually, these two cases may coexist,
and the outflow may undergo the first case and then the second case, so theoretically the
actual index α will range from −3/2 to −2/3. Furthermore, below the peak energy Ep
there is a gradual process, so that α is only close to −1. In addition, we consider a rising
electron injection rate, leading to a larger α, slightly smaller than −2/3.

This paper is organized as follows. We calculate the dynamics of a collision between
two thick shells in Section 2. In Section 3, we investigate the electron cooling and its
synchrotron radiation with an evolutional magnetic field and a rising electron injection
rate. In the final section, discussions and conclusions are given.

2. Dynamics of Two-Shell Collision

In the popular internal shock model, an ultrarelativistic fireball consisting of a series of
shells with different Lorentz factors can produce prompt emission through collisions among
these shells. For the dynamics of two-shell collision, we adopt the same approach as the
one in [36]. In order to present one GRB prompt emission component (with duration ∼ few
seconds), we here consider two thick shell–shell collision to produce a consistent GRB pulse
with a duration of few seconds (i.e., the slow pulse) and the fast pulses with a duration
of ∼0.01 s in GRBs may be caused by the density fluctuation of the shell. Under this
assumption, a prior slow thick shell A with bulk lorentz factor γA and kinetic luminosity
Lk,A, and a posterior fast thick shell B with bulk lorentz factor γB (where γB > γA � 1)
and kinetic luminosity Lk,B is adopted. The collision of the two shells begins at radius [36]

Rcol = βBc
βA∆tint

(βB − βA)
' 2γ2

Ac∆tint

1− (γA/γB)
2

≡ 2γ2
Acδt ' 5.4× 1014γ2

A,2.5δt,−1 cm, (1)

where ∆tint is the time interval between the two thick shells, and δt ≡ ∆tint/[1− (γA/γB)
2]

is a redefined time interval. For γA � γB, δt ' ∆tint. The conventional expression
Q,m = Q/10m is used. During the collision, there are four regions separated by internal
forward-reverse shocks: (1) the unshocked shell A; (2) the shocked shell A; (3) the shocked
shell B; and (4) the unshocked shell B, where regions 2 and 3 are separated by a contact
discontinuity.

The particle number density of a shell measured in its comoving frame can be calcu-
lated as [37]:

n′i =
Lk,i

4πR2γ2
i mpc3

, (2)

where R is the radius of the shell and subscript i can be taken as A or B. As in the
literature [36–40], we derive the dynamics of internal forward-reverse shocks. In or-
der to get a high prompt emission luminosity, it is reasonable to assume γA � γB
and Lk,A = Lk,B ≡ Lk. Assuming that γ1, γ2, γ3, and γ4 are Lorentz factors of re-
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gions 1, 2, 3 and 4 respectively, we have γ1 = γA, γ4 = γB, and n′1 � n′4. If a fast
shell with low particle number density catches up with a slow shell with high parti-
cle number density and then they collide with each other, a Newtonian forward shock
(NFS) and a relativistic reverse shock (RRS) may be generated [36,37]. So we can obtain
γ1 ' γ2 = γ3 = γ � γ4. Then, according to the jump conditions between the two sides
of a shock [41], the comoving internal energy densities of the two shocked regions can be
calculated following e′2 = (γ21 − 1)(4γ21 + 3)n′1mpc2 and e′3 = (γ34 − 1)(4γ34 + 3)n′4mpc2,
where γ21 = 1

2 (γ1/γ2 + γ2/γ1) and γ34 = 1
2 (γ3/γ4 + γ4/γ3) are the Lorentz factors of

region 2 relative to the unshocked region 1, and region 3 relative to region 4, respectively.
It is required that e′2 = e′3 because of the mechanical equilibrium. We have [36,37]

(γ21 − 1)(4γ21 + 3)
(γ34 − 1)(4γ34 + 3)

=
n′4
n′1

=

(
γ1

γ4

)2
≡ f . (3)

Two relative Lorentz factors can be calculated as γ21 ≈ f γ2
4

7γ2
1
+ 1 = 8

7 , and γ34 = γ4
2γ1
�

1. Assuming that t is the observed shell–shell interaction time since the prompt flare onset,
the radius of the system during the collision can be written as

R = Rcol + 2γ2ct ' 2γ2
1c(t + δt). (4)

During the propagation of the shocks and before the shock crossing time, the instanta-
neous electron injection numbers (in dt) in regions 2 and 3 can be calculated as follows [38]:

dNe,2 = 8πR2n′1(γ21β21/γβ)γ2cdt (5)

and
dNe,3 = 8πR2n′4(γ34β34/γβ)γ2cdt, (6)

respectively.

3. Synchrotron Radiation with a Decaying Magnetic Field and a Variable Electron
Injection Rate
3.1. Synchrotron Radiation with a Decaying Magnetic Field

As usual, we assume that fractions εB and εe of the internal energy density in a
GRB shock are converted into the energy densities of the magnetic field and electrons,
respectively. Thus, using B′i = (8πεBe′i)

1/2 for i = 2 or 3, we can calculate the strength of
the magnetic field before the shock crossing time tcrs by

B′2 = B′3 =

[
εBLk

2γ6
1c3(t + δt)2

]1/2

, (7)

and find that the change of the magnetic field before δt can be ignored (i.e., B′i ∝ constant),
but after δt the magnetic field B′i decreases linearly with time t (i.e., B′i ∝ t−1). Actually, the
evolution of the magnetic field is caused by the expansion of the shocked regions, which is
presented in Figure 1. After the shock crossing time tcrs (here, tcrs is comparable with the
peak time of the slow pulse in GRBs), the spreading of the hot materials into the vacuum
cannot be ignored and the merged shell undergoes an adiabatic cooling. During this phase,
the volume of the merged shell is assumed to expand as V′i ∝ Rs, where s is a free parameter
and its value is taken to be from 2 to 3. As a result, the particle number density would
decrease as n′i ∝ V′−1

i ∝ R−s, the internal energy density as e′i ∝ V′−4/3
i ∝ R−4s/3, and

the magnetic field strength as B′i ∝ (e′i)
−1/2 ∝ R−2s/3 ∝ t−2s/3. Because no additional

shock-accelerated electrons are injected after the shock crossing time tcrs, we only study
the prompt emission before tcrs in the remaining part of this paper. What we want to point
out is that the redefined time interval δt is not equal to the shock crossing time (tcrs), the
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latter one is dependent on the thickness of the shells. In this paper, the two shells are must
be thick enough so that tcrs � δt.
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Figure 1. The magnetic field as a function of time. The two blue vertical dotted line represents
the redefined interval δt = 0.1 s and the shock crossing time tcrs = 3 s, respectively. After the
shock crossing time, the merged shell expands adiabatically and s = 3 is assumed. The dynamics
parameters Lk = 1051 erg s−1, γ1 = 300, γ4 = 30,000, p = 2.5, εe = 0.3, εB = 0.3, and z = 1 are taken
from numerical calculations.

The electrons accelerated by the shocks are assumed to have a power-law energy
distribution, dNe,i/dγ′e,i ∝ γ′e

−p for γ′e,i ≥ γ′e,m,i, where γ′e,m,i is the minimum Lorentz
factor of the accelerated electrons. The following electron cooling discussion is not based
on the conventional synchrotron and SSC cooling, which always give us the electron
distribution, dNe

dγ′e
∝ γ′e

−2 for γ′e < γ′e,m and dNe
dγ′e

∝ γ′e
−p−1 for γ′e > γ′e,m in the fast cooling

case, dNe
dγ′e

∝ γ′e
−p for γ′e < γ′e,m and dNe

dγ′e
∝ γ′e

−p−1 for γ′e > γ′e,m in the slow cooling case.
These electron distributions do not take into account the evolution of the magnetic field.
Ref. [22] discussed the electron distribution affected by a decaying magnetic field based
on B′ ∝ r−b, where r is the fireball radius and b is the magnetic field decaying index.
They considered the electron distribution of a group of plasma in a magnetic field with
an arbitrary decaying index b, which is called a “toy box model". Here we consider a
more physical process, internal shocks, which generate an evolutional magnetic field and a
consistent spectrum with the observed Band spectral shape.

In the comoving frame, the evolution of the Lorentz factor of an electron via syn-
chrotron and SSC cooling and adiabatic cooling can be described by [22]

d
dt′

(
1
γe

)
=

σT(1 + Yi)

6πmec
B′i

2 − 1
3

(
1
γe

)
d ln n′i

dt′
, (8)

where Yi ≈ [(4ηiεe/εB + 1)1/2 − 1]/2 is the Compton parameter, which is defined by the
ratio of the IC to synchrotron luminosity, with ηi = min[1, (γ′e,c,i/γ′e,m,i)

2−p] [42]. γ′e,c,i is
the cooling Lorentz factor and the comoving time t′ = 2γt.

The minimum Lorentz factor of the accelerated electrons is γ′e,m,i =
mp
me

( p−2
p−1 )εe(γrel −

1) (where γrel = γ21 or γ34 in region 2 or 3), so it can be written as:

γ′e,m,3 ' 1.0× 104gpεe,−1/2γ4,4.5γ−1
1,2.5, (9)
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γ′e,m,2 ' 30gpεe,−1/2, (10)

where gp = 3(p− 2)/(p− 1). Moreover, the cooling Lorentz factor γ′e,c,i = 6πmec/(yiσT B′3
2
γt),

can be written as

γ′e,c,3 = γ′e,c,2 ' 3.4× 102y−1
i,0 ε−1

B,−1/2L−1
k,51γ5

1,2.5
(t + δt)2

,0

t,0
, (11)

where yi = 1 + Yi is the ratio of the total luminosity to synchrotron luminosity.
From the electron injection rate based on Equations (5) and (6), one can obtain the

injected electrons number between t′ and t′ + dt′. Assuming the original electron injection
distribution dNe,i/dγ′e,i ∝ γ′e

−p for γ′e,i ≥ γ′e,m,i, the injected electrons number between t′

and t′ + dt′ and between γ′e and γ′e + dγ′e can be derived. So we cut the injected electrons
into small pieces in the time space t′ and the energy space γ′e. At the beginning, time t′ = 0,
a number of electrons dN will be injected into the shocked region in a time interval dt′

and will be cooled in the initial magnetic field, so one can obtain the change of electron
Lorentz factor ∆γ′e,1 based on Equation (8) for the electrons between γ′e and γ′e + dγ′e. In
the next time interval dt′, these electrons with the Lorentz factor between γ′e + ∆γ′e,1 and
γ′e + dγ′e +∆γ′e,1 will be cooled in the instantaneous magnetic field based on the evolutional
magnetic field in Equation (7), and one can obtain another ∆γ′e,2 (∆γ′e,2 6= ∆γ′e,1). At the
same time, another group electrons are injected and cooled in this instantaneous magnetic
field. These processes are continuous before 2γtcrs. The shocked electrons are injected
as time and all the electrons are cooled in the instantaneous magnetic field. We sum all
electrons at time t′ in the energy space, obtain the electron distributions at time t′ and
present them in Figure 2 (tobs = t′/2γ). As shown in Figure 2, when t < δt, the magnetic
field does not change significantly (see Figure 1), the electron distribution in the fast
cooling case, dNe

dγ′e
∝ γ′e

−2 for γ′e < γ′e,m, and dNe
dγ′e

∝ γ′e
−p−1 for γ′e > γ′e,m, are expected.

However, when t > δt, the electron distribution below γ′e,m would be flattened because
of the decaying magnetic field. Due to the magnetic field decay, the electrons injected at
later times would cool more slowly than the electrons injected at early times (here, all times
are before tcrs). In other words, the cooling efficiency would become smaller due to the
decaying magnetic field, which induces more electrons accumulating at . γ′e,m than in the
invariable magnetic field case. When t � δt and t < tcrs, the electron spectral index for
γ′e < γ′e,m is even flattened to zero.
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Figure 2. The electron distribution in energy space after cooling time t in the evolutional magnetic
field in Figure 1. The same δt, tcrs, and dynamics parameters as in Figure 1 are taken in numerical
calculations.
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In order to find these new results for t� δt and t < tcrs, we can evaluate the continuity
equation of electrons in energy space, ∂

∂t′ (dNe,γ′e /dγ′e) +
∂

∂γ′e
[γ̇′e(dNe,γ′e /dγ′e)] = Q(γ′e, t′),

where dNe,γ′e /dγ′e is the instantaneous electron spectrum at time t′, and Q(γ′e, t′) =

Q0(t′)(γ′e/γ′e,m)
−p is the electron injection distribution accelerated by shocks above the

minimum injection Lorentz factor γ′e,m. By ignoring the inconsequential adiabatic cooling
term, we can get d

dt′ (
1
γ′e
) ∝ (1 + Yi)B′i

2 ∝ t′−2, where Yi is assumed to be a constant before
the shock crossing time tcrs in the fast cooling case. Then, we can obtain γ′e ∝ t′, and thus
γ̇′e ∝ γ′e

2t′−2 ∝ γ′e
0. For γ′e,c < γ′e < γ′e,m, Q(γ′e, t′) = 0, to obtain the final and quasi-steady

electron spectral shape at the arbitrary time t′, by considering a quasi-steady-state system
(∂/∂t = 0), we can easily find dNe,γ′e /dγ′e ∝ γ′e

0 below γ′e,m.
Next, the four characteristic frequencies in regions 2 and 3 that can be calculated from

ν = qe
2πmec B′γ′e

2
γ are derived as [36]

hνm,2 ' 2.1× 10−4g2
pε2

e,−1/2ε1/2
B,−1/2L1/2

k,51γ−2
1,2.5(t + δt)−1

,0 keV, (12)

hνm,3 ' 26g2
pε2

e,−1/2ε1/2
B,−1/2L1/2

k,51γ2
4,4.5γ−4

1,2.5(t + δt)−1
,0 keV, (13)

and

hνc,2 = hνc,3 ' 3.6× 10−2y−2
,0 ε−3/2

B,−1/2L−3/2
k,51 γ8

1,2.5
(t + δt)3

,0

t2
,0

keV. (14)

Here, if γ1 = 100 and γ4 = 10,000, we obtain hνm,3 ' 186 keV at time t = 1 s, which is
approximatively equal to the typical value of Ep of the GRB prompt emission.

We also present the spectrum of region 3 in the top panel of Figure 3 based on the
electron distribution shown in Figure 2. However, we do not present the spectrum of
region 2 because, from NFS, (1) its photon peak frequency is much smaller than the typical
GRB prompt emission Ep, (2) the radiation efficiency can not be high enough as a result
of slow cooling, and (3) the flux of region 2 is much lower than that of region 3. The last
reason can be evaluated from [35,37]

Fν,max,i <
Ne,i

4πD2
L

mec2σT
3qe

B′iγ, (15)

where DL is the luminosity distance of the burst and Ne,i is the total number of injected
electrons until the time t. Since a portion of the electrons have cooled to a much smaller
value than γbreak (where the break Lorentz factor γbreak of an electron distribution, γbreak =
γe,m for fast cooling, and γbreak = γe,c for slow cooling), the actual number of electrons near
γbreak is less than Ne,i and thus the actual Fν,max,i is smaller than the right term of inequality
Equation (15). So, we can obtain

νm,3Fν,max,3 <1.5× 105g2
pε2

e,−1/2εB,−1/2L2
k,51γ4,4γ−6

1,2

× t,0

(t + δt)2
,0

D−2
L,28 keV cm−2s−1, (16)

and

νc,2Fν,max,2 <8.7× 10−1y−2
,0 ε−1

B−1/2γ5
1,2

×
(t + δt)2

,0

t,0
D−2

L,28 keV cm−2s−1, (17)

where γ1 = 100 and γ4 = 10,000 are taken.
From Figure 3, we can see that for t < δt, because of a constant magnetic field, the

spectral slope of νFν is 1/2 as described by [35]. However, when t > δt, the spectral
slope will deviate from 1/2 and become a larger value (even 4/3). If the electron index
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(dNe/dγe ∝ γ−u
e ) is u, the Fν slope of synchrotron radiation (Fν ∝ ν−w) would be w =

(u − 1)/2 and the photon spectral index (defined as dNγ/dEγ = E−α
γ , where Eγ is the

photon energy, and Nγ is the photon number flux) would be α = −(w + 1). Due to the
decaying magnetic field, u tends to be zero, and thus w = −1/2 and α = −1/2. However,
when α > −2/3, because of the overlying effect, the low energy photon index of the
electrons with ∼ γe,m is −2/3 and will cover the emission of electrons with smaller Lorentz
factors. So, due to the effect of the low-energy radiation tail of electrons with Lorentz factor
γe,m, α is at most equal to −2/3, and we can get −3/2 < α < −2/3. This is consistent with
the observations [2,3], which suggest α ∼ −1.
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Figure 3. The top panel corresponds to time-resolved spectra in four different t as in Figure 2 and
the bottom panel shows corresponding synchrotron spectral slopes. The same δt, tcrs, and dynamics
parameters as in Figure 1 are taken in numerical calculations.

3.2. The Effect of the Variable Electron Injection Rate

Although theoretically the low-energy photon spectral index α can reach −2/3 caused
by a decaying magnetic field, since this is a gradual process, α would be softer than −2/3
for E . Ep, which can be seen from Figure 3. In fact, α ∼ −1 can be fitted easily, but fitting
α slightly smaller than −2/3 is difficult. We here consider a variable electron injection rate,
which could induce α ∼ −2/3. The variable electron injection rate may be suggested by
that the actual GRB shell is not homogeneous and presents a density profile, for example,
a Gaussian density profile, inducing a rising electron injection rate. Nonetheless, we do not
know its growing method clearly. Ref. [22] discussed this effect in their “toy box model”,
and suggested, because of a rising electron injection rate, α goes from−0.82 to−1.03, which
is dependent on the growing power-law index q (where the injection rate ∝ t′q with q = 1,
2 or 3). Here we adopt similar expressions of the rising electron injection rate,

dNe,2 = 8πR2n′1(γ21β21/γβ)γ2cdt×
(

t
t0

)q
(18)

and

dNe,3 = 8πR2n′4(γ34β34/γβ)γ2cdt×
(

t
t0

)q
, (19)

where the factor ( t
t0
) is to maintain the same electron injection number in the interval t0 as

that for the constant injection rate q = 0.
We show the electron distribution for a rising electron injection rate in the top panel of

Figure 4. The rising electron injection would increase the electrons injected later, which
would cool in a weaker magnetic field and pile up at .γ′e,m. This can result in a harder
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electron distribution and a relative spectrum. The slopes of the spectra are presented in the
bottom panel of Figure 4. We can see that the slopes of the spectra tend to reach −4/3 more
easily than in the constant electron injection case. In addition, a larger q would generate a
harder low-energy spectral index.
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Figure 4. The top panel shows the electron distributions in evolutional magnetic fields and different
electron injection rising indices. We adopt the electron injection rising index, q = 0 (solid line),
q = 1 (dotted line) and q = 2 (dashed line). The bottom panel shows the corresponding synchrotron
spectral slopes for these electron distributions. The same parameters as in Figure 1 are taken for
numerical calculations.

4. Application to the Actual GRB Spectra

In order to compare with the actual GRB spectrum, we select the broad band spectrum
of GRB 080916c in the interval “b” detected by Gamma-ray Burst Monitor (GBM) and the
Large Area Telescope (LAT) aboard the Fermi satellite (see Ref. [43]), from 3.58 s to 7.68 s
since the lightcurve during this period is presented as a single and pure pulse. Moreover, its
low energy photon index is close to the typical value of the low energy photon index of the
GRB, that is, α ∼ −1, harder than the expectation of synchrotron fast cooling (−1.5). The
“b” spectrum of GRB 080916c can be well fitted by the Band function with the low energy
photon index of α = −1.02± 0.02, the high energy photon spectral slope β = −2.21± 0.03
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and the peak energy Ep = 1170± 140 keV [43]. Since the observational data can be well
fitted by this Band function with a very small error range, the Band function is precise
enough to represent the actual GRB emission. We select some representative points (black
points in Figure 5) in this Band function to present the tendency of the actual GRB emission.
In addition, more black points around the peak energy in the figure are taken to present the
gradual change in behavior there. In Figure 5, by using a time-averaged energy spectrum
from t = 0 s to t = 3 s, the emission of GRB 080916c can be fitted well in our model with
the proper parameters, which have been listed in Table 1.
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Figure 5. The time-averaged spectrum to fit the interval “b” of GRB 080916c. The black points are
selected from the Band function with the low-energy photon index α = −1.02± 0.02, the high-energy
photon index β = −2.21± 0.03 and the peak energy Ep = 1170± 140 keV provided in Ref. [43],
which are precise enough to present the tendency of the actual GRB emission. This spectral duration
is from 3.58 s to 7.68 s and we fit it by adopting the time-averaged spectrum from t = 0 s to t = 3 s
(tmax ≤ tcrs). The fitting parameters are listed in Table 1.

We select the single pulse spectrum of GRB 080825c in the interval “a” detected
by Fermi GBM and LAT (see Ref. [44]), from 0.0 s to 2.7 s, which has a harder photon
index, α ∼ −0.76. The “a” spectrum of GRB 080825c can be well fitted by the Band
function with the low energy photon index α = −0.76± 0.05, the high energy photon index
β = −2.54+0.11

−0.17 and the peak energy Ep = 291+25
−22 keV [44]. Such a hard photon index could

not be approached easily for a constant electron injection rate, that is, q = 0, so we consider
a rising electron injection rate as suggested in Section 3.2. Some representative points
(black points in Figure 6) in this Band function are selected to present the tendency of the
actual GRB emission as the same as the treatment for the GRB 080916c. The observational
spectrum can be reproduced well in Figure 6 phenomenally by using a time-averaged
energy spectrum from t = 0 s to t = 3 s with an index of rising electron injection rate q = 2
and other reasonable parameters (all parameters are listed in Table 1).
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Figure 6. The time-averaged spectrum to fit the interval “a” of GRB 080825c. The black points are
selected from the Band function with the low-energy photon index α = −0.76± 0.05, the high-energy
photon index β = −2.54+0.11

−0.17 and the peak energy Ep = 291+25
−22 keV provided in Ref. [44], which are

precise enough to present the tendency of the actual GRB emission. This spectral duration is from
0.0 s to 2.7 s and we fit it by adopting the time-averaged spectrum from t = 0 s to t = 3 s (tmax ≤ tcrs).
The fitting parameters are listed in Table 1.

Table 1. The parameters adopted to fit the spectra of GRB 080916c and GRB 080825c.

Parameters Symbol GRB 080916c GRB 080825c

Redshift z 4.35 1
Index of electron injection rate q 0 2

redefined time interval (s) δt 0.1 0.1
Shock cross time (s) tcrs 3 3

Kenetic luminosity (erg/s) Lk 3.3×1053 1.2×1051

Bulk Lorentz factor of region 1 γ1 146 255
Bulk Lorentz factor of region 2 γ4 3× 104 3× 104

Electron injection index p 2.5 3.2
Electron equipartition factor εe 0.3 0.3
Magnetic equipartition factor εB 0.3 0.3

The main parameters to effect the final spectrum are listed in Table 1. The dependence
of the break energy of the spectrum on the listed parameters could be found in Equation (13)
and for the magnitude of peak flux the dependence could be derived roughly in Equation (16).
During the model fitting, for simplification, the energy equipartition factors for electrons
and the magnetic field, that is,εe and εB, and γ4 are fixed, and then the Lorentz factor γ1
and kinetic luminosity Lk are adjusted to match the observational peak energy and the peak
flux. The electron injection index p is determined by the observational high-energy photon
index since the relation between them is β ∼ (−p− 2)/2, 1 suggested by the synchrotron
radiation. The shock cross time is comparably adopted with the typical duration of the
slow pulse of the GRB, namely, ∼3 s. Different values of δt could affect the evolutional
form of the magnetic field (as shown in Figure 1) and adjust the weight of the cooling in
a constant magnetic field and the cooling in a decaying magnetic field. In other words,
a smaller δt could make it so that the electron synchroton cooling mainly takes place in
a decaying magnetic field and leads the photon index to be harder, while for a larger δt,
the electrons are mainly cooling in a constant magnetic field and generating a photon
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index close to −1.5. As a result, for GRB 080916c with a photon index ∼−1, a relatively
small δt = 0.1 s is adopted. A harder photon index ∼−0.76 for GRB 080825c and a
rising electron injection rate with an index q = 2 are taken into account as suggested in
Section 3.2. Therefore, a certain range of a low-energy photon index from∼−3/2 to∼−2/3
could be approached through the adjustment of δt and the index of the electron injection
rate q. However, for a low-energy photon index harder than −2/3, this model would
become invalid.

5. Discussions and Conclusions

Currently alleviating the tension between the expectation of synchrotron and observa-
tions in the GRB prompt regime is a more and more important issue. Two classes of model
have been proposed to explain the low-energy photon index of GRB prompt emission,
Comptonized quasi-thermal emission from the photosphere within a relativistic outflow
and synchrotron and/or SSC emission in the optically thin region. These models can
experience difficulties. For Comptonized quasi-thermal emission, the most significant
effect to obtain α ∼ −1 is the equal arrival time effect in this model, which is relevant to the
end time of central engine activity, but may not be applicable during the prompt emission
phase when a continuous wind is ejected from the central engine [45]. Synchrotron slow
cooling in internal shocks may not provide a high radiative efficiency, and a dominant SSC
component usually predicts an even more dominant 2nd-order SSC component, which
significantly exceeds the total energy budget of GRBs [46,47]. Thus, some evolutional
parameters, such as the magnetic field, the fraction of the accelerated electrons, and the
energy equipartition factors, were suggested to explain the low-energy index.

In this paper, we have considered a straightforward model, that is, the fast cooling
synchrotron radiation in internal shocks. We obtain the magnetic field evolutional form
in a practical shell–shell collision, B′ ∝ constant before δt and B′ ∝ t−1 after this time, and
recalculate the electron distribution for this evolutional magnetic field. When t < δt, the
magnetic field is nearly constant, and the fraction of cooling electrons in the invariable
magnetic field is high enough so that dNe

dγ′e
∝ γ′e

−2 for γ′e < γ′e,m is expected. However, when
t � δt but t < tcrs, the fraction of cooling electrons in the evolutional magnetic field is
higher than in the invariable magnetic field, so that dNe

dγ′e
will be gradually proportional to

γ′e
0. 2γ2cδt and 2γ2ct indicate roughly the collision radius and the propagation distance

of a relativistic outflow after the collision takes place but before the shock crossing time
tcrs, respectively. In other words, if the propagation distance of the outflow is smaller than
the collision radius before the shock crossing time, the magnetic field can be treated as
a constant and it is not necessary to consider the evolution of the magnetic field when
calculating the electron cooling. However, if the propagating distance of the outflow is
larger than the collision radius before the shock crossing time, we have to consider the
evolution of the magnetic field and can obtain a different electron distribution. Actually,
the outflow may undergo the first case and then the second case, so we can obtain a
reasonable range of the low-energy photon index α, from −3/2 to −2/3 theoretically. Since
dNe
dγ′e

proportional to γ′e
0 is a gradual process below Ep, it is usually difficult to get α to be

exactly equal to −2/3, but this index is only slightly smaller than −2/3. Moreover, we also
consider a rising electron injection rate, which may exacerbate this situation, inducing α to
be closer to −2/3.

Ref. [22] considered a decaying magnetic field varying with the distance from the
central engine to explore the range of a low energy photon index in the GRB prompt
regime. They discussed the radiation spectra of a cloud of plasma in a decaying magnetic
field with an arbitrary decaying index b for a simplified model, which is called a “toy box
model". Different from their work, we adopt a more physical case for the internal shock
by considering the collision of two shells and inducing the decaying form of the magnetic
field. As a result, a time-dependent magnetic field is derived (as shown in Figure 1). In fact,
a time-dependent magnetic field could be translated to a distance-dependent form due to
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the propagation of relativistic outflow. For the evolutional magnetic field form obtained
from the practical internal shock, we study the influence on the spectral index. In addition
to the detailed treatment of shell–shell collision, the kinetic luminosity and the energy
equipartition parameters, εB and εe are taken into account to obtain the radiation spectra,
comparing them with the actual GRB spectra for GRB 080916c and GRB 080825c.

In our model, in order to obtain the high prompt emission luminosity, we assume that
γ4 � γ1. This assumption is reasonable. This is because estimates based on four methods
by Ref. [48] show that the mean observed value of the bulk Lorentz factors of GRB outflows
is a few hundred, corresponding to γ2 = γ3 ' γ1 ∼ 100 in our model. Furthermore, within
the framework of the collapsar model, a prior relativistic jet-like shell (e.g., shell A) first has
to propagate through the envelope of a massive star and clean up almost all of the baryons
along the propagation direction of this shell, leaving behind a clean passage for a posterior
jet-like shell (e.g., shell B). This, therefore, leads to a reasonable possibility that the Lorentz
factor of shell B is much greater than that of shell A.

Usually, we have γ1 ∼ 100, so γ4 ∼ 104 ∼ γ2
1 is a universal relationship to obtain the

high prompt emission luminosity. Ref. [37] also mentioned that, when γ4 ∼ γ2
1, the highest

luminosity from internal shocks is expected. In fact, this assumption is not a special case.
When collisions among a series of shells with different Lorentz factors occur, the highest
luminosity from one collision will cover the others. In other words, we always see the
brightest. According to Equation (13), if deeming that γ4γ−2

1 does not vary significantly
among bursts, we can easily obtain the so-called “Yonetoku Relation”, Ep ∝ L1/2

iso [49], and
the “Amati Relation”, Ep ∝ E1/2

iso [50]. However, this model is also confronted with some
issues, for example, the spectrum is somewhat broad near Ep in contrast to the observed
data or the Band function [51], which can be seen in Figure 6.

It is important that we should beware of the empirical Band function. The ther-
mal components and more spectral structures are found in the prompt regimes of some
GRBs, which deviate from the so-called Band function [52,53]. The thermal emission
generated by the photosphere is a natural prediction of the generic fireball scenario. The
relative strength of thermal emission and non-thermal emission may depend on the various
environments [54,55]. Ref. [53] also claimed that the GRB spectra below the peak energy
may present an extra break energy around a few keV, inducing a consistent spectral shape
with expectation from the classical synchrotron radiation. More spectral structures of GRBs
may make the simple Band function become invalid, and result in an incorrect low-energy
spectral index if one forcibly fits them using a Band function. Although our model can
present a consistent low-energy spectral index with observations in a certain range, due to
the complexities of GRB prompt spectra, more detailed studies are needed.
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Note
1 The high-energy electron distribution above the break electron energy is dNe/dγe ∝ γe

(−p−1).
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Abstract: Unveiling the mystery of gamma-ray bursts (GRBs) has been the target of many multi-
waveband observational and theoretical efforts during the last decades. The results collected by
current and past space-based instruments have provided important insights into the mechanisms
at the origin of their prompt and afterglow phases. On the other hand, many questions, such as
the the origin of the multi-GeV signal observed in a large number of events, remained unanswered.
Within this framework, the first firm detections of a very-high-energy (VHE, E & 100 GeV) emission
component by MAGIC and H.E.S.S. collaborations represented an important, long-awaited result
for the VHE astrophysics community. However, while such discoveries opened a new era in the
study of GRBs, they also provided an unexpected complexity due to the differences between the
phenomenology of the observed events. This revealed that we still have an incomplete comprehension
of GRB physics. In the nearby future, observations by the Cherenkov Telescope Array Observatory
(CTAO), with unprecedented sensitivity in the VHE band, will have a key role in the study of these
enigmatic objects and their interactions with the surrounding environment. In this review we will
cover the recent GRB history, highlighting the efforts of follow-up campaigns by the VHE community
that led to the first VHE GRB detection, and outlining what we can expect from future facilities in the
next decades.
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1. Introduction

In 2019, the announcement of the first detection of VHE gamma-ray emission from
GRB 180720B [1], GRB 190114C [2], and GRB 190829A [3] represented a long-awaited result
for the astrophysical community and the end of a quest lasting for more than twenty years.
The detection of a VHE counterpart of GRBs always posed a major challenge for imaging
atmospheric Cherenkov telescopes (IACTs) from both the technical and the scientific point
of view see, e.g., [4,5]. On the other hand, catching such a signal has a crucial impact on
understanding the poorly-known physics of these objects during the different phases of
their emission, motivating the continuous efforts in the VHE observational window. In fact,
the observed radiation still has an uncertain origin in many aspects. According to the widely
accepted relativistic shock model originally proposed in [6], GRB emission arises from the
conversion of the kinetic energy of a relativistic outflow into electromagnetic emission.
The details of this conversion remain poorly understood. However, the dissipation might
happen in the form of collisionless shocks between the relativistic flow itself (internal
shocks, responsible for the prompt phase) or with the circumburst medium (external
shocks, responsible for the afterglow emission phase). Alternatively, other dissipation
mechanisms have been considered in literature and, noticeably, the possibility of having
magnetic reconnection events as the base for particle acceleration; see, e.g., [7,8]. The nature
of the possible radiative processes at work is also not firmly established yet. Particles
inside the outflow and accelerated towards relativistic regime can emit the observed high-
energy photons via many possible non-thermal mechanisms, in particular during the early

137



Galaxies 2022, 10, 67

afterglow phase. In this regard, the prompt-to-early-afterglow phase still remains the least
understood in GRB dynamics. Prompt emission spectra have been largely fitted through the
so-called Band function [9], an empirical function composed by two smoothly connected
power-law functions at a specific break energy. While historically the band function worked
quite well in fitting prompt spectra in the 10 keV–1 MeV range for many GRBs, more recent
works have showed that extra emission components in the form of an additional power-
law and/or a photospheric blackbody component are needed to better fit the observed
emission both at lower and at higher energies with respect to the GRB peak energy (see,
e.g., [10,11] and references therein). Such components might account for a revision of the
theoretical interpretation of the observed radiation as possible synchrotron emission from
electrons accelerated within the relativistic outflow. Synchrotron emission has been shown
to be in tension with experimental data in many events; see, e.g., [12,13]. Nevertheless,
synchrotron is believed to play an essential role in GRB physics and it has been largely
considered as the most natural process to explain the GRB sub-MeV emission both during
the prompt and afterglow; see, e.g., [14–16]. Furthermore, it has also been suggested
that the high-energy photons above ∼10 MeV observed by the Fermi-LAT (Large Area
Telescope) [17], and extending after the end of the prompt emission, might be generated
by synchrotron radiation produced in external shocks [18]. However, the observation of
an emission component at VHE, as recently detected by current IACTs, challenges the
synchrotron-alone emission models and, ultimately, the particle acceleration mechanisms
at work in GRBs. In internal/external relativistic shock models, particles can be accelerated
up to a maximum Lorentz factor achieved when the comoving acceleration time matches
the typical radiative cooling time. The corresponding maximum photon’s energy emitted
by a synchrotron is around ∼50 MeV in the comoving frame corresponding to an observed
Emax∼50 MeV× Γ/(1 + z) (synchrotron burnoff limit), where Γ is the bulk Lorentz factor
of the relativistic outflow and z is the redshift of the source. In the case of GRBs, arguments
for the hypothesis of an emitting region moving towards the observer with a bulk Lorentz
factor Γ∼ f ew× 100 are known and used to solve inconsistencies between the observed
non-thermal emission above the pair production threshold (γγ → e+e−) and the time
variability observed during the prompt phase; see, e.g., [19]. With the Fermi satellite, some
firm estimations for Γ have been achieved using the maximum photon’s energy detected
by Fermi-LAT in the GeV band. For some particularly bright GRBs, values exceeding ≈103,
as in the case of Γ∼900 for GRB 080916C [20] and Γ∼1200 for GRB 090510 [21], have been
measured. Although those values dramatically differ from any other relativistic motion
observed in other astrophysical sources, they would still appear moderate if considering
the signal caught by IACT in the hundreds of GeV or even TeV band. Furthermore, after the
end of the prompt phase, Γ decreases with time [22], implying that the maximum energy
achievable by synchrotron photons decreases as well. Thus, HE and VHE signals detected
deeper in the afterglow phase, such as in the case of GRB 190829A, abundantly exceed
the synchrotron burnoff limit, challenging the simple shock acceleration/synchrotron
model. The complexity of scenarios provided by the latest IACT results shows a still
unsatisfactory level of comprehension of GRB physics and the importance of continuing the
observation of GRBs in the VHE band with next-generation IACTs. In the coming decades,
the premier facility for VHE astrophysics will be the CTA observatory that will perform
observations in the >10 GeV range with unprecedented photon statistics and sensitivity,
allowing to investigate the parameter space of a wide range of VHE-transient emitters and
their characteristics.

In this paper, we will revise the main experimental results that historically helped
in shedding light into the GRB physics in the HE (high energy, E & 100 MeV) and VHE
domains. The paper is organized as follows: in Section 2 we briefly introduce the theoretical
emission models used to interpret GRB HE and VHE emission. In Sections 3 and 4 we will
summarize the main experimental steps that brought us to the detection of GRBs in the HE
and VHE band. Section 5 investigates the open issues that still affect the characterization
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of GRBs at VHE and that will hopefully be solved by next-generation instruments finally
described in Section 6.

2. Models for HE and VHE Emission in GRBs

Although not within the primary scope of this paper, it is important to briefly sum-
marize the main interpretative models able to explain the emission at the highest energies.
Many theoretical models were proposed in the last decades to explain the emission from
GRBs, with predictions extending to the HE and VHE range. Usually, in these models, the
origin of HE and VHE emission can take place in both internal or external shocks. In both
cases, either leptonic or hadronic processes might be considered as possible explanation of
the observed emission. As already mentioned in the previous section, synchrotron emission
is one of the most discussed for the emissions in the keV-MeV band. At higher energy,
synchrotron photons might interact through inverse Compton with ultra-relativistic elec-
trons of the outflow. This amplifies the energy of the seed photons by a factor of γ2

e , where
γe is the electron’s Lorentz factor. Depending on the specific microphysical parameters
of the emitting region, this synchrotron self-Compton (SSC) emission can arise and easily
produce photons in the HE and VHE ranges. Detailed predictions for such a model are
given in [23,24], where the suppression of inverse Compton due to the Klein–Nishina (KN)
effect is also widely discussed. This effect can explain the delay observed between the keV
and HE emission (see Section 3) if the KN regime is dominant at early times, but then at
late times the inverse Compton enters the Thomson regime; see, e.g., [25–27]. Hadronic
particles can be also shock-accelerated in the same way as leptons, influencing (potentially)
the HE and VHE emission. Hadronic models comprise synchrotron emission from pro-
tons or cascade emission (synchrotron) from secondary pairs [28,29]. In the synchrotron
scenario, the delay between low- and high-energy emission can be explained as the time
required to accelerate protons to high enough energies. However, being a poor emitter
compared to leptons, proton energy is mainly lost through p-γ interactions rather than by
synchrotron. In this case, the required energy budget to achieve comparable emission level
with leptonic processes is normally well above the observed ones (&1055 erg), although
this requirement can be relaxed with a narrow jet opening angle (<1◦). In the case of
external shocks, one of the main models considered for HE and VHE emission is SSC at the
(external) forward shock. In such a case, a separate component with a second peak at high
energies is expected [14,15]. This model was largely used to explain the HE emission in
some Fermi-LAT bursts (see, e.g., [30–32]), as we will describe further in the next sections.
SSC is proposed to produce HE photons also in the reverse shock [33] and it was shown to
explain the HE component of some GRBs [34]. Furthermore, in the external shock scenario,
hadronic models are also a possible option in order to account for HE and VHE emission.
However, as in the internal origin case, hadronic processes suffer the same issue on the
required energetics, although a possible non-dominant contribution to the overall HE-VHE
emission cannot be completely excluded [35]. We refer to [36] for a more detailed review
on theoretical emission models.

3. Gamma-Ray Bursts Observations at High Energies

The first systematic and comprehensive study of GRBs population was carried out by
the space-based telescope Compton Gamma-Ray Observatory (CGRO), which operated for
about 9 years between April 1991 and June 2000. Thanks to its four onboard instruments
and, in particular, the Burst And Transient Source Experiment (BATSE: 25 keV–2 MeV) and
the Energetic Gamma-Ray Experiment Telescope (EGRET: 20 MeV–30 GeV), it was possible
to have an energy coverage ranging from the soft X-rays to the HE gamma rays. This
provided the first meaningful interpretation of the GRB phenomenon. Specifically, thanks
to EGRET, it was possible to start studying the properties of the high-energy emission
(&10–20 MeV) of GRBs for the very first time. A notable event was detected by EGRET
on 17 February 1994, GRB 940217 [37]. The burst had a duration of 180 s as measured
by BATSE. Ten HE photons were detected by EGRET with energy up to ∼3 GeV during

139



Galaxies 2022, 10, 67

the prompt emission. Eight other HE photons were detected in the following ∼600 s.
After the occultation due to the Earth, EGRET registered another 10 photons more than
4700 s after the burst trigger. The highest-energy photon detected in this observation phase
had an energy of 18 GeV (see Figure 1), and for many years it represented the highest
energy photon ever detected from a GRB. This delay in high-energy emission was observed
in other GRBs detected by EGRET, although not as evident as for GRB 940217 (see [38]).
Furthermore, the detection of HE photons pointed out to the possible presence of additional
spectral components overlapped to the classical sub-MeV band emission. From a different
perspective, the presence of a delayed emission was also considered as an opportunity for
TeV detectors, such as IACTs, that needed to be repointed for start follow-up but also for
extensive air shower (EAS) arrays.

Figure 1. EGRET light curve for the GRB 940217 with the detection of an ∼18 GeV photon that
occurred about 90 min after the GRB onset. From https://fermi.gsfc.nasa.gov/science/resources/
docs/vwp/. Available online: (accessed on 10 April 2022).

A hint of a distinct emission component in the HE range was found in the case of
GRB 941017 [39]. This event showed a &200 MeV signal rising between 14 and 47 s after
the T0 and lasted for approximately 200 s in addition to the typical GRB emission which
peaked at .few hundred keV. The HE component is well fitted by a power law with
index close to −1 up to 200 MeV throughout all the burst duration, while the low-energy
spectrum was well described by the classical band function. Data were inconsistent with
a simple synchrotron model interpretation, and other theoretical emitting scenarios were
considered, such as synchrotron self-Compton (SSC) from the reverse shock, created when
the GRB ejecta are decelerated by the ambient medium. Additional interpretations were
also considered, such as a possible hadronic origin of the HE component, as well as an
HE emission taking place in external shocks [33]. Despite these earliest observations that
helped significantly in determining some HE properties of GRB, the limited statistics and
the large dead time typical of EGRET did not allow to measure precise spectra and study in
detail the short timescale variability in the emission, especially during the prompt phase.
Many questions were left unanswered after EGRET stopped operations in 2000, mostly
related to the jet physics, particle acceleration, and to the nature of the high-energy emission.
In this context, there were many expectations for the launch of AGILE (Astro-Rivelatore
Gamma a Immagini Leggero) and Fermi Gamma-ray Space Telescope (Fermi in short). Using
silicon trackers, the limitations of the old generation of gamma-ray imagers, such as the
small FoV and the large dead time, were partially solved. AGILE, launched in 2007, was
the first instrument with this kind of technology, followed by Fermi in 2008. These satellites
opened a new era in the studies of GRBs in the HE band.

AGILE’s onboard instrumentation includes a gamma-ray imaging detector (GRID)
sensitive in the 30 MeV–50 GeV band, a hard X-ray monitor (SuperAGILE: 18–60 keV),
and a mini-calorimeter (MCAL) non-imaging gamma-ray scintillation detector sensitive in
the 350 keV–100 MeV energy range [40]. With the detection of GRB 080514B [41], AGILE
confirmed the presence of a delayed and relatively long-lasting high-energy emission,
as seen in the EGRET events. The burst was detected by all the instruments onboard
AGILE: GRID detected photons from 25 MeV up to 300 MeV, while in the hard X-ray band
(SuperAGILE), the 17–50 keV light curve showed a multi-peaked structure with a total
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duration of 7 s. The high-energy emission did not show any correlation with these peaks,
and only three photons above ∼30 MeV were detected within 2 s from T0. All the other
high-energy photons were recorded when the X-ray emission had already faded, up to
∼30 s after the burst onset.

GRB 100427B [42] is another notable GRB detected by AGILE. Both the MeV and GeV
light curves show two bumps where the second peak is broader than the first, with no
significant delay with respect to the lower-energy emission in the X-ray band. The second
bump resulted harder then the first, and spectral evolution between the bumps and the
inter-bump region in MCAL data were detected at the level of 4.0σ. A single power law
was shown to be adequate to model the spectrum from 500 keV to 3.5 GeV, given that the
spectral index of the MCAL + GRID data and GRID data only were compatible with each
other. Even if the redshift was not measured for this GRB, given the highest energy photon
of 3.5 GeV, the minimum Lorentz factor during the prompt emission was constrained to
be between 50 and 900. For other GRBs observed by AGILE, not detected by GRID, upper
limits were derived and found to be consistent with an extrapolation of the band spectrum
up to GeV energies; see [43].

Fermi was launched in 2008, approximately one year after AGILE. Fermi uses the same
detector technology as AGILE and it was designed to be a proficient gamma-ray satellite
with improved capabilities with respect to previous-generation gamma-ray detectors.
The spacecraft hosts two instruments on board. The gamma-ray burst monitor (GBM)
is composed of 14 scintillators (twelve sodium iodide and two bismuth germanate) and
covers the energy range from a few keV to ∼30 MeV [44]. With a field of view of almost
4π, it is devoted to the detection of GRBs or other burst-like sources and to the quick
distribution of GRB localizations. The second instrument is the pair-production telescope
LAT [17], operating in the energy range 20 MeV–300 GeV. The adoption of the silicon strips
detector technology for the Fermi-LAT led to substantial improvements in terms of angular
resolution and timing capabilities. Thanks to a big calorimeter, the sensitive energy range of
the Fermi-LAT extends up to few hundreds of GeV, also providing a good energy resolution.
Owing to its efficient design, Fermi delivered and is still delivering more detailed results
and the highest statistics for studying GRBs in the HE regime. At the same time, it is
providing an invaluable overlap with ground-based VHE facilities.

GRB 080825C [45] was the first GRB detected by Fermi-LAT, a long burst with T90 = 27 s.
The highest-energy photon was a (572± 58)MeV photon detected at ∼T0 + 28 s, just after
the low-energy emission measured in Fermi-GBM faded almost completely. The spectrum
of GRB 080825C in different time bins is well fitted by a band function with a hard-to-soft
evolution of the νFν spectrum peak energy (Epeak). In the last time bin, the spectrum is well
described by a power law with a harder index −1.95± 0.05. This property and the low
flux ratio between the first two peaks in the Fermi-LAT light curve may suggest a different
region of origin for their emission: within the internal and external shock respectively [45].

GRB 080916C [20] is the second Fermi-LAT detected burst and one of the brightest
in the Fermi-LAT GRB sample, with a measured redshift of z = 4.35± 0.15 and a total
isotropic energy release of 8.8 × 1054 erg. Compared to the signal measured in Fermi-
GBM, this GRB showed a delayed onset of the LAT pulse and a longer-lived emission
in the &100 MeV band. These features will be confirmed in other GRBs detected at HE.
The comparison between the Fermi-GBM and the Fermi-LAT light curves (Figure 2) showed
that the first Fermi-GBM peak has no corresponding peak in the Fermi-LAT light curve.
The first Fermi-LAT pulse is instead temporally coincident with the second Fermi-GBM
peak. A common origin for the two peaks but in spatially different regions is the most
likely explanation, with different pairs of colliding shells within the internal shock scenario.
The long-lasting emission above 100 MeV was detectable up to T0 + 1400 s, well after the
low energy emission faded. The time decay of the high energy flux is well fitted by a power
law t−α with α = −1.2± 0.2, a value that is typical for other Fermi-LAT-detected GRBs.
The Fermi-GBM flux decays as t−0.6 up to T0 + 55 s with a steepening in the index (α∼−3.3)
afterward. This might indicate a different nature of the high-energy emission, although no
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spectral hardening is seen in the Fermi-LAT late spectrum, as in the case of GRB 080825C.
As in other HE detected burst, GRB 080916C data were used to set a lower limit to the
Lorentz factor of the blast-wave, Γmin = 887± 21. Even if most of the Fermi-LAT-detected
GRBs belong to the long class, it helped to study the high-energy emission of short GRBs as
well. Among them, some interesting cases are GRB 081024B [46] and GRB 090510 [21,47].

Figure 2. Fermi-GBM and Fermi-LAT combined light curve for GRB 080916C. Reprinted with permis-
sion from Ref. [20].

GRB 081024B is the first short GRB detected by Fermi-LAT, with a duration of 0.8 s.
In addition for this GRB, the emission above 100 MeV is delayed and is long-lasting
(T90 = 2.6 s above 100 MeV).

GRB 090510 is a short GRB which was detected by both AGILE and Fermi. Both
instruments confirmed the presence of a ∼0.1 s-delayed HE emission component after
the onset measured in Fermi-GBM. The detection of a 30.5 GeV photon during the prompt
phase allowed an evaluation of the bulk Lorentz factor that resulted in a very high lower
limit of Γmin & 1200, assuming the estimated redshift z = 0.903. However, the most
remarkable feature of GRB 090510 is that its time-integrated spectrum for the GBM+LAT
prompt emission data cannot be fitted with a simple band function. An additional power
law component with index −1.62± 0.03, dominant below 20 keV and above 100 MeV, is
needed to describe the spectrum (see Figure 3) [21]. In the afterglow phase, a signal has
been detected by Fermi-LAT up to ∼ T0 + 150 s, which prompted several theoretical inter-
pretations for both the prompt and afterglow phases. Some of them consider synchrotron
radiation as theoretical interpretation of the low-energy (band) emission while the hard
extra-component is generated by the synchrotron photons Compton upscattered by the
same electrons accelerated in the shock (synchrotron self-Compton); see, e.g., [48]. This
scenario is commonly used to model emission in other VHE sources, such as blazars,
and the SSC component results are stronger for a large ratio of non-thermal electron to
magnetic-field energy density and low values of Γ. However, in the case of GRB 090510,
such an interpretation has difficulties in explaining the delayed onset of the high-energy
emission. For example, the SSC model predicts a too-short delay in the assumptions of
weak magnetic field [21]. Hadronic scenarios were also proposed but the proton injection
isotropic-equivalent energy required is more than two orders higher than the one actually
measured for the burst [49]. These observations of short GRBs show that they can be as
relativistic as long GRBs and that they seem to have a better efficiency in emitting gamma
rays, given that the energy emitted in the high-energy (100 MeV–10 GeV) band is greater
than the one at low energy (20 keV–2 MeV). However, the statistic is still limited to few
bursts to draw a definitive conclusion.
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Figure 3. Time−integrated spectrum (upper panel) and model spectra (with±1σ error contours) used
to fit the emission of GRB 090510 in different time bins. Reprinted with permission from Ref. [21].

As a final example, it is worth to report the Fermi-LAT detection of GRB 130427A, one
of the most powerful GRBs observed at redshift z = 0.34 [50]. The event showed the highest
fluence (4.2× 10−3 erg/cm2 from 10 keV to 20 MeV), the highest energy photon (95 GeV at
T0 + 244 s), and the longest-lasting HE emission extending up to 100 ks after the trigger.
It had a total apparent isotropic gamma-ray energy release of ∼1.4× 1054 erg. The event
showed a delayed emission starting about 10 s after the trigger when the Fermi-GBM
brightest emission already ended. Therefore, the Fermi-LAT emission is temporally distinct
from the one in Fermi-GBM (see, e.g., Figure 1 in [50]), and this suggests different regions
or mechanisms for the two emissions. Having a 95 GeV photon in the early afterglow
and a 32 GeV one at T0 + 34.4 ks, it is difficult to accommodate them within the standard
synchrotron emission from electrons accelerated in the external shock or in the SSC scenario,
at least according to [50]. In [51], the combined X-ray, GeV, and optical data were used
to fit the spectrum with a single synchrotron component while authors in [32] proposed
an afterglow SSC emission to explain the long-lasting emission. These results show the
puzzling interpretative scenarios of GRBs at HE and the lack of a clear physical explanation,
both in the prompt and in the afterglow phases.

Summarizing, AGILE and Fermi showed that HE emission from GRBs share some
common features:

1. The band model is not able to describe the joint low- and high-energy spectra. An ad-
ditional component (e.g., extra power law) or a cutoff are needed, with no unique
solution for all GRBs. Other GRBs may require an additional thermal blackbody
component.

2. Fermi-LAT-detected GRBs are among the brightest detected by the Fermi-GBM. The en-
ergy released in high-energy gamma-rays (>100 MeV) in the extended temporal phase
is about 10% of the total energy radiated in the prompt phase.

3. The high-energy emission is delayed and longer-lasting with respect to the low-
energy one. It might extend in time well after the low-energy emission has faded.
The temporal decay is generally consistent with a power law behavior t−αL with
αL∼1.

These conclusions are the same as those resulting from the first Fermi-LAT GRB catalog,
presented in [52], an in-depth systematic study of Fermi-LAT-detected GRBs in the first
three years of the mission.

4. GRB Observation at VHE: The Story so Far

The field of VHE transient astronomy has been rapidly evolving for the last 30 years,
mainly (but not only) due to the development of the imaging atmospheric Cherenkov
technique. Towards the end of the last century, the first IACT experiments were built and
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started operation, proving the robustness and reliability of this detection technique through
the first detection of the standard candle VHE emitter, the Crab Nebula [53]. In parallel
with the confirmation of the IACT technique, GRBs science was entering for the first time in
a phase of systematic population studies thanks to the BATSE and EGRET instruments on
board the CGRO (see Section 3) but also to the BeppoSax satellites, launched in 1996 [54].
The latter, thanks to the contemporary presence on the same platform of both wide- and
narrow-field instruments, was able to provide, for the first time, arcminute localizations
of GRB positions although with ∼ hours delay timescale. As reported in the previous
section, the discovery of a delayed and persistent HE emission component in some of the
EGRET-detected events (see, e.g., [37]) definitively pushed the search for a component
also at VHE. Real-time triggers provided through the BATSE Coordinates Distribution
Network (BACODINE) and the third Interplanetary Network IPN-[55], although with
relative large uncertainties in the localization (&few degrees), allowed, for the first time, the
rapid follow-up by ground-based telescopes including the earliest VHE facilities, such as
the first IACTs and EAS arrays. Although not presenting imaging capabilities, EAS arrays
were able to cover a wide portion of sky, allowing for offline search of a coincidence signal
in the ultra-high-energy (UHE) gamma-ray band (&100 TeV). Such a search for emission
of TeV/PeV gamma rays associated with GRBs has been extensively reported in literature
by many different EAS collaborations, such as CYGNUS-I [56], HEGRA-AIROBICC [57],
CASA-MIA [58], and EAS-TOP [59]. None of these revealed any convincing evidence
for emission in the >100 TeV band. It is important to remark that at the time of these
observations, a firm determination of GRB distance was still missing and the detection
of &100 TeV photons represented a concrete possibility and an important insight into the
origin (cosmological or local) of these events. A largely discussed, although not conclusive,
hint for an emission in the ∼TeV band came from the Milagrito experiment [60]. Milagrito
was a TeV EAS array based on the water Cherenkov detection technique, a prototype of
the larger Milagro detector. The array operated between February 1997 and May 1998 in
the 500 GeV–20 TeV energy range, observing 54 BATSE GRBs localized in its field of view.
A possible ∼3.5σ evidence of TeV emission was found in the case of GRB 970417A, likely
caused by photons of &650 GeV [61]. This measurement could indicate the first detection
of a GRB in VHE regime; however, the weakness of the signal did not allow any spectral
analysis of the event. Moreover, no other similar detection was observed by the later
Milagro experiment in the same energy range, making the reliability of this observation
less constraining.

The first follow-ups by an IACT at lower energies compared to EAS arrays (above
∼250 GeV), took place at the beginning of the 1990s, thanks to the Whipple 10 m reflector.
These observations represented the first use of the IACT technique in exploring the GRB
phenomenon complementing, although not yet overlapping, the band coverage guaranteed
by the contemporaneous space-based instrumentation. Whipple reported no significant
emission in the VHE band from a sample of nine GRBs observed between May 1994 and
December 1995. The obtained upper limits are of the order of that expected for prompt
emission if the burst emission extends to TeV energies with a band-like extrapolation
without breaks or cutoff [62]. This confirmed the effectiveness of the IACT technique in
proving GRB physics while pointing out some of the main difficulties of these follow-ups.
Differently from EAS array, being (relatively) narrow field instruments, IACTs need to be
repointed to GRB coordinates in order to start the follow-up. This introduced a delay that,
for these earliest observations, ranged from 2 to 56 min. Furthermore, due to the large
uncertainty in the BATSE localization of the events, the majority of the observations were
performed with the source located off-axis (or in some case outside the telescope’s field
of view), significantly decreasing the sensitivity of the instrument and requiring multiple
pointings to scan the burst region (Figure 4). The necessity of having rapid repointing and
follow-up observations was the core issue in 2004 of the launch of the Swift satellite [63].
Swift operates as a multi-band satellite incorporating three different instruments: a large
FoV soft-gamma detector for GRBs trigger (BAT, burst alert telescope: 15–150 keV) and

144



Galaxies 2022, 10, 67

two telescopes in the X-ray (XRT, X-ray telescope: 0.3–10 keV) and UV band (UVOT,
UV optical telescope) for the low-energy follow-up. These instruments were mounted
on an autonomously slewing spacecraft that, using the same driven-logic of BeppoSax,
made possible the observation and the precise localization of GRBs within tens of seconds
from the event onset. These key features significantly improved the understanding of
the early afterglow phase and its connection with the prompt emission [64]. Almost in
parallel to the launch of Swift, the new generation of IACTs MAGIC (https://magic.mpp.
mpg.de/), H.E.S.S. (https://www.mpi-hd.mpg.de/hfm/HESS/), and VERITAS (https:
//veritas.sao.arizona.edu/) (all websites accessed on 10 April 2022) started operations
opening a new phase in GRB study at VHE. Some of these telescopes were explicitly
designed to optimize the follow-up observation of GRBs, with the aim to reach the few tens
of GeV energy threshold, bridging the observational energy gap between the space-based
instrumentation and enlarging the available gamma-ray horizon, one of the critical aspects
for high redshift sources such as GRBs. Extensive follow-up campaigns on GRBs were
performed by all IACTs collaborations along approximately 15 years of observations and
they also progressively bridged the energy coverage gap with AGILE and Fermi. However,
these extended observations did not report any conclusive evidence of VHE emission
from the observed events. We briefly summarize the main outcomes of this first decade
of observation.

Figure 4. Excess sky map for two pointing positions during the follow-up of two GRBs by Whipple
telescope in 1995. The refined position of the event is marked as B* in the plot while the IPN
confidence areas are derived from BATSE and Ulysses data. Reprinted with permission from Ref. [62].

MAGIC (Major Atmospheric Gamma Imaging Cherenkov) is a system of two 17 m
IACTs, with a ∼3.5◦ field of view located on the Canary Island of La Palma. Ob-
servations started in 2004 with a single standalone telescope until a second one was
added in 2009, improving angular resolution and sensitivity. Extensive follow-up
campaigns on GRBs were performed since the beginning of the operations, taking
advantage of the instruments low-energy threshold (.50 GeV) combined with a very
fast respositioning speed (∼7◦/s). Despite the continuous improvement in instru-
ment’s reaction to external GRB triggers and in data analysis along the years, no
significance evidence of VHE emission was reported during the first ∼15 years of
observations. However, remarkable results were achieved in terms of performance,
such as the first follow-up of GRBs during the prompt emission phase for a bunch of
events such as GRB 050713A (Figure 5, left panel), GRB 131030A, GRB 141026A, and
GRB 150428B [4,65–67]. Furthermore, within the framework of relativistic shock-wave
models, possible emission in the VHE band by synchrotron-self-Compton mechanism
in afterglow has been modeled and discussed by the MAGIC collaboration in relation
to the obtained upper limits on a few interesting events such as GRB 0804030 [68]
and GRB 090102 (Figure 5, right panel), one of the first GRBs with simultaneous data
taken with Fermi-LAT [5]. Although not particularly constraining, these results showed
that IACT performances were mature enough to play an important role in GRB studies.
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The High-Energy Stereoscopic System (H.E.S.S.) is an array of IACTs operating in
Namibia since 2004. The so-called phase-I included four 12 m diameter telescopes,
with an energy threshold of ∼100 GeV at zenith, and a 5◦ field of view. In 2012,
a large 28 m diameter telescope was added to the array. This telescope is characterized
by a faster repointing and large collection area (∼600 m2) that guarantee an energy
threshold of 50 GeV. Thus, it is a transient-oriented instrument. The introduction of the
new telescope marked the beginning of the H.E.S.S. phase-II operations. Despite these
improvements, also for H.E.S.S., the first 15 years of observations did not reveal any
significant emission for the observed events. Collection of follow -ups and possible
interpretation of the obtained upper limits are summarized in different collaboration
works, such as in [69–72].

VERITAS (Very Energetic Radiation Imaging Telescope Array System) is an array of
four 12 m IACTs located in Arizona operating in the &100 GeV band. The system is the
successor of Whipple and has activated a GRB observing program since the beginning
of the operations in 2007. VERITAS did not report any detectable VHE emission
from the sample of the observed GRBs; however, in 2013, VERITAS was the only
IACT able to follow up GRB 130427A, the first GRB observed at VHE (see Section 3).
Unfortunately, VERITAS was only able to perform observations on GRB 130427A
approximately 20 h after the event’s onset. Although at that time Fermi-LAT was
still able to detect activity in the HE band, VERITAS did not report a significant
emission in the VHE range.The achieved upper limits at ∼100 GeV were able to
significantly constrain the proposed emission model, pointing out tensions within the
Klein–Nishina and Thomson emission regimes [73] (Figure 6).

Figure 5. (Left) MAGIC excess event rate above the energy threshold of 175 GeV compared with the
Swift-BAT light curve for GRB 050713A, the first prompt emission followed by an IACT. The vertical
line shows the beginning of observations with the MAGIC telescope. Reprinted with permission from
Ref. [65]. (Right) MAGIC and Fermi-LAT overlapping upper limits for GRB 090102. These results are
compared to a leptonic synchrotron+SSC afterglow model. From model and data analysis described
in [5].

Figure 6. Combined Fermi-LAT spectrum including 1σ confidence interval and VERITAS upper limits
for the late afterglow of GRB 130427A. Reprinted with permission from Ref. [73].
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In parallel to these IACT observations, new EAS facilities, such as ARGO-YBJ, also
started taking data in 2004 in the GeV band. No significant VHE emission was reported
from any of the events located in the instrument field of view (see, e.g., [74]).

The VHE landscape on GRB study changed dramatically between 2018 and 2019 when
the first detections were finally reported by the MAGIC and H.E.S.S. collaborations. These
events are described in the following sections and their main parameters are summarized
in Table 1.

Table 1. Summary of the main properties of the GRBs detected in the VHE range. GRB 201015A is
included due to the strong evidence reported in [75] and is described in Section 4.4. The isotropic
energy Eiso is calculated in the 50–300 keV range for GRB 180720B, 1–104 keV for GRB 190114C, and
10–103 keV for GRB 190829A and GRB 201216C. The spectral index αobs is reported for the observed
time-integrated spectrum (after absorption due to the EBL) over the whole observation window
assuming a power-law model.

Name T90 [s] Redshift Eiso [erg] IACT αobs Emax

180720B 48.9 0.653 6× 1053 H.E.S.S. 3.7± 1.0 440 GeV
190114C 362 0.4245 3× 1053 MAGIC 5.43± 0.22 1 TeV
190829A 58.2 0.0785 2× 1050 H.E.S.S. 2.59± 0.08 3.3 TeV
201216C 48 1.1 5× 1053 MAGIC - -

201015A 9.8 0.423 1050 MAGIC - -

4.1. GRB 190114C

On 14 January 2019, MAGIC detected a very significant (at 50σ level) emission between
300 GeV and 1 TeV from the long GRB 190114C [2]. The event, initially detected by Swift-
BAT and Fermi-GBM, was a bright (Eiso∼3× 1053 erg in the 1–104 keV energy range), a long
(T90 = 362 s as measured by Swift-BAT) and quite nearby (z = 0.4245) GRB.

Figure 7 shows the timescale of MAGIC follow-up observation: MAGIC received
the alert from Swift-BAT 22 s after the GRB onset and started observations about 1 min
after the GRB trigger under moderate moon conditions and at a relatively high zenith
(58◦). The GRB was detected with the MAGIC’s real-time analysis with a significance of
20σ in the first 20 min of observations above an approximate threshold of 300 GeV. Later,
the signal was confirmed up to 50σ-level in the dedicated offline analyses. The detection
was reported as quickly as possible to the astrophysical community to strongly encourage
the follow-up of this event at other wavelengths. Due to the timescale of early detection,
one of the first questions to be answered was if the emission detected by MAGIC was
related to the prompt or to the afterglow phase. While the value of T90 may indicate that
such emission belongs to the prompt, detailed spectral and temporal studies of the keV–
MeV data show that at ∼T0 + 25 s the properties of such low-energy emission are more
in agreement with the ones of the afterglow phase. This is additionally confirmed by the
similar temporal decay index between the X-ray (from Swift-XRT between 0.1 and 1 keV)
and the VHE (between 300 GeV and 1 TeV) energy light curves (Figure 8). The intrinsic
spectrum of the GRB is compatible with a power law with spectral index of αint = −2
between 0.2 and 1 TeV, with no indication of any break or cutoff beyond those energies at
the 95% confidence level. Such a flat spectrum shows that the energy output in the VHE
range might be considered relevant, turning out to be comparable to the energy release
measured at lower energies. Given the high absorption of the VHE flux by the EBL at the
redshift of the GRB, the observed spectrum by MAGIC is rather softer and best described
by a power law with index αobs = −5.43± 0.22. This was tested against different EBL
models, resulting in similar spectral indexes compatible within the statistical uncertainties.
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Figure 7. Light curves for MAGIC and Swift-BAT. Vertical solid lines show the times of events related
to the MAGIC automatic procedure. Extracted from Ref. [2].

The origin of the emission detected by MAGIC is one of the most critical issues.
The similarity of the temporal decay in X-ray and VHE energy light curves suggests that
the emission processes might be linked and have the same origin. While the simplest
hypothesis is that the processes producing the X-ray and VHE photons are the same,
namely, synchrotron emission from relativistic electrons accelerated at the external shock
in the afterglow of the GRB, this explanation is ruled out if one takes into account that
the detected photons largely exceed the synchrotron burn-off limit (see Section 1). Even
assuming a Lorentz factor of ∼1000, which is not typical for GRBs, the maximum energy of
the photons produced by synchrotron is at most around 100 GeV, even considering different
density profiles of the interstellar medium density. Therefore, it is reasonable to assume
that the VHE emission is due to a different process. In addition, extrapolating the low-
energy synchrotron spectrum (from Fermi-GBM, Swift-XRT, and Fermi-LAT data) to VHE
range would underestimate the MAGIC flux by approximately one order of magnitude,
strengthening the conclusion that the VHE photons are actually produced by a different
mechanism. However, the existence of a synchrotron burn-off limit intimately assumes
that the radiation came from one single emission region. Having more emission regions
might allow synchrotron photons to reach higher energies. In the assumption that the VHE
emission is not due to synchrotron, the most simple alternative is the SSC.

Figure 8. Radio to gamma-ray multi-wavelength light curves of GRB 190114C. The dashed vertical
line marks the end of the prompt emission phase. Reprinted with permission from Ref. [76].
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The SSC scenario, as commonly observed in other sources such as blazars, foresees a
spectral energy distribution (SED) characterized by two distinct emission peaks, one at low
energies (X-ray band) due to synchrotron emission, and a second one at higher energies,
often in the VHE energy range. The modeling of the GRB 190114C multi-wavelength data
with a synchrotron plus SSC emission within the external shock scenario in the afterglow
shows exactly these two-peaks features, confirming the presence of an emission component
at VHE never observed before (Figure 9). Another remarkable result is the fact that the
parameters describing the broadband emission of GRB 190114C have values similar to
the ones found in previous studies of GRB afterglows when data only up to the GeV
energies were considered. This may hint to the possibility that VHE emission from SSC
may be present in all GRBs and that it could be detected by IACTs if favorable conditions
apply, i.e., a low enough redshift and good observing conditions. This hypothesis can be
confirmed only with the detection of more GRBs in the VHE band.

Figure 9. Synchrotron and SSC modeling of the broadband spectra of GRB 190114C in the two time
intervals 68–110 s and 110–180 s. Dashed lines represent the SSC emission in the hypothesis of
negligible internal γ− γ opacity. MAGIC points in the VHE band are reported with (empty circles)
and without (filled circles) correction for the EBL absorption. From [76].

4.2. GRB 201216C

GRB 201216C was detected by MAGIC [77] after receiving a trigger from Swift-
BAT [78]. This GRB belongs to the long class as well, and similar to GRB 180720B and
GRB 190114C, was very bright, having Eiso∼4.7× 1053 erg in the 10 keV to 1 MeV energy
range. GRB 201216C was detected also in optical, where large extinction is present, and its
redshift has been estimated to be z = 1.1 [79]. MAGIC started the observation of the burst
about one minute after the Swift trigger, for a total of 2.2 h of exposure. The source was
detected with a significance of 5.9σ (post trial) using the first 20 min of data, which makes
this the farthest source ever detected. The spectrum in the same time interval can be well
described by a power law extending from 50 to 200 GeV, while the energy flux light curve
decays monotonically with time [80].
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4.3. GRB 180720B and GRB 190829A

GRB 190829A was detected by the Fermi-GBM on 29 August 2019 at 19:55:53 UTC [81]
with a second detection by Swift that occurred 51 s later [82]. The measured redshift of
z = 0.0785 [83] implies a total isotropic energy release of ≈1050 erg during the prompt
phase in both the Fermi-GBM and the Swift energy bands. This relatively low value
placed GRB 190829A on the lower edge of the GRB energy distribution. Nonetheless,
the very close-by distance made it a relatively bright GRB in the Swift-XRT band. H.E.S.S.
observations were performed, starting at T0 + 4.3 h, once afterglow phase emission had
already taken over. Follow-up was performed with the use of the four smaller telescopes
of the H.E.S.S. array and at a starting zenith angle of ∼40◦, corresponding to an energy
threshold of ∼170 GeV. The analysis reported a clear detection of a VHE gamma-ray
signal during the first night with statistical significance of 21.7σ in 3.6 h of observation.
Surprisingly, the GRB was also detected for the two forthcoming nights at T0 + 27.2 h
and T0 + 51.2 h, with statistical significance of 5.5σ and 2.4σ, respectively. Figure 10 (left
panel) shows the fading VHE signal measured during the three nights of observations.
As for GRB 190114C, the X-ray and VHE gamma-ray light curves also show similar decay
profiles with a time evolution characterized by a power law of index αVHE = 1.09± 0.05
and αXRT = 1.07± 0.09 in the H.E.S.S. and Swift-XRT bands, respectively. Despite these
similarities, the interpretation of the VHE light curve and spectrum of GRB 190829A within
the framework of the standard GRB afterglow emission model (such as for GRB 190114C)
showed some tensions. The H.E.S.S. data were collected deep in the afterglow phase in a
moment in which the bulk Lorentz factor of the outflow was evaluated to be Γ∼4.7 and
Γ∼2.6 for the first and second nights of observation, respectively [22,83]. Thus, radiation of
few TeV, such as the one measured by H.E.S.S., besides largely exceeding the synchrotron
burn-off limit at these specific times, also results in tension with the synchrotron+SSC
scenario. With these values of Γ, the electrons producing the VHE emission likely lie in
the Klein–Nishina regime. The corresponding reduction in the inverse Compton cross
section would introduce a cut-off and a steepening of the flux at VHE. As it appears from
H.E.S.S. results (Figure 11), this expected steepening makes it challenging for SSC models
to simultaneously reproduce the observed X-ray and VHE spectra [3]. An intriguing
possibility is to introduce a leptonic scenario with no limitation placed on the electron
maximum energy (and, correspondingly, no synchrotron burn-off limit) that would allow
synchrotron emission to produce VHE photons. Although this scenario reproduces the
H.E.S.S. data (Figure 11) considerably better, it would require a significant re-evaluation
of the relativistic shock-accelerated models. On the other hand, although alternative
interpretations have been presented (see, e.g., [84,85]), attempts to model GRB 190829A
afterglow using a leptonic synchrotron + SSC emission model have been reported with
convincing results and with an obtained set of the shock’s microphysical parameters that
are similar to those found for GRB 190114C [86].

Figure 10. The H.E.S.S. sky map centered at the coordinates of GRB 190829A. The VHE signal was
clearly detected for three consecutive nights up to T0 + 51 h. Reprinted with permission from Ref. [3].
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Figure 11. Multi-wavelength models of the first two nights of GRB 190829A H.E.S.S. The black region
represents the spectrum and uncertainty of the Swift-XRT observations, while the red region is the
H.E.S.S. intrinsic spectrum and its uncertainty. The green arrow is the upper limit set by observation
during the first night by Fermi-LAT. The used model is a standard SSC model with 68% confidence
intervals determined from the posterior probability distribution of the model’s parameter fitting for
the synchrotron component (orange) and the SSC one (blue). No synchrotron cut-off energy (burn-off
limit) is considered. Reprinted with permission from Ref. [3].

GRB 180720B was detected by Fermi-GBM at 14:21:39.65 UTC [87], and 5 s later by
Swift-BAT [88]. The event was also detected by the Fermi-LAT between T0 and T0 + 700 s
with a maximum photon energy of 5 GeV at T0 + 142.4 s [89]. With a redshift of z = 0.653
and an equivalent isotropic energy release of ∼6× 1053 erg in the 50–300 keV band, this
event is one of the brightest GRBs ever detected by Fermi-LAT. The light curves show quite
a conventional power-law behavior in both the X and the optical band with a temporal
flux decay of index αXRT = 1.29± 0.01 and αoptical = 1.24± 0.02. In the HE band, the flux
followed a slightly steeper trend with αLAT = 0.99± 0.04, about 1σ from the mean value of
the distribution of the decay indices of long GRBs detected by Fermi-LAT [1]. Observation
by H.E.S.S. started at T0 + 10 h, and the source was detected at ∼5σ level. The detection
of a VHE emission at such late times into the afterglow phase implied the presence of
very energetic particles accelerated (likely) at the forward shock. Similar to in the case of
GRB 190114C, in [1] an SSC-emitting scenario was found to be reasonably in agreement
with the observational data, although the marginal level of the significance did not allow
more detailed investigation with high statistic and time-resolved spectra and light curve.

4.4. GRB 201015A

GRB 201015A was detected by Swift-BAT and followed-up by MAGIC, which reported
an excess at the level of >3σ in [75,90]. MAGIC observation started from 33 s after T0, last-
ing for about 4 h under good weather conditions. The evidence of emission is found above
an energy threshold of ∼140 GeV. This GRB has some properties similar to GRB 190829A,
in particular, the isotropic energy release Eiso∼1050 erg; however, it is located at a much
farther distance z = 0.423, resulting in a stronger flux attenuation due to the EBL. With the
publication of MAGIC data on this GRB, a more detailed comparison with GRB 190829A
will be possible, giving more insights into VHE GRBs with rather low luminosity.

The observations performed by MAGIC and H.E.S.S. established the presence of a
VHE emission component in both the early and late afterglow phase. For the former,
the fast repositioning and reaction of the MAGIC telescopes played a fundamental role.
For the latter, the merit is the well-thought strategy based on observational results from
other bands. In both cases, these results have proved to be complementary, providing
insights into the nature of GRBs and their VHE detectability at different times, constituting
an important lesson for the future observation strategies of next-generation VHE facilities.
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5. Advances in GRBs Studies and Open Issues at VHE

The detection of a VHE signal from GRB by MAGIC and H.E.S.S. (particularly
GRB 190829A) provided a puzzling and unexpected complexity of scenarios, mainly due
to the differences between the phenomenology of the observed events. GRB 190114C and
GRB 190829A are events that stand on the opposite edges of the GRB energy distribution
being on the ∼30% sub-sample of more energetic burst for GRB 190114C (Eiso = 3× 1053

erg) and more than three orders of magnitude lower for GRB 190829A (Eiso = 2× 1050

erg). The two events also significantly differ in their temporal profile at VHE, with an
extremely bright VHE emission lasting ∼15 min for GRB 190114C and a dimmer but much
longer-lasting emission for GRB 190829A (up to few days after GRB onset). On the other
hand, GRB 180720B, which is more similar to GRB 190114C, was detected several hours
after the event’s onset. In order to exemplify these differences, we reported in Figure 12
(left panel) the value of the bulk Lorentz factor (Γ0) at the beginning of the afterglow phase,
evaluated for a large sample of GRBs [91] once known their isotropic equivalent energy.
The positions of the VHE-detected GRBs are overplotted, from which a different nature of
GRB 190829A might be pointed out, although both events lie on the so-called Amati relation
(Figure 12 right panel). This is an indication that the observed differences in luminosity
and energy are not related to a different geometry of the emission (i.e., GRB 190829A is not
an off-axis event). On the other hand, gamma rays of such high energies largely exceed
the synchrotron burn-off limit, implying the coexistence of an extra emission component
in the VHE band. However, the attempt of broadband modeling of the two events led
to a different physical interpretation of the VHE emission. While GRB 190114C has been
satisfyingly modeled within a synchrotron + SSC emission scenario, the H.E.S.S.S. collab-
oration reported an alternative hypothesis for GRB 190829A. In particular, in [3], it was
proposed the possibility to interpret the VHE radiation as a synchrotron extending well
above the burn-off limit at the time of H.E.S.S. observations. Although intriguing, such
an interpretation has been challenged by other works, where, again, a synchrotron+SSC
approach seems favorable in modeling the broadband spectrum without requiring peculiar
and unconventional choices of the GRB microphysical parameters [86]. Whether an SSC
component is at work in all GRBs and which is the maximum energy achievable by different
emission mechanisms are still some of the open points that can be addressed with more
observations of GRBs at VHE. The tension on the modeling side is also the result of the
limited number of VHE GRBs detected up to now, and of the available multi-wavelength
(MWL) data collected simultaneously. In particular, Fermi-LAT can be of great importance
since it covers the energy range where the transition from the synchrotron radiation to the
possible SSC component is expected, as exemplified by the case of GRB 190114C. However,
such availability of MWL data might not be common, especially if GRBs are detected in
the VHE range at late times, when the flux can be below the sensitivity of, e.g., Fermi-LAT.
Such lack of MWL data can introduce difficulties in the modeling, or lead to degeneracy of
the modeling parameters. From this perspective, early VHE follow-up seems to have an
advantage, with a higher probability of having more simultaneous MWL data available
for later modeling (e.g., the GRB is still bright enough to be detected by instruments such
as Fermi-LAT). Furthermore, the prompt-to-early-afterglow phase, with the coexistence
of forward and reverse shocks in the emitted outflow, could also lead to a large variety
of different and interesting emitting scenarios in the VHE band. In this regard, while a
deeper understanding of the afterglow phase at VHE is due, one of the next challenges is
the detection of VHE emission in the prompt phase. The debate on the physical process at
the origin of the prompt emission is still open, with different possibilities missing a clear
observational proof. A detection of the prompt emission in the VHE range could resolve
such a long-lasting issue, giving a new perspective on this poorly known phase of GRBs.
The challenge for IACTs is the short duration of the prompt phase, compared to the delivery
times of the alerts from triggering instruments and the time for their reaction. In particular,
T90 alone is not a good indicator of the duration of the prompt phase and of the nature
of a GRB, as already debated within the GRB community (see, e.g., [92,93]). Therefore,
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long-duration GRBs with T90 of the order of hundreds of seconds (e.g., GRB 190114C) can
also have prompt phases with a much shorter duration, as shown by the spectral and
temporal analysis of the GRB light curves. For this reason, ground-based instruments
such as HAWC https://www.hawc-observatory.org/ (that already reported results on
GRB observations [94]), LHAASO (http://english.ihep.cas.cn/lhaaso/), and the future
SWGO (https://www.swgo.org/SWGOWiki/doku.php) (all websites accessed on 10 April
2022) could be more suited, given their high-duty cycle and sky coverage, with the down-
side of a higher energy threshold.

Figure 12. Left panel: Correlation between the bulk Lorentz factor at the beginning of the afterglow
phase (Γ0) and the isotropic equivalent energy Eiso for the sample of GRB reported in [91]. Right
panel: the empirical correlation (Amati relation) between the isotropic equivalent energy Eiso and the
peak energy of the GRB spectrum for the same sample in [91] and for the events detected in the VHE
band. In both panels, GRBs followed-up by IACTs are denoted by green and red symbols, indicating
those with and without detection, respectively. Reprinted with permission from Ref. [95].

An additional challenge for IACTs is the detection of short GRBs. While they are
located (on average) at smaller redshift with respect to long GRBs, they are also less lu-
minous, making a detection with IACTs difficult. Currently, the strongest evidence for a
VHE emission component from short GRBs was reported by MAGIC for GRB 160821B [96].
The telescope’s fast response played a major role, despite the adverse observational con-
ditions (reduced atmospheric conditions, relatively high zenith of the observation, and
increased night sky background due to the presence of the Moon). A signal at the level of
3σ (post-trial) was found with a flux upper limit of 1.1× 10−11 cm−2 s−1 in the first half
hour, giving the possibility to perform interesting studies on the expected energy flux at
VHE in an MWL context [96]. The SSC model was found to be in tension with the data,
nonetheless a firm detection and a higher statistics is needed to rule out this possibility.
Such a discovery would be of utmost importance to understand if there are similarities at
VHE between long and short GRBs. Moreover, short GRBs are intimately connected with
searches of gravitational waves (GWs) from their progenitors. A coincident detection of
a short GRB and GWs would allow a comprehensive picture of the system leading to the
GRB itself, and of its following evolution.

Finally, the detection of other GRBs at VHE can open up the possibility of interesting
studies on more fundamental topics. VHE signal from these events might be extremely
valuable for probing external γ− γ absorption due to the EBL out to larger redshifts than
the ones that can be typically reached with other extragalactic sources, such as blazars.
Another possibility could involve the searches for Lorentz invariance violation (LIV), where
distant GRBs with high-energy photons can considerably improve the sensitivity of the
resulting lower limit (see, e.g., [97] for a LIV study using GRB 190114C data). VHE GRB
data can also be used for the search of axion-like particles (ALPs), where we expect spectral
signatures and a reduction of the optical depth, leading to a lower absorption with respect
to the expectation from the EBL (see, e.g., [98]). The GRBs detected so far at VHE confirmed
that a low–moderate redshift is still a necessary condition for the detection for current
IACTs, especially if the luminosity is towards the low end of the distribution. GRB 201216C,
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detected at z = 1.1, stands as an outsider and can represent an interesting case study for
possible EBL or LIV studies. This is indeed a promising result for the next generation of
Cherenkov telescopes that, thanks to improved sensitivity and energy threshold, might
further extend the gamma-ray horizon of these observations.

6. The Next Decades

The Cherenkov Telescope Array Observatory (CTAO) represents the next-generation
ground-based observatory for the study of VHE gamma rays. It will consist of two arrays,
one for each hemisphere, made up of IACTs of different size and characteristics. The CTA
array will routinely perform follow-up observations of GRB triggers and other transients
objects also coming from other cosmic signal, such as neutrino and gravitational waves [99].
The estimation of the detection prospects for such observations are necessarily still prelim-
inary and are dependent on the final array layout and performance. Nonetheless, even
starting with simplified assumptions about the GRB emission, the CTA Consortium already
reported the possibility of detecting ∼hundreds (or more) of photons from moderate to
bright GRB, allowing for a significant improvement in the photon statistics and for the pos-
sibility to have good-quality time-resolved spectra [100]. The preliminary results reported
in such a study show the possibility of detecting up to few GRB per year (considering
both arrays) and allowing to move rapidly from the single-case GRB study, such as for
current IACT, to a full GRB population study at VHE. In order to confirm these early results
and achieve a step forward in the determination of CTA’s prospects for GRB follow-ups,
the CTA Consortium is currently working on a new study where the potential detection
rate is estimated using a theoretical-based approach. Such an approach is based on the
POpulation Synthesis Theory Integrated code for Very high energy Emission (POSyTIVE) model
for GRBs [101]. The aim is to build a GRB population based on few intrinsic properties
and assumptions such as Epeak and redshift distribution, Epeak-Eiso correlation (Amati
relation) [102], and the bulk Lorentz factor distribution obtained by measured the time
of the afterglow onset (providing the bulk Lorentz factor of the event’s coasting phase).
The population obtained (for both long and short GRBs) is calibrated against a wide dataset
of multi-wavelength observations. In order to derive the final expected spectrum, both
the prompt and the afterglow emission are simulated according to a standard leptonic
synchrotron+SSC emission model [14]. The GRB spectra obtained are then used to simu-
late the detailed CTA response through the use of dedicated analysis pipelines based on
gammapy (https://gammapy.org/) and ctools (http://cta.irap.omp.eu/ctools/) (accessed
on 27 April 2022) and making use of the most recent instrument response functions (IRFs).
The results of this study are expected by the end of 2022.

In the framework of the CTA, the earliest science operations have recently started
thanks to the large-sized telescope prototype (LST-1). LSTs are the largest telescopes
designed for CTA, having a 23 m diameter reflector. The first prototype, LST-1 (Figure 13
left panel), is located at the Roque de los Muchachos observatory (28.8◦ N, 17.8◦ W, 2200
m a.s.l.), on the Canary Island of La Palma [103], the designed site for the CTA north
array. Thanks to the reflective surface of about 400 m2, the LST-1 will be able to achieve an
energy threshold of ≈20 GeV, a value particularly suitable for transients and high-redshift
source observations. Furthermore, LSTs are built with a light carbon-fiber structure in
order to reduce the total weight of the telescope to about 103 tons and to make possible the
fast repositioning (∼30 s for 180◦ azimuth displacement) to catch early emission phases
of transient objects. LST-1 was inaugurated in October 2018 and is currently finalizing
its commissioning phase. Starting from the first months of 2021, the time allocated for
technical observations has been gradually reduced, allowing the first observations of targets
of astrophysical interest. Transients follow-up, including GRBs, have the highest priority
among LST-1 observed targets. Although a fully automatic procedure that will allow the
telescope to react automatically to incoming alerts is still under development, the first
observations of GRBs have been performed [95]. Preliminary analysis did not reveal VHE
emission associated with any of the observed alerts; however, the continuous effort in
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improving the telescope’s performance and robustness will soon place LST-1 in a key
position for VHE observations of those peculiar events, making it a noticeable testbench for
the forthcoming full-configured CTA array.

Figure 13. (Left) The LST prototype during night operation in La Palma. Picture credit: Tomohiro
Inada. (Right) GRB detection rate for one of the CTA arrays as a function of the expected LST energy
threshold. The curves represent two possible empirical assumptions for GRB spectrum at very
high energy; one considering a simple extrapolation of the band emission up to VHE (solid black),
the other considering an additional emission component (dashed blue). Reprinted with permission
from Ref. [100].

The firm detection of a signal extending up to the multi-TeV band for GRB 190829A
has opened new interesting possibilities for observations also with IACTs not specifically
designed for transients follow-up, such as the small-sized telescopes (SST) foreseen for
the CTA. An interesting example is the case of the ASTRI mini-array, composed of nine
imaging atmospheric dual-mirror Cherenkov telescopes at the Teide Observatory site on
the Canary Island of La Palma [104]. The telescopes will have a relatively small primary
mirror of ∼4 m diameter, allowing to detect gamma rays in the 0.5–200 TeV range. Despite
the corresponding limited gamma-ray horizon accessible, the authors in [105] proved the
feasibility of the ASTRI mini-array to detect bright and nearby GRBs. This would guarantee
to cover, with high sensitivity, the extreme edge of the VHE band, complementing the data
collected at lower energies with instruments such as the LSTs.

7. Conclusions

VHE observations provide a new channel to study the physics of GRBs in an energy
range particularly important for the discrimination of different emitting scenarios and for
the constraint of the GRBs’ physical parameters in space. The detection of GRBs at VHE
represents one of the major breakthroughs for transient astrophysics in the last years. This
result was finally achieved thanks to the relentless efforts and the continuous improvements
on both the technical and the observational strategy side by current IACTs collaborations.
The small sample of detected events shows a large variety of phenomenology that leaves
some questions unanswered, creating difficulties in finding a possible common interpreta-
tive scenarios. In all detected events, VHE emission has been observed on timescales much
longer than the corresponding prompt phase, confirming the results already observed in
the GeV band. However, besides the detection of bright and powerful events, that for a long
time were assumed to be the best candidates for VHE emission, relatively low-luminosity
events also showed long-lasting emission up to the TeV band. This suggests that the
detection of these GRBs is likely not unique and the VHE component might be a relatively
common feature of many GRBs, although observable only under favorable conditions by
IACTs. Whether all GRBs have a VHE emission component and whether the parameter
space of a possible VHE-emitter GRB is larger than what was previously thought, this will
be one of the key issues for the next generation of IACTs, namely, the CTAO. Short timescale
transients (including GRBs) have been one of the key motivations when designing the
different elements of the CTA, and in particular the LSTs, whose first prototype recently
started its operation in the Canary Island of La Palma. Once fully configured, a detection
rate of the order of a few bursts per year might be expected, allowing us to build and
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characterize the GRB population at VHE. Furthermore, the achievable photon statistics
would allow CTA to study the spectral and temporal properties of GRBs, shedding light
into unresolved issues such as determining the jet formation dynamics and the mechanisms
of particle acceleration.
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Abstract: Afterglow radiation in gamma-ray bursts (GRB), extending from the radio band to GeV
energies, is produced as a result of the interaction between the relativistic jet and the ambient medium.
Although in general the origin of the emission is robustly identified as synchrotron radiation from
the shock-accelerated electrons, many aspects remain poorly constrained, such as the role of inverse
Compton emission, the particle acceleration mechanism, the properties of the environment and of
the GRB jet itself. The extension of the afterglow emission into the TeV band has been discussed
and theorized for years, but has eluded for a long time the observations. Recently, the Cherenkov
telescopes, MAGIC and H.E.S.S., have unequivocally proven that afterglow radiation is also produced
above 100 GeV, up to at least a few TeV. The accessibility of the TeV spectral window will largely
improve with the upcoming facility CTA (the Cherenkov Telescope Array). In this review article, we
first revise the current model for afterglow emission in GRBs, its limitations and open issues. Then,
we describe the recent detections of very high energy emission from GRBs and the origin of this
radiation. Implications on the understanding of afterglow radiation and constraints on the physics of
the involved processes will be deeply investigated, demonstrating how future observations, especially
by the CTA Observatory, are expected to give a key contribution in improving our comprehension of
such elusive sources.

Keywords: gamma-ray bursts; non-thermal processes; Cherenkov telescopes

1. Introduction

Gamma-ray bursts (GRBs) are observed as transient sources of radiation displaying a
distinctive pattern that consists of two different phases. The first phase is dominated by
emission in the keV-MeV energy range, lasting from fractions of a second to several minutes,
and reaching isotropic equivalent peak luminosities in the range L∼1049–1053 erg s−1. The
bimodal distribution of the prompt emission duration reveals that there are two classes
of GRBs, called short and long depending on whether the prompt emission lasts shorter
or longer than 2 s [1,2]. The second emission phase, called the afterglow, follows the
prompt with a delay of tens of seconds, and is detected on a very wide range of frequencies,
from γ-rays to the radio band. The afterglow flux decays smoothly as a power-law in time
for weeks or months, and the typical frequency of the radiation moves in time from the
X-ray to the radio band. Since 2019, the detection of a few long GRBs between 0.3 and
3 TeV on time-scales from tens of seconds to a few days proved for the first time that GRBs
can also be sources of radiation in the TeV band, where they can convey a sizable fraction
(20–50%) of the total energy emitted during the afterglow phase [3–5].

All this prompt/afterglow emission is identified with radiation produced as a result
of the launch of an ultra-relativistic (Γ∼100–1000) jet from a newly born compact object.
The ejecta first undergoes internal dissipation (through mechanisms such as shocks between
different parts of the outflow [6] or magnetic reconnection episodes [7,8]). In a second
moment, the ejecta undergoes external dissipation [9], triggered by interactions with the
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ambient medium (e.g., the interstellar medium or the wind of the progenitor’s star [10]).
The two different dissipation processes occur at different typical distances from the central
engine (R∼1013−14 cm and R∼1015−20 cm) and generate two well distinguished emission
phases, identified as the prompt and afterglow emission, respectively.

For long GRBs, it is widely believed that the involved energetics and time-scales and
the successful launch of a relativistic jet can find justification in the collapsar model [11,12].
In this model, the core of a massive star collapses into a black hole and the accretion
from the surrounding disk powers the launch of two opposite, collimated (θjet∼5–10◦)
outflows. A similar scenario also applies to short GRBs, where the black hole originates
from the merger of two neutron stars (as recently proven by the association of a short GRB
with a gravitational wave signal [13]) or a neutron star and a black-hole. An alternative
model [14–17] considers a millisecond magnetar (i.e., a rapidly rotating neutron star) as
the progenitor of long GRBs (or at least a fraction of them). This model has the advan-
tage of more naturally explaining the detections of late time activity (102–103 s after the
prompt onset) in the form of X-ray flares and plateaus, observed in about one third of
the population.

Beside the nature of the progenitor’s star, another quite pressing open issue in GRB
physics concerns the composition of the jet itself, i.e., the nature of the dominant energy
stored in the outflow, which can be either magnetic (in the form of Poynting flux [7,14])
or kinetic (i.e., bulk motion of the matter). This uncertainty reflects an uncertainty on
the mechanism extracting energy from the jet (i.e., the process converting part of the jet
energy into random energy of the particles), which is identified with internal shocks in
the latter case, and magnetic reconnection events in the case of a Poynting flux dominated
outflows [14]. While internal shocks in a matter-dominated jet have been considered
the mainstream model for a long time, tensions between some model predictions and
observations have moved the attention in the last decade to a family of models based on
magnetic jets [18–20]. In particular, internal shocks are not an efficient mechanism [21,22],
and this is in contrast with the evidence that only a relatively small fraction (10–50%)
of energy is still in the blast-wave during the afterglow phase, meaning that most of
it must have been dissipated and radiated away during the prompt. It must be noted,
however, that the estimate of the energy content of the blast during the afterglow is indirect,
and contingent upon a proper modeling of the afterglow emission [23]. Investigations that
took advantage of GeV emission detected by LAT (the Large Area Telescope onboard the
Fermi satellite), reached the conclusion that the blast energy is usually underestimated
by studies relying on X-ray emission, and inferred a prompt emission efficiency between
1–10% [24], which is still consistent with internal shocks. The nature and efficiency of
the dissipation mechanism in the prompt phase are still matters of intense debate. In
any case, the radiation is expected to be produced by the accelerated electrons, which
efficiently lose energy via synchrotron cooling [6,25]. Inconsistencies between the expected
synchrotron spectrum and the observed spectral shape of the prompt emission [25,26] have
also called into question the nature of the radiative process. Recent works have performed
major advances towards the comprehension of the radiative mechanism responsible for the
prompt emission, supporting the synchrotron interpretation [27–31].

The nature of the afterglow emission is much better understood, at least on its general
grounds. The interaction between the jet and the external medium triggers the formation
of a forward shock running into the external medium and a reverse shock running into
the ejecta [32–34]. These shocks are responsible for the acceleration of particles and for
the deceleration of the outflow, eventually down to non-relativistic velocities [35–37]. The
observed radiation is the result of synchrotron radiation from electrons accelerated at the
forward shock [38]. A contribution from the reverse shock may also be relevant, typically
in the radio and optical band [34,39]. Shock formation and particle acceleration in ultra-
relativistic shocks are still not completely understood. Very important progresses have been
achieved in the last decade on the theoretical side (see [40] for a recent review), especially
thanks to numerical particle-in-cell (PIC) simulations [41,42]. Ultra-relativistic shocks in a
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weakly magnetized medium are found to be efficient particle accelerators, with ξe ∼ 1% of
the electrons being accelerated into a power-law distribution with spectral index p ∼ 2.5,
carrying about εe ∼ 10% of the shock-dissipated energy. A strong magnetic turbulence is
self-generated by the accelerated particles counter-streaming in the upstream, ahead of the
shock, at a level of magnetization εB =0.01–0.1 [42]. PIC simulations, however, are currently
probing time-scales that are orders of magnitude smaller than the dynamical time-scale of
the blast-wave. This implies that results from simulations can only be extrapolated to the
relevant time-scales, introducing a certain degree of uncertainty and caution in using the
results as inputs for the modeling of GRB afterglows. What is still poorly understood, even
though dedicated simulations are starting to give important clues [43], is how the micro-
turbulence generated in the shock vicinity evolves (decays) with time. This is particularly
important for a proper interpretation of the observations, since it is likely that the particles
produce synchrotron and synchrotron-self Compton (SSC) photons in a region of decayed
micro-turbulence, and hence feel a magnetic field with εB << 0.01.

The afterglow emission, its spectral shape from radio to γ-rays, and its temporal
evolution from seconds to months, contain a wealth of (convoluted) information on blast
dynamics, particle acceleration, magnetic turbulence generation and decay, and external
density in the progenitor’s surroundings (up to a parsec scale). Nevertheless, since all
these ingredients are poorly constrained from theoretical grounds, they enter the afterglow
physics as free, unconstrained model parameters. The large degeneracy among different
parameters and the small number of observables as compared to model variables are
limiting our possibility to extract valuable and robust information from the modeling of
the observed afterglow radiation. To go beyond the state-of-the-art, additional efforts are
necessary both on the observational and theoretical sides.

An interesting opportunity has recently opened on the observational side, thanks to
the discovery that GRBs can be sources of TeV radiation associated with the afterglow
phase [3,4]. The characterization of the TeV spectra and light curves offers new observables
to further constrain the unknown physics of the afterglow emission. These observations are
expected to impact on our current understanding of the environment where GRBs explode
(and hence on the nature of their progenitors), of the physics of ultra-relativistic shocks,
and of the properties of the jet (e.g., bulk Lorentz factor and energy content). Constraining
the jet properties is mandatory for a correct estimate of the prompt mechanism efficiency
and then for determining its nature. It is then evident how the opening of this completely
new energy window in GRBs is expected to boost the studies in a field that has many
connections both with the general understanding of the GRB phenomenon and with topics
of general interest, such as star formation and evolution, the last stages of massive stars
and their environments and plasma physics under extreme conditions.

Given the impressive amount of new information that VHE observations are going to
bring to the field, it is important to revise what is the state-of-the-art, what are the main
issues and how we can benefit from the few existing and the upcoming observations in the
TeV domain. This review revisits the present understanding of afterglow radiation, the dis-
covery of very-high energy (VHE, > 100 GeV) emission from GRBs and future prospects
for the detection of GRBs at VHE with the next generation of Cherenkov telescopes.

For recent and complete reviews on GRB’s phenomenology and theoretical inter-
pretation before the TeV era see [44,45]. An overview focused on high-energy emission
(0.1–100 GeV) observations and interpretation can be found in [46].

This review is organized as follows. Section 2 presents an overview of the afterglow
external shock model, revisiting our common understanding and phenomenological de-
scription of (i) the dynamics of the blast-wave, (ii) shock formation, particle acceleration
and self-generation of turbulent magnetic field in the shock proximity, and (iii) the main
processes shaping the radiative output, on the whole electromagnetic spectrum, from ra-
dio to very-high energy γ-rays. In Section 3, we propose a discussion of the main open
issues of the afterglow model, outlining which observations are at odds with model predic-
tions, which observed features are missing in the basic scenario and what are the present
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limitations that prevent us from extracting valuable information from the modeling of
multi-wavelength afterglow radiation. In Section 4, we describe the recent discovery that
GRBs can be bright TeV emitters. Each GRB with a firm (or with a hint of) detection by
MAGIC or H.E.S.S. is discussed in detail. We present multi-wavelength observations and
review the proposed interpretations of the detected emission. In Section 5, we compare
the general properties of the detected GRBs both among each other and with the general
population. We discuss how the TeV emission can help to solve some of the most important
issues of the afterglow model. Finally, in Section 6, we discuss the prospects for future
studies of TeV emission from GRBs with the next generation of Cherenkov telescopes and
their expected impact on GRB physics.

2. The Afterglow Model

Afterglow emission refers to all the broad-band radiation observed from a GRB on
longer timescales (minutes to months) as compared to the initial prompt radiation detected
in hard X-rays [38,47,48]. Its temporal evolution is usually well described with simple
decaying power-laws, in contrast with the short-time (<seconds) variability that charac-
terizes the prompt emission [49–52]. These major differences place the emission region
of afterglow radiation at larger radii (>1015 cm), pinpointing its origin in the processes
triggered by the interaction between the jet and the circumburst medium.

The expansion of the relativistic jet into the external medium is expected to drive
two different shocks: the forward shock, running into the external medium, and the
reverse shock, running into the jet. The shocked ejecta and the shocked external medium,
separated by the contact discontinuity, are both sources of synchrotron radiation from
the accelerated electrons [53]. Most of the detected radiation is interpreted as emission
from ambient particles energized by the forward shock. Spectra and lightcurves are then
shaped by the environment where the GRB explodes, which in turn is strictly connected
to the nature of the progenitor. The other player that shapes the properties of afterglow
radiation is particle acceleration at relativistic shocks, which is thought to proceed via
diffusive shock acceleration, but for which the details of the underlying physics still remain
poorly constrained. Moreover, the overall luminosity of the afterglow radiation depends
on the energy content of the blast-wave. Such an amount is determined by how efficiently
the prompt mechanism has dissipated and released part of the initial explosion energy.
Following these considerations, it is evident how the study of afterglow radiation impacts
on the general understanding of the GRB phenomenon: the progenitor and its environment,
the nature and efficiency of the mechanisms responsible for prompt emission, the properties
of the jet, and the micro-physics of relativistic shocks.

In this section, the physics involved in the afterglow scenario is presented, with a
particular focus on the forward shock emission and on the radiative output expected at VHE.
This section is organized as follows: we revisit the physics of the jet dynamical evolution in
its interaction with the ambient medium (Section 2.1), the particle acceleration mechanism
(Section 2.2) and the resulting radiative output and its spectral shape (Section 2.3).

2.1. Jet Dynamics

After the reverse shock has crossed the ejecta, the dynamics of the blast-wave enters
a self-similar regime ([35], BM76 hereafter). In a thin shell approximation, the reverse
shock crossing time corresponds to the time when the blast-wave starts decelerating. The
deceleration of the jet, caused by the collision with the external medium, becomes significant
at the radius Rdec, where the energy transferred to the mass m collected from the external
medium (∼m(Rdec)c2Γ2

0) is comparable to the initial energy (E0 = M0Γ0 c2) carried by the
jet. This deceleration radius is typically of the order of Rdec∼1015–1016 cm, depending on
the density of the external medium, the ejecta mass M0 and initial bulk Lorentz factor Γ0.
Before reaching this radius, the ejecta expands with constant velocity (coasting phase).

Most analytic estimates of the afterglow evolution with the purpose of modeling data
are developed for the deceleration phase, where the self-similar BM76 solution for adiabatic
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blast-waves is adopted [38,47,54]. Since VHE emission can be detected at quite early times
(a few tens of seconds), we are also interested in the description of the coasting phase and
in a proper treatment of the transition between coasting and deceleration.

In the following, to derive the evolution of the bulk Lorentz factor, we adopt the
approach proposed by [55]. This method allows us to describe the hydrodynamics of a
relativistic blast-wave expanding into a medium with an arbitrary density profile ρ(R)
and composition (i.e., enriched by pairs), and the transition from the free expansion of
the ejecta to the deceleration phase, taking into account the role of radiative and adiabatic
losses. The internal structure is neglected (homogeneous shell approximation), and the
Lorentz factor Γ considered is the one of the fluids just behind the shock front. In the
deceleration phase, the self-similar solutions derived in BM76 are recovered by this method,
both for the adiabatic and the fully radiative cases, and for constant and wind-like density
profiles of the external medium. The presented approach also allows us to introduce a time-
varying radiative efficiency, either resulting from a change with time of εe or a change in
the radiative efficiency of the electrons. Equations reported here are valid after the reverse
shock has crossed the ejecta. Corrections to the hydrodynamics before the reverse-shock
crossing time can be found in [55].

2.1.1. Equation Describing the Evolution of the Bulk Lorentz Factor

The aim is to derive an equation describing the change dΓ of the bulk Lorentz fac-
tor of the fluid just behind the shock in response to the collision with a mass dm(R) =
4πR2ρ(R)dR encountered when the shock front moves from a distance R to R + dR and
with ρ being the mass density. The change in Γ is determined by dissipation of the bulk
kinetic energy, the conversion of internal energy back into bulk motion, and injection of
energy into the blast-wave. The latter is sometimes invoked to explain plateau phases in
the X-ray early afterglow or to explain flux rebrightenings [56–58]. The following treat-
ment neglects energy injection, which, however, can be easily incorporated in this kind
of approach.

To write the equation for energy conservation, from which dΓ/dR can be derived, we
first need to recall how the energy density transforms under Lorentz transformations. In
the following, we denote quantities measured in the frame comoving with the shocked
fluid (comoving frame), with a prime, to distinguish them from quantities measured in the
frame of the progenitor star (rest frame, without a prime).

The energy density in the comoving frame is u′ = u′int + ρ′c2, where u′int is the co-
moving internal energy and ρ′ is the comoving mass density. Applying Lorentz trans-
formations, u = (u′ + p′)Γ2 − p′, where p′ is the pressure and is related to the internal
energy density by the equation of state, and p′ = (γ̂− 1) u′int = (γ̂− 1) (u′ − ρ′c2), where
γ̂ is the adiabatic index of the shocked plasma. The energy density is then given by:
u = u′int(γ̂Γ2− γ̂+ 1) + ρ′c2Γ2, which shows how the internal energy and rest mass density
transform. The total energy in the progenitor frame will be E = uV = uV′/Γ, where V is
the shell volume in the progenitor frame, and can be expressed as:

E = ΓMc2 + ΓeffE′int , (1)

where:

Γeff ≡
γ̂Γ2 − γ̂ + 1

Γ
, (2)

which properly describes the Lorentz transformation of the internal energy. Here, M =
M0 + m = ρ′V′ is the sum of the ejecta mass M0 = E0/Γ0c2 and of the swept-up mass
m(R), and E′int = (u′ − ρ′c2)V′ is the comoving internal energy. The adiabatic index can
be parameterized as γ̂ = (4 + Γ−1)/3 to obtain the expected limits γ̂ ' 4/3 for Γ � 1
and γ̂ ' 5/3 for Γ→ 1. The majority of analytical treatments use Γ instead of Γeff , which
implies an error up to a factor of 4/3 in the ultra-relativistic limit [55].

The blast-wave energy E in Equation (1) can change due to (i), the rest mass energy
dm c2 collected from the medium, (ii) radiative losses dErad = Γeff dE′rad and (iii) injection of
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energy. Ignoring possible episodes of energy injections into the blast-wave, the equation of
energy conservation in the progenitor frame is:

d
[
Γ(M0 + m)c2 + Γeff E′int

]
= dm c2 + Γeff dE′rad . (3)

The overall change in the comoving internal energy dE′int results from the sum of three
contributions:

dE′int = dE′sh + dE′ad + dE′rad . (4)

The first contribution, dE′sh = (Γ− 1) dm c2, is the random kinetic energy produced
at the shock as a result of the interaction with an element dm of circum-burst material:
as pointed out by BM76, in the post-shock frame, the average kinetic energy per unit
mass dE′sh/dm is constant across the shock, and equal to (Γ− 1)c2. The second term in
Equation (4), dE′ad, is the internal energy lost due to adiabatic expansion, that leads to a
conversion of random energy back to bulk kinetic energy. The third term, dE′rad, accounts
for radiative losses.

From Equation (3), it follows that the variation of the Lorentz factor is:

dΓ
dR

= −
(Γeff + 1)(Γ− 1) c2 dm

dR + Γeff
dE′ad
dR

(M0 + m) c2 + E′int
dΓeff
dΓ

, (5)

from which the evolution Γ(R) of the bulk Lorentz factor of the fluid just behind the shock
as a function of the shock front radius can be derived.

The term Γeff dE′ad/dR, accounting for adiabatic losses, allows us to describe the re-
acceleration of the fireball: this contribution, usually neglected, becomes important only
when the density decreases faster than ρ ∝ R−3. To evaluate Equation (5), it is necessary to
first specify dE′ad and E′int.

2.1.2. Internal Energy and Adiabatic Losses

In specific cases, the adiabatic losses and the internal energy content can be expressed
in an analytic form. The following treatment to estimate adiabatic losses and the internal
energy content of the blast-wave assumes that, right behind the shock, the freshly shocked
electrons instantaneously radiate a fraction εrad of their internal energy and then they cool
only due to adiabatic losses [55]. By assuming that the accelerated electrons promptly
radiate at the shock, and then they evolve adiabatically, one is implicitly considering either
a fast cooling regime or quasi-adiabatic regime, in which case the radiative losses do not
affect the shell dynamics.

Defining εe as the fraction of energy dE′sh dissipated by the shock and gained by
the leptons, the mean random Lorentz factor of post-shock leptons becomes (for a more
detailed discussion see Section 2.2):

γacc,e − 1 = (Γ− 1)εe/µe . (6)

Here, µe = ρe/ρ is the ratio between the mass density ρe of shocked electrons and
positrons (simply “electrons” from now on) and the total mass density of the shocked
matter ρ. In the absence of electron-positron pairs µe = me/(me + mp) ' me/mp.

Leptons then radiate a fraction εrad of their internal energy, i.e., the energy lost to
radiation is dE′rad = −εradεe dE′sh = −ε dE′sh, with ε ≡ εradεe being the overall fraction of
the shock-dissipated energy that goes into radiation. After radiating a fraction εrad of their
internal energy, the mean random Lorentz factor of the freshly shocked electrons decreases
down to:

γrad,e − 1 = (1− εrad)(γacc,e − 1) = (1− εrad)(Γ− 1)
εe

µe
. (7)
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The assumption of instantaneous radiative losses is verified in the fast cooling regime
(εrad ∼ 1), which is required (but not sufficient) to have ε ∼ 1 (i.e., a fully radiative
blast-wave). In the opposite case εrad � 1, the evolution is nearly adiabatic (ε � 1),
regardless of the value of εe, and the details of the radiative cooling processes are likely to
be unimportant for the shell dynamics. The case with intermediate values of εrad and ε is
harder to treat analytically, since the electrons shocked at radius R may continue to emit
copiously at larger distances as well, affecting the blast-wave dynamics.

A similar treatment can be adopted for protons: if protons gain a fraction εp of the
energy dissipated by the shock (with εp = 1− εe − εB), their mean post-shock Lorentz
factor will be:

γacc,p − 1 = (Γ− 1)
εp

µp
, (8)

where µp = ρp/ρ is the ratio between the mass density of shocked protons ρp and the total
shocked mass density ρ. In the standard case, when pairs are absent, µp ' 1. Since the
proton radiative losses are negligible, the shocked protons will lose their energy only due
to adiabatic cooling.

Adiabatic losses can be computed starting from dE′int = −p′ dV′, where p′ is the
pressure in the comoving frame. For N particles with Lorentz factor γ, the internal energy
density is:

u′int =
N(γ− 1)m c2

V′
. (9)

The radial change of the Lorentz factor, as a result of expansion losses, is:
(

d(γ− 1)
dr

)

ad
= −(γ̂− 1)(γ− 1)

d ln V′

dr
. (10)

To estimate the adiabatic losses, let us assume that the shell comoving volume scales
as V′ ∝ R3/Γ, corresponding to a shell thickness in the progenitor frame ∼ R/Γ2. This
scaling is correct for both relativistic and non-relativistic shocks in the decelerating phase
(BM76). For re-accelerating relativistic shocks, Shapiro [59] demonstrated that the thickness
of the region containing most of the blast-wave energy is still ∼ R/Γ2. For the sake of
simplicity, changes in the comoving volume due to a time-varying adiabatic index or
radiative efficiency are neglected. If the scaling V′ ∝ R3/Γ is assumed, the equation can be
further developed analytically, and reads:

(
d(γ− 1)

dr

)

ad
= −(γ̂− 1)(γ− 1)

(
3
r
− d ln Γ

dr

)
. (11)

The comoving Lorentz factor at radius R, for a particle injected with γ(r) when the
shock radius was r, will be

γad(R, r)− 1 =
( r

R

)3(γ̂−1)
[

Γ(R)
Γ(r)

](γ̂−1)

(γ(r)− 1) . (12)

where γ(r) is given by γrad,e(r) (Equation (7)) for leptons, and by γacc,p(r) (Equation (8))
for protons.

Considering the proton and lepton energy densities separately, the comoving internal
energy at radius R will be:

E′int(R)=4πc2
∫ R

0
drr2

{
ρp(r)[γad,p(R, r)−1]+ρe(r)[γad,e(R, r)−1]

}
. (13)

With the help of Equation (12), one can explicitly find E′int(R) and insert it in Equation (5).
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The other term needed in Equation (5) is dE′ad/dR. First, we have derived (dγ/dR)ad
for a single particle. Now integrating over the total number of particles, again considering
protons and leptons separately, one obtains:

dE′ad(R)
dR

= −4πc2(γ̂− 1)
(

3
R
− d log Γ

dR

) ∫ R

0
drr2

{
ρp(r)(γad,p − 1) + ρe(r)(γad,e − 1)

}
. (14)

In Equations (13) and (14), it is assumed that only the swept-up matter is subject to
adiabatic cooling, i.e., that the ejecta particles are cold.

As long as the shocked particles remain relativistic, the equations for the comoving
internal energy and for the adiabatic expansion losses assume simpler forms:

E′int(R) = 4πc2
∫ R

0
dr r2 r

R

[
Γ(R)
Γ(r)

]1/3

Γ(r)
{

εp

µp
ρp + (1− εrad)

εe

µe
ρe

}

= 4πc2
∫ R

0
dr r2 r

R

[
Γ(R)
Γ(r)

]1/3

Γ(r) ρ(r)
(
εp + εe − ε

)

dE′ad(R)
dR

= −E′int(R)
(

1
R
− 1

3
d log Γ

dR

)
.

(15)

In the absence of significant magnetic field amplification, εp + εe ' 1 so that εp + εe −
ε ' 1− ε, and the radiative processes of the blast-wave are entirely captured by the single
efficiency parameter ε. In the fast cooling regime εrad ∼ 1 and ε ' εe. In this case, the term
εp + εe − ε reduces to εp, meaning that, regardless of the amount of energy gained by the
electrons, in the fast cooling regime the adiabatic losses are dominated by the protons, since
the electrons lose all their energy to radiation.

Evaluating these expressions for adiabatic blast-waves in a power-law density profile
ρ ∝ R−s, one obtains:

E′int(R) =
9− 3s
9− 2s

Γmc2 ,
dE′ad(R)

dR
= − (9− s)(3− s)

2(9− 2s)
Γmc2

R
, (16)

where Γ ∝ R−(3−s)/2 as in the adiabatic BM76 solution has been used.
In the fully radiative regime ε = 1, which implies E′int = 0 and dE′ad = 0, Equation (5)

reduces to:
dΓ
dm

= −
(Γeff + 1)(Γ− 1)

M0 + m
, (17)

which describes the evolution of a momentum-conserving (rather than pressure-driven)
snowplow. Replacing Γeff → Γ, the solution of this equation coincides with the result
by BM76.

Since the model is based on the homogeneous shell approximation, the adiabatic
solution does not recover the correct normalization of the BM76 solution. In this treatment,
the total energy of a relativistic decelerating adiabatic blast wave in a power-law density
profile ρ(R) ∝ R−s is

E0 ' Γeff E′int '
4
3

ΓE′int '
12− 4s
9− 2s

Γ2mc2 , (18)

so that the BM76 normalization can be recovered by multiplying the density of external
matter in Equations (5), (13) and (14) by the factor (9− 2s)/(17− 4s). To smoothly interpo-
late between the adiabatic regime and the radiative regime, the following correction factor
should be adopted:

CBM76,ε ≡ ε +
9− 2s
17− 4s

(1− ε) . (19)
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No analytic model properly captures the transition between an adiabatic relativistic
blast-wave and the momentum-conserving snowplow, as ε increases from zero to unity.
The simple interpolation in Equation (19) joins the fully adiabatic BM76 solution with the
fully radiative momentum-conserving snowplow.

In summary, Equations (5), (13) and (14), complemented with the correction in
Equation (19) (which should by applied to every occurrence of external density and exter-
nal matter) completely determine the evolution of the shell Lorentz factor Γ as a function of
the shock radius R.

2.2. Relativistic Shock Acceleration

The spectral shape of the afterglow emission is well described by power-laws over a
wide energy range (from radio to GeV-TeV). This is the clear manifestation of the presence
of an electron population that has been accelerated in a power-law energy distribution. In
GRB afterglows, the main candidate to explain the accelerated non-thermal particles is a
Fermi-like mechanism that operates with similar general principles as the non-relativistic
diffusive shock acceleration: particles are scattered back and forth across the shock front by
magnetic turbulence and gain energy at each shock crossing. The particles themselves are
thought to be responsible for triggering the magnetic instability that produces the turbulent
field governing their acceleration. The outcome of this acceleration process is determined by
the composition of the ambient medium (electron-proton plasma in the case of GRB forward
shocks), the fluid Lorentz factor (ΓGRB >> 1, decreasing to non-relativistic velocity only
after several weeks or months) and the magnetization σ (i.e., the ratio between Poynting
and kinetic flux in the pre-shocked fluid, σ = B2/(4π mp n c2)), with B being the magnetic
field strength. For GRB forward shocks, the magnetization is low, around 10−9 in the
interstellar medium and in any case below 10−5 even for a magnetized circumstellar wind.

In this section, we summarize the present understanding of particle acceleration and
magnetic field generation in electron-proton, ultra-relativistic, weakly magnetized shocks.
The statements and considerations reported in this section refer specifically to this case
(which is the one relevant for forward external shocks in GRBs) and might not be valid for
magnetized plasma and/or mildly-relativistic flows and/or electron-positron plasma.

In general, the information that one would extract from theoretical/numerical investi-
gations and compare with observations are: (i) the spectral shape of the emitting electrons
(i.e., the minimum and maximum Lorentz factor γmin/max and the spectral index p), (ii)
the acceleration efficiency (i.e., the fraction of electrons ξe and the fraction of energy εe
in the non-thermal population) and (iii) the strength of the self-generated magnetic field,
usually quantified in terms of fraction εB of the shock-dissipated energy conveyed in the
magnetic field. In particular, in order to compare with observations, the relevant εB is the
one in the downstream, in the region where radiative cooling takes place and the emission
is produced.

After revisiting the state-of-the-art of the theoretical understanding (for recent reviews,
see [40,60]), we discuss how particle acceleration and magnetic field amplification are
incorporated in GRB afterglow modeling, and then we comment on the constraints on
the above-mentioned parameters as inferred from the comparison between the model and
the observations.

2.2.1. Inputs from Theoretical Investigations

Analytical approaches and Monte Carlo simulations generally rely on the assumption
that electromagnetic waves, providing the scattering centers to regulate and govern the
acceleration, are present on both sites of the shock, with a given strength and spectrum, so
that the Fermi mechanism can operate. The particle distribution is then evolved under some
assumption (such as diffusion in pitch angle) on the scattering process, and considering a
test-particle approximation (i.e., the high-energy particles do not modify the properties of
the waves).
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The main success of these approaches is the verification that under these conditions
power-law spectra are indeed produced and the predicted spectral index is in very good
agreement with observations of afterglow radiation from GRBs [61]. The spectral index has
been calculated for different assumptions on the equation of state, diffusion prescription
and for a wide range of shock velocities [61]. A quasi-universal value p ' 2.2− 2.3 is
found in the ultra-relativistic limit. Figure 1 shows a comparison between analytical and
numerical results as a function of the shock velocity for three different types of shocks
(see [61] for details). In the ultra-relativistic limit (γβ � 1), the estimates of the spectral
slopes converge to a universal value p = s− 2 ∼ 2.2.

Figure 1. Spectral index (sp = p + 2) of the electrons accelerated in shocks as a function of the shock
velocity. Curves refer to the equation derived by [61] under the hypothesis of isotropic, small-angle
scattering and is a generalization of the non-relativistic formula. Symbols show the comparison with
numerical studies. Different curves refer to different assumptions on the type of shock (see [61] for
details): in all cases, the value of the spectral index approaches the same value sp ∼ 4.2 (corresponding
to p ∼ 2.2) in the ultra-relativistic limit.

The investigation of relativistic shocks is complemented by particle-in-cell (PIC) sim-
ulations, where the non-linear coupling between particles and self-generated magnetic
turbulence is captured from first principles.

The limitations of this technique are imposed by the computation time: for accuracy
and stability, PIC simulations need to resolve the electron plasma skin depth c/ωpe of the
upcoming electrons (where ωpe =

√
4πe2ne/me is the plasma oscillation frequency of the

upstream plasma, ne is the proper density and me is the electron mass), which is orders of
magnitudes smaller than the scales of astrophysical interest. It is then difficult to follow the
evolution on time-scales and length-scales relevant for astrophysics. Low dimensionality
(1D or 2D instead of 3D) and small ion-to-electron mass ratios are additional limitations
imposed by the computation time. Results of PIC simulations need then to be extrapolated
to bridge the gap between the micro-physical scales and the scales of interest. With these
caveats in mind, we summarize here the main achievements.

PIC simulations have shown that magnetic turbulence can be efficiently (εB ∼ 0.01−
0.1) generated by the accelerated particles streaming ahead of the shock (in the so-called
precursor region), where they generate strong magnetic waves, which in turn scatter the
particles back and fourth across the shock. In particular, in the weakly magnetised shocks
discussed in this section, the dominant plasma instability is thought to be the so-called
Weibel (or current filamentation) instability [62], generated by the counter-streaming of
the accelerated particles against the background plasma in the precursor region [42,63].
PIC simulations have demonstrated that as long as the fluid is ultra-relativistic (Γ > 5),
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the main parameter governing the acceleration is the magnetization σ, i.e., the efficiency of
the process is insensitive to Γ, as the precursor decelerates the incoming background plasma.

An example of downstream particle spectra derived by PIC simulations is shown in
Figure 2 ([42]). The ion and electron spectra are shown for a 2D simulation with Γ = 15,
as an ion-to-electron mass ratio mi/me = 25, and σ = 10−5. The temporal evolution is
followed up to t = 2500 ω−1

pi . The formation of a non-thermal tail is clearly visible.

Figure 2. PIC simulations: temporal evolution of the downstream spectrum of ions (upper panel)
and electrons (bottom) for mass ratio mi/me = 25, shock Lorentz factor Γ = 15 and magnetization
σ = 10−5. The evolution is followed until t = 2500ω−1

pi . Inset (a): mean post-shock ion (red) and
electron (blue) energy (in units of the bulk energy of the upstream flow). The dashed blue line shows
the electron energy at injection. Inset (b): temporal evolution of the maximum Lorentz factor of ions
(red) and electrons (blue). For comparison, the black dashed line shows the scaling γmax ∝ (ωpi t)1/2.
From [42]. ©AAS. Reproduced with permission.

The downstream non-thermal population is found to include around ξ ' 3% of
the electrons, carrying εe ' 10% of the energy. The spectral index is around p ∼ 2.5.
The acceleration proceeds similarly for electrons and ions, since they enter the shock in
equipartition (i.e., their relativistic inertia is comparable) as a result of efficient pre-heating
in the self-excited turbulence in the precursor.

The maximum energy γmax increases proportionally to t1/2 (see inset in Figure 2),
slower than the commonly adopted Bhom rate [64], in which case γmax ∝ t. Extrapolating
the γmax behavior to the relevant time-scales and considering that synchrotron cooling
will limit the acceleration for high-energy particles, the electron maximal Lorentz factor is
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found to reach values γmax ∼ 107 in the early phase of GRB afterglows, corresponding to
synchrotron photon energies around 1 GeV, which is roughly consistent with observations.
All these results on the particle spectrum are obtained on time-scales that are too short
for the supra-thermal particles to reach a steady-state and their extrapolation to longer
time-scales is not trivial.

A still debated open question (because it is computationally demanding) is how the
magnetization evolves downstream. PIC simulations have found values of εB ∼ 0.1− 0.01
in the vicinity of the shock front. How this turbulence evolves on longer time-scales
is still a matter of debate. The turbulence is expected to decay rapidly, on time-scales
orders of magnitude shorter than the synchrotron cooling time. Magnetization is then
predicted to be very different close to the shock and in the region where particle cooling
takes place. Electrons would then cool in a region of weak magnetic field [65,66]. These
considerations suggest that it might not be correct to define a single magnetization εB in
GRB modeling, infer its value from observations and compare with predictions from PIC
simulations referring to the magnetization near the shock front. Magnetization values
inferred from observations most likely probe a region downstream, far from the front shock
(see Section 3.3 for a discussion).

Theoretical efforts are fundamental to provide physically motivated inputs for the
phenomenological parameters included in the afterglow model. The large number of
unknown model parameters, coupled with a limited number of constraints provided
by observations, implies that constraints from the theory are of paramount importance
for a correct interpretation of the emission in GRBs and for grasping the origin of their
non thermal emission, from radio to TeV energies. On the other hand, despite the huge
progresses in the theoretical understanding of relativistic acceleration, the theory is not
quite yet to the point of providing robust inputs for modeling observations. It is then clear
how the two approaches must be combined to gain knowledge on the micro-physics of
acceleration and magnetic field generation, on the one hand, and on the origin of radiative
processes and macro-physics of the emitting region (bulk Lorentz factor and energy content)
of the sources, on the other hand.

2.2.2. Description of Shocks in GRB Afterglow Modeling

The theory of relativistic shock acceleration is applied to the GRB afterglow by in-
troducing several unknown parameters in the model. These are the fractions εe and εB
of dissipated energy gained by the accelerated particles and amplified magnetic field,
the spectral index p of the accelerated particle spectrum and the fraction ξe of particles,
which efficiently enter the Fermi mechanism and populate the non-thermal distribution.

Recalling that the shock-dissipated energy (in the comoving frame) is given by dE′sh =
(Γ− 1)dmc2 (see Section 2.1), the corresponding energy density is u′sh = (Γ− 1)ρ′c2. From
shock jump conditions, the density in the comoving frame ρ′ is related to the density of the
unshocked medium (measured in the rest frame) by the equation:

ρ′ = 4Γ ρ (20)

which is valid in both the ultra-relativistic and non-relativistic limits (see e.g., [35]). In the
GRB afterglow scenario, it is usually assumed that pairs are unimportant and then the
density of protons and electrons is the same: np = ne = n. This implies that the mass is
dominated by protons: ρ = nmp. In this case, the available energy density that will be
distributed to the accelerated particles (electrons and protons) and to the magnetic field
can be expressed as:

u′sh = 4Γ(Γ− 1)nmpc2 (21)

A fraction εB of this energy will be conveyed to the magnetic field:

u′B = εBu′sh = εB4Γ(Γ− 1)nmpc2 (22)
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from which it follows that the magnetic field strength B′ is:

B′ =
√

32πεBmpc2n(Γ− 1)Γ (23)

Similarly, for the accelerated electrons:

u′e = εeu′sh = εe4Γ(Γ− 1)nmpc2 = 〈γ〉mec24Γξen (24)

where 〈γ〉 is the average random Lorentz of the accelerated electrons:

〈γ〉 = εe

ξe

mp

me
(Γ− 1) (25)

The accelerated non-thermal electrons are assumed to have a power-law spectrum
as a result of shock acceleration. Their energy distribution can be described by a power-
law N(γ)dγ ∝ γ−pdγ for γmin ≤ γ ≤ γmax where γmin is the minimum Lorentz factor of
the injected electrons and γmax is the maximum Lorentz factor at which electrons can be
accelerated. To derive the relation between γmin, γmax and the model parameters, we
consider the definition of the average Lorentz factor 〈γ〉:

〈γ〉 =
∫ γmax

γmin
N(γ)γdγ

∫ γmax
γmin

N(γ)dγ
(26)

and solve the integrals. Equations (25) and (26) leads to (for p 6= 1):

[
ln
(

γmax
γmin

)
1

γmin
− 1

γmax

]
= εe

ξe

mp
me

(Γ− 1) if p = 2
[

p−1
p−2

γ
−p+2
min −γ

−p+2
max

γ
−p+1
min −γ

−p+1
max

]
= εe

ξe

mp
me

(Γ− 1) if p 6= 2

(27)

A simplified equation for γmin can be obtained assuming that γ
−p+2
max � γ

−p+2
min :

γmin =
εe

ξe

mp

me

p− 2
p− 1

(Γ− 1) (28)

Since p is expected to be 2 < p < 3, this condition is verified for γmax � γmin. The
minimum Lorentz factor is then not treated as a free parameter of the model, as it is
calculated from Equation (28) as a function of the free parameters εe, ξe and p. Concerning
the prescription for the value of γmax (for details see Section 3.5), it usually relies on the
condition that radiative losses between acceleration episodes are equal to the energy gains,
where energy gains proceed at the Bhom rate. As we mentioned in the previous section,
PIC simulations, however, have shown that this might not be the case.

A similar treatment can be adopted also for protons simply substituting εe with εp, me
with mp and assuming a power-law energy distribution with spectral index q. As a result,
the minimum Lorentz factor for protons can be derived as:

[
ln
(

γmax,p
γmin,p

)

1
γmin,p

− 1
γmax,p

]
=

εp
ξp
(Γ− 1) if q = 2

[
q−1
q−2

γ
−q+2
min,p−γ

−q+2
maxp

γ
−q+1
min,p−γ

−q+1
max,p

]
=

εp
ξp
(Γ− 1) if q 6= 2

(29)
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Solving the equations assuming that γmax,p � γmin,p leads to:

γmin,p =
εp

ξp

q− 2
q− 1

(Γ− 1) (30)

The equations for γmin and Equation (23) for B, coupled with the description of the
blast-wave dynamics described in Section 2.1, provides all the necessary equations to derive
the radiative output for a jet with energy E and initial bulk Lorentz factor Γ0 expanding
in a medium with density n(R). The derivation of the radiative output is detailed in
Section 2.3. To conclude the discussion about particle acceleration, in the next section we
anticipate which constraints can be inferred on the physics of particle acceleration from
multi-wavelength observations, once the afterglow model is adopted.

2.2.3. Constraints to the Acceleration Mechanism Provided by Observations

Assuming that accelerated particles have a power-law spectrum (dNacc/dγ ∝ γ−p)
and the cooling is dominated by synchrotron radiation, the spectral slope p can be inferred
from observations of the synchrotron spectrum and/or from the temporal decay of the
lightcurves if observations are performed at frequencies higher than the typical frequency
νm of photons emitted by electrons with the Lorentz factor γmin (this is correct in both cases
of fast and slow cooling regime). The estimated value of p from the afterglow modeling
are spread on a wide range, from p ∼ 2 to p ∼ 3, suggesting that the spectrum of injected
particles does not seem to have a typical slope, at odds with theoretical predictions. The
determination of p, however, suffers from the uncertainties on the spectral index inferred
from optical and X-ray observations, where the observed spectra are subject to unknown
dust and metal absorption. A derivation of p from the decay rate of the lightcurves is
also subject to the correct identification of the spectra regime, and partially also to the
assumption on the density profile of the external medium, which is often unconstrained
(see Section 3.2).

The typical value of εe inferred from the afterglow modeling is around 0.1, meaning
that 10% of the shock-dissipated energy is gained by the electrons, spanning from 0.01
to large values, such as 0.8. Although this seems a large uncertainty, εe is perhaps the
most well-constrained parameter of the model, and is in good agreement with the values
predicted by numerical investigations [42]. For the fraction εB, on the contrary, the inferred
values varies in a very wide range, typically from 10−5 to 10−1 [67–69]. Recent studies that
incorporate Fermi-LAT GeV observations [24,70] have demonstrated that the typical values
estimated for εB can be even smaller, in the range ∼10−7–10−2. These values are needed in
order to model GeV radiation self-consistently with radiation detected at lower frequencies,
with repercussions on the estimates of the other parameters, such as n and E. These small
values of the εB needed to model the radiation have been tentatively interpreted as the
sign of turbulence decay in the downstream [65,66]. As a consequence, even though the
turbulence is strong (εB ' 0.1) in the vicinity of the shock where the particle is accelerated,
it becomes weaker at larger distances, in the region where particles cool (see Section 3.3).
Small values of εB are confirmed by the modeling of recent TeV detections of afterglow
radiation from GRBs ([71,72], see Section 4).

Another parameter that one would like to constrain from observations is the fraction of
particles ξe that are injected into the Fermi process. In the vast majority of the studies, this
parameter is not included (i.e., it is implicitly assumed that all the electrons are accelerated,
ξe = 1). This parameter is indeed difficult to constrain, as it is degenerate with all the other
parameters [73].

Observations so far have not been able to identify the location of a high-energy cutoff
in the synchrotron spectrum that would reveal the maximal energy of the synchrotron
photons and then the maximum energy γmax of the accelerated electrons. Observations
by Fermi-LAT are in general consistent with a single power-law extending up to at least
1 GeV. Photons with energies in excess of 1 GeV have been detected from several GRBs,
the record holder for Fermi-LAT being a 95 GeV photon [74]. These photons cannot be
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safely associated to synchrotron radiation on the basis of spectral analysis, as their paucity
makes it difficult to assess from spectral analysis whether they are consistent with the
power-law extrapolation of the synchrotron spectrum or if they are indicative of the rising
of a distinct spectral component. In any case, the Fermi-LAT detections are suggesting
that synchrotron photons should be produced at least up to a few GeV. This is consistent
with the limit commonly invoked for particle acceleration: if the acceleration proceeds at
the Bhom rate (tacc ' rL/c) with rL = E/eB being the Larmor radius, and is limited by
synchrotron cooling (tsyn ' 6 π mec/σT B2γ) then γmax ∼ 107 − 108 can be reached. Even
though this does not necessarily imply that acceleration must proceed at the Bhom limit,
the value of γmax inferred from the detection of GeV photons is quite large and barely
consistent with what is found by PIC simulations. Whether or not the observations are in
tension with the present derivation of γmax from PIC simulations and theoretical arguments,
strongly depends on a clear identification of the origin of photons in the GeV-TeV energy
range. Present and future observations with Imaging Atmospheric Cherenkov Telescopes
(IACTs) are the main candidates to shed light on this issue.

2.3. Derivation of the Radiative Output

The expected radiative output can be estimated by means of analytical approximations,
which provide prescriptions for the location of the synchrotron self-absorption frequency
νsa, the characteristic frequency νm emitted by electrons with Lorentz factor γmin, the cooling
frequency νc emitted by electrons with Lorentz factor γc and the overall synchrotron
flux [38,47]. In these approaches, the synchrotron spectrum is in general approximated with
power-laws connected by sharp breaks, but more sophisticated analytical approximations of
numerically derived synchrotron spectra have also been proposed [54]. The associated SSC
component in the Thomson regime [48] and corrections to be applied to the synchrotron
and SSC spectra to account for the effects of the Klein–Nishina [75] cross section (see
Section 2.3.1) are also available in the literature. These prescriptions are usually developed
for the deceleration phase, when the Blandford–McKee solution [35] for the blast-wave
dynamics applies, i.e., as long as the blast-wave is still relativistic. These models take
as input parameters the kinetic energy content of the blast-wave Ek, the external density
n(R) = n0 R−s (with s = 0 or s = 2), the fraction of shock-dissipated energy gained
by electrons (εe) and by the amplified magnetic field (εB), and the spectral slope of the
accelerated electrons p. During the deceleration phase, the initial bulk Lorentz factor
Γ0 does not play any role, but its value determines the radius (or time) at which the
deceleration begins.

An alternative approach to estimate the expected spectra and their evolution in time
consists in numerically solving the differential equation describing the evolution of the
particle spectra and estimating the associated emission [76–78]. In this section, we describe
a radiative code that simultaneously solves the time evolution of the electron and photon
distribution. The code has been adopted, e.g., for the modeling of GRB 190114C presented
in [71].

The temporal evolution of the particle distribution is described by the differential
equation:

∂N(γ, t′)
∂t′

=
∂

∂γ

[
γ̇N(γ, t′)

]
+ Q(γ) , (31)

where γ̇ = ∂γ
∂t′ is the rate of change of the Lorentz factor γ of an electron caused by adiabatic,

synchrotron and SSC losses and energy gains by synchrotron self-absorption. In the SSC
mechanism, the synchrotron photons produced by electrons in the emission region act as
seed photons that are up-scattered at higher energies by the same population of electrons.
Such a scenario will generate a very high energy spectral component, which is the target of
searches by IACTs such as MAGIC1 and H.E.S.S.2. In principle, up-scattering of an external
population of seed photons can also be considered and included in the cooling term,
but here we will ignore this mechanism (external Compton) and focus only on SSC. The
source term Q(γ, t′) = Qacc(γ, t′) + Qpp(γ, t′) describes the injection of freshly accelerated
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particles (Qacc(γ, t′) = dNacc/dγ dt′) and the injection of pairs Qpp(γ, t′) produced by
photon–photon annihilation.

In the next sections, we explicitly define each one of the terms included in Equation (31)
and how to estimate the synchrotron and SSC emission. To solve the equation, an implicit fi-
nite difference scheme based on the discretization method proposed by [79] can be adopted.

2.3.1. Synchrotron and SSC Cooling

The synchrotron power emitted by an electron with Lorentz factor γ depends on the
pitch angle, i.e., the angle between the electron velocity and the magnetic field line. In the
following, we assume that the electrons have an isotropic pitch angle distribution and we
use equations that are averaged over the pitch angle (e.g., [80]). The synchrotron cooling
rate of an electron with Lorentz factor γ is given by:

γ̇syn ≡
dγ

dt′

∣∣∣∣
syn

= −σTγ2B′2

6 π mec
(32)

The cross section for the inverse Compton mechanism is constant and equal to the
Thomson cross section (σT) as long as the photon energy in the frame of the electron is
smaller than the rest mass electron energy me c2. For higher photon energies, the cross
section decreases as a function of the energy and is described by the Klein-Nishina (KN)
cross section. To estimate SSC losses, we adopt the formulation proposed in [81], which is
valid for both regimes. Defining the SSC kernel as:

K(γ, ν′, ν̃′) =





ε
ε̃ − 1

4γ2
ε̃

4γ2 < ε < ε̃

2q ln q + (1 + 2q)(1− q) + 1
2 (1− q) (4γε̃q)2

(1+4γε̃q) ε̃ < ε < 4γ2 ε̃
1+4γε̃ ,

(33)

where:

ε̃ =
hν̃′

mec2 ε =
hν′

mec2 q =
ε

4γε̃(γ− ε)
. (34)

ε̃ and ε are the energies of the photons (normalized to the rest mass electron energy) before
and after the scattering process, respectively. The two terms of Equation (33) account,
respectively, for the down-scattering (i.e., ε < ε̃) and the up-scattering (i.e., ε > ε̃) process.
The energy loss term for the SSC can now be calculated with the equation:

γ̇SSC =
dγ

dt′

∣∣∣∣
SSC

= − 3hσt

4mecγ2

∫
dν′ν′

∫ dν̃′

ν̃′
nν̃′(t

′)K(γ, ν′, ν̃′) . (35)

2.3.2. Adiabatic Cooling

As discussed in Section 2.1, particles lose their energy adiabatically due to the spread-
ing of the emission region. This energy loss term should be inserted in the kinetic equation
governing the evolution of the particle distribution. To derive the adiabatic losses, we
rewrite Equation (10) as a function of energy losses dγ in a comoving time dt′:

γ̇ad =
dγ

dt′

∣∣∣∣
ad

= −γβ2

3
d ln V′

dt′
, (36)

with β being the random velocity of particles in a unit of c. The comoving volume V′ of the
emission region can be estimated considering that the contact discontinuity is moving away
from the shock at a velocity c/3. After a time t′ =

∫
dR/Γ(R) c, the comoving volume is:

V′ = 4πR2 ct′

3
, (37)
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and:

γ̇ad =
dγ

dt′

∣∣∣∣
ad

= −γβ2

3

(
2Γc
R

+
1
t′

)
. (38)

2.3.3. Synchrotron Self-Absorption (SSA)

Electrons can re-absorb low energy photons before they escape from the source region.
The absorption coefficient αν can be expressed as [80]:

αν = − 1
8πν′2me

∫
dγP′(γ, ν′)γ2 ∂

∂γ

[
N(γ)

γ2

]
(39)

valid for any radiation mechanism at the emission frequency ν′, with P′(γ, ν′) being the
specific power of electrons with Lorentz factor γ at frequency ν′ and assuming hν′ � γmec2.
Thus, the SSA mechanism will mostly affect the low frequency range. This results in a
modification of the lower frequency tail of the synchrotron spectrum as:

P′ν ∝
{

ν′5/2 ν′i < ν′ < ν′SSA
ν′2 ν′ < ν′SSA < ν′i ,

(40)

assuming a power-law distribution of electrons, with ν′i = min(ν′m, ν′cool) and ν′SSA the
frequency below which the synchrotron flux is self-absorbed and the source becomes
optically thick.

2.3.4. Synchrotron and Inverse Compton Emission

Following [82], the synchrotron spectrum emitted by an electron with Lorentz factor
γ, averaged over an isotropic pitch angle distribution, is:

P′syn
ν′ (ν′, γ) =

2
√

3 e3 B′

me c2 x2
[
K4/3(x)K1/3(x)− 0.6x(K2

4/3(x)− K2
1/3(x))

]
, (41)

where x ≡ ν′ 4π mec/(6 e B′γ2) and Kn are the modified Bessel functions of order n. The
total power emitted at the frequency ν′ is obtained integrating over the electron distribution:

P′syn
ν′ (ν′) =

∫
P′syn

ν′ (ν′, γ)
dN
dγ

dγ . (42)

The SSC radiation emitted by an electron with Lorentz factor γ can be calculated as:

P′SSC
ν′ (ν′, γ) =

3
4

hσTc
ν′

γ2

∫ dν̃′

ν̃′
nν̃′K(γ, ν′, ν̃′) , (43)

where nν̃′ is the photon density of synchrotron photons and the integration is performed
over the entire synchrotron spectrum. Integration over the electron distribution provides
the total SSC emitted power at frequency ν′.

2.3.5. Pair Production

Pair production by photon-photon annihilation is particularly important for a correct
estimate of the radiation spectrum in the GeV-TeV band. Indeed, some of the emitted VHE
photons are lost due to their interaction with photons at lower energies (typically X-ray
photons). As a result, the observed flux is attenuated and the resulting spectrum at VHE is
modified. Here we follow the treatment presented in [83]. The cross section of the process
σγγ as a function of β′, the centre-of-mass speed of the electron and positron is given by:

σγγ(β′) =
3

16
σT(1− β′2)

[
(3− β′4) ln

(
1 + β′

1− β′

)
− 2β′(2− β′2)

]
(44)
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where:

β′(ωt, ωs, µ) =

[
1− 2

ωtωs(1− µ)

] 1
2

(45)

and ωt = hν′t/mec2 with ν′t being the target photon frequency, ωs = hν′/mec2 with ν′ being
the source photon frequency and µ = cos φ, where φ is the scattering angle. Then, it is
possible to derive the annihilation rate of photons into electron-positron pairs as:

R(ωt, ωs) = c
∫ µmax

−1

dµ

2
(1− µ)σγγ(ωt, ωs, µ) , (46)

where µmax = max(−1, 1− 2/ωsωt) coming from the requirement β′2 > 0. Considering
x = ωtωs, it is possible to derive asymptotic limits for R(ωt, ωs) ≡ R(x) in two regimes.
For x → 1 (i.e., near the threshold condition) R(x)→ cσT/2(x− 1)3/2, while for x � 1 (i.e.,
ultra-relativistic limit) R → 3

4 cσT ln x/x. An accurate and simple approximation, which
takes into account both regimes, is given by:

R(x) ≈ 0.652cσT
x2 − 1

x3 ln (x) H(x− 1) , (47)

where H(x− 1) is the Heaviside function [83]. The approximation accurately reproduces
the behavior near the peak at xpeak ∼ 3.7 and over the range 1.3 < x < 104, which usually
dominates during the calculations. A comparison between Equations (46) and (47) is given
in Figure 3, where the goodness of the approximation adopted in the mentioned x range
can be observed.

Figure 3. Comparison between the exact annihilation rate (Equation (46)) and the approximated
formula (Equation (47)). The ratio between the two curves in the range (1.3 < x < 104) is shown in
the bottom panel. In this range, the ratio is always . 7%.

The impact of the flux attenuation due to pair production mechanism on the GRB
spectra is estimated in terms of the optical depth value τγγ. From its definition:

τγγ(ν
′) = σν′ν′t

n′(ν′t)∆R′ (48)

where n′(ν′t) is the number density of the target photons per unit of volume, σν′ν′t
is the

cross section and ∆R′ is the width of the emission region. Introducing the cross section in
terms of the annihilation rate R(x) in its approximated formula and integrating over all the
possible target photon frequencies:

τγγ(ν
′) =

∆R′

c

∫
R(ν′, ν′t)n

′
ν′(ν

′
t)dν′t (49)

where ν′ and ν′t are the frequencies of the source and of the target interacting photons.
The pair production attenuation factor can be then introduced simply multiplying the
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flux by a factor (1− e−τγγ)/τγγ. This attenuation factor will modify the GRB spectrum,
giving a non-negligible contribution in the VHE domain, in particular. An example of
the modification of a GRB spectrum due to pair production can be observed in Figure 4.
Here, the flux emitted in the afterglow external forward shock scenario by synchrotron
and SSC radiation and the flux attenuation due to pair production have been calculated
with a numerical code. For a set of quite standard afterglow parameters and assuming
∆R′ = R/Γ, the attenuation of the observed flux due to pair production become relevant
above 0.2 TeV, and it reduces the flux by ∼ 30% at 1 TeV and by ∼ 70% at 10 TeV.

Figure 4. Spectral energy distribution in the GRB afterglow external forward shock scenario estimated
with the numerical code presented in this section for tobs = 170 s. The effect of the pair production
attenuation is clearly evident in the VHE tail. The set of afterglow parameters used are the following:
Ek = 1× 1053 erg, s = 0, A0 = 1 cm−3, εe = 0.2, εB = 0.02, Γ0 = 300, p = 2.5 and z = 0.5.

Similar considerations can also be conducted for the electron/positron production.
Assuming that the electron and positron arises with equal Lorentz factor γ and that xpeak ∼
3.7, a photon with energy ωs � 1 will mostly interact with a target photon of energy
ωt ≈ 3/ωs. Then, from the energy conservation condition:

2γ = ωs +
3

ωs
≈ ωs =

hν′

mec2 (50)

The e± production can be observed as an additional source term for the distribution
of accelerated particles. As a result, an additional injection term Qpp

e to be inserted in the
kinetic equation (Equation (31)) is calculated as:

Qpp
e (γ, t′) = 4

mec2

h
nν′(

2γmec2

h
, t′)

∫
dν′tnν′(ν

′
t, t′)R(

2γmec2

h
, ν′t) (51)

2.3.6. Comparison with Analytical Approximations

In order to compare results from the numerical method described in the previous sec-
tion and analytical prescriptions available in the literature, we give an example in Figure 5.
The analytical prescriptions for the synchrotron and the SSC component are calculated
following [38,48]. In [38], the synchrotron spectra and light-curves are derived assuming
a power-law distribution of electrons in an expanding relativistic shock, cooling only by
synchrotron emission. The dynamical evolution is described following BM76 equations
for an adiabatic blast-wave expanding in a constant density medium. The resulting emis-
sion spectrum (green dashed lines in Figure 5) is described with a series of sharp broken
power-laws. The SSC component associated to the synchrotron emission was computed,
as a function of the afterglow parameters, in [48]. In this work, calculations are performed
assuming that the scatterings occur in Thomson regime. Modifications to the synchrotron
spectrum caused by strong SSC electron cooling are also detailed.
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Figure 5. Comparison between spectra estimated with analytical approximations and numerical
calculations. For the analytical method, the synchrotron emission (green dashed line) is estimated
starting from [38] (SPN98, see legend) while the SSC (black dashed line) is taken from [48] (SE01).
Vertical lines mark the break frequencies. The results from the numerical code described in Section 2.3
are shown with solid blue and red lines. This example shows the spectrum calculated at t = 104 s for
s = 0, p = 2.3, εe = 0.05, εB = 5× 10−4, Ek = 1052 erg, n0 = 1 cm−3, Γ0 = 400 and z = 1.

From the comparison proposed in Figure 5, it can be clearly observed that analytical
and numerical results are in general in good agreement. Both curves follow the same
behavior except for the high-energy part of the SSC component. Here, the KN scattering
regime, which is not taken into account in the analytical approximation, becomes relevant.
As a result, the numerical calculations differ from the analytical ones showing a peak and a
cutoff in the SSC spectrum due to the KN effects.

Nevertheless, there are a few minor discrepancies between the two methods. The
numerically-derived spectrum is very smooth around the break frequencies, with the result
that the theoretically expected slope (e.g., the one predicted by the analytical approxi-
mations) is reached only in regions of the spectrum that lie far from the breaks, i.e., is
reached only asymptotically. This puts into questions simple methods for discriminating
among different regimes and different density profiles based on closure relations, which
are relations between the spectral and the temporal decay indices [10,38]. Regarding the
flux normalization, there are minor discrepancies between the numerical and analytical
results. This is due to the fact that in analytical prescriptions it is assumed that the radiation
is entirely emitted at the characteristic synchrotron frequency. On the contrary, in the
numerical derivation, the full synchrotron spectrum of a single electron is summed up over
the whole electron distribution. Similar considerations apply to the SSC component when
comparing with the analytical spectra. Moreover, the discrepancies observed between
analytical and numerical SSC spectra are amplified by the differences observed in the target
synchrotron spectra.

In general, this comparison shows that the numerical treatment is a powerful tool able
to predict the multi-wavelength GRB emission in a more accurate way than the analytical
prescriptions. The latter ones, however, are still giving valid approximations of the overall
spectral shape. The main limitation of analytical estimates arises when TeV observations
are involved. The importance of KN corrections is evident in this band and should be
properly treated for a correct interpretation of the TeV spectra, as will be shown in Section 4.

3. Open Questions

As predicted by the basic standard model presented in the previous section, the after-
glow emission is the result of particle acceleration and radiative cooling occurring in two
different regions: the forward and the reverse shock. The temporal and spectral behavior of
the two emission components can be inferred after the jet/blastwave dynamics, acceleration
mechanisms and the radiation processes are modeled (Section 2). The general agreement
between model predictions and observations convincingly proves that the long-lasting
radio-to-GeV radiation is indeed produced in interactions between the ejecta and the ex-
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ternal medium. Moreover, the radiative mechanisms involved and the nature of emitting
particles are well established, with synchrotron (and possibly SSC) from the accelerated
electrons (either at the forward or reverse shock) being the source of the detected radiation.

Despite the general success of the external shock scenario, there are several, long-
standing open issues which represent a serious challenge for our present understanding
of the afterglow emission and the GRB phenomenon in general. Moreover, even when
observations seem to be in qualitative agreement with predictions, the extraction of the
model parameters (which would give important feedbacks on our understanding of particle
acceleration and GRB environments) is limited by the large degeneracy among parameters
and lack of solid inputs from theoretical considerations.

Afterglow emission studies have not experienced relevant progresses in the last years,
with observations and techniques that are the same since the launch of the Swift satellite.
The recent discovery of TeV radiation from GRBs is opening the possibility to renovate and
boost afterglow studies, with major impacts on the general understanding of GRB sources.

In this section, we list and comment on those aspects still lacking a clear explanation,
and in particular we selected topics which might largely benefit from observations and
detections in the VHE regime.

3.1. X-ray Flares

Observations of the afterglow emission in the X-ray and optical often display behaviors
that are not predicted by the standard scenario, and require the inclusion of additional
emission components contributing to the detected radiation. In the standard external
forward shock scenario, the afterglow light-curves in the X-ray and optical band are
expected to decay following a power-law or a broken power-law behavior, where the breaks
are interpreted as the cooling or injection frequency crossing the observed band [38,47,54].
The advent of Swift-XRT and the increasing number of optical follow-up observations
performed by ground-based robotic telescopes have highlighted the presence, in a good
fraction of cases, of unexpected features in the early time afterglow, such as flares and
plateaus [49,57].

Flares are episodes of sudden rebrightenings characterized by a very fast rise of the
flux, followed by an exponential decay profile. Comprehensive studies of X-ray afterglows
demonstrate that an X-ray flare is observed in ∼33% of the GRBs [84,85]. The times at
which they are observed span a very wide range, from around ∼30 s up to ∼106 s after the
trigger time. The time where the flare peaks is shown in Figure 6 (Tpk, x-axis) for a large
sample of 468 X-ray flares in long GRBs. Most of the flares occur within 103 s, even though
there are many cases of flares occurring several hours after the burst. The width of the flare
ω is found to evolve linearly with time to larger values following the trend ω ∼ 0.2Tpk [84].
The average and peak luminosities L of the flare also display a dependence from Tpk,
with L ∝ T−2.7

pk at least for early time (Tpk < 103 s) flares [84,85]. When also including
late time flares [86,87], a shallower index is obtained, around ∼−1.2. The energy emitted
during flare episodes is quite large and, for early time flares, is around ∼10% of the prompt
emission or sometimes even comparable [88].

Flares have also been detected in the optical, although the sample of optical flares is far
smaller than the X-ray one [89]. A statistical study of optical flares detected by Swift/UVOT
demonstrates that most of them correlate with and share similar temporal properties to
simultaneous X-ray flares. Nevertheless, there are a few dozen of GRBs for which no X-ray
flaring activity is observed simultaneously with optical flares [89].

Flares are believed to have an inner origin and to be associated with a prolonged
activity of the GRB central engine [57,90–94]. However, the relatively long timescales on
which they are detected represent a challenge for the model. Many questions are still open,
such as the location of the emitting region, what is powering the flares, and whether late
time flares have a different origin than flares detected at early times.

Speculations about possible signatures of X-ray flares in the GeV-TeV range are present
in the literature [95–98]. Assuming that flares have an internal origin and are produced at
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R < Rdec, forward shock electrons will be exposed to the flare radiation, producing an IC
emission component by up-scattering the flare photons. Following these estimates, the IC
component peaks at ∼ 100 GeV and has a flux comparable to the X-ray flux. Alternatively,
GeV-TeV radiation associated to flares can be produced by the SSC mechanism, where
electrons responsible for X-ray synchrotron flares also upscatter these photons to higher
energies. The process is considered less interesting for TeV radiation because the peak of
this SSC component is expected to be around 1 GeV [95], due to a relatively low minimum
Lorentz factor γmin ∼ 60. Such value is estimated from theoretical considerations where
γmin ' 60εe,−1(ΓIS − 1) for p = 2.5, εe = 0.1 and a relative shock Lorentz factor ΓIS of
the order of unity. We notice that the recent estimates of the minimum electron Lorentz
factor in the late prompt emission of GRBs [29] may modify these predictions, and place
the expected SSC around 100 GeV. The luminosity of this component will strongly depend
on the size of the emitting region. As a result, the detection of flares in GeV-TeV band
can provide relevant information to identify the properties at the emitting region and the
production site of the flaring activity.

To understand what the chances of current and future VHE ground-based instruments
are in contributing to the study of flares, we perform some simplified estimates. The MAGIC
telescopes observed 138 GRBs in almost ∼16.5 years, from 2005 up to June 2021 [99]. More
than half of them (74 events) have been observed with delays from shorter than 103 s,
which means ∼4.5 GRBs yr−1, and 37 events observed with delays shorter than 100 s (i.e.,
2.2 GRB yr−1). Considering that∼33% of the long GRBs have an X-ray flare and considering
the distribution of their peak times (see Figure 6), we estimate that ∼1 GRBs/yr is the rate
of GRBs with an X-ray flare occurring during MAGIC observations.
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Figure 6. Average fluxes of Swift-XRT flares in the 0.3–10 keV energy range versus peak times
Tpk. The blue points are the 468 flares observed by Swift from April 2005 to March 2015 (collected
from [87]). The orange line is the resulting linear regression, which gives the expression: log Fav =

−6.76− 1.08× log Tpk.

Let us go a bit further and estimate the detectability of a putative∼102 GeV counterpart
of X-ray flares. For the flux of the GeV-TeV flare, we consider as reference value the X-ray
flux, and discuss what happens if a similar or ten times smaller flux is emitted at ∼102 GeV.

We collect the X-ray flux of a large sample of flares from the catalog of X-ray flares
presented in [87]. The results are shown in Figure 6. The average flux of the flare and the
flare peak time correlate, and the orange line represents the best fit. To perform the estimates,
we consider two different flare peak times, Tpk = 102 s and Tpk = 103 s. The typical average
fluxes at those times are F = 1 × 10−9 erg cm−2 s−1 and F = 1 × 10−10 erg cm−2 s−1,
respectively. Assuming that a similar amount of flux is emitted around 100 GeV we can
compare these values with the differential sensitivity as a function of the observing time
of IACT instruments. Figure 7 [100] shows the sensitivity for several telescopes to the
detection of a point-like source at five standard deviations significance as a function of the
exposure time and for four selected energies. Considering that the width of the flare is
related to the peak time following the relation ω ∼ 0.2Tpk, we can compare the flare fluxes
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estimated at Tpk = 102 s and Tpk = 103 s with the differential sensitivity for observing the
time of tobs = 20 s and tobs = 200 s. The flare fluxes lie close to the differential sensitivity
of the MAGIC telescopes (for 100 GeV at tobs = 20 s is ∼ 1.0× 10−9 erg cm−2 s−1 and at
tobs = 200 s is∼ 5.0× 10−10 erg cm−2 s−1). This indicates that MAGIC telescopes can barely
detect such a flare. Moreover, Extragalactic Background Light (EBL) attenuation reduces
the flux, which is why we are making the estimates at 100 GeV, where the attenuation is
still small. We conclude that MAGIC would be able to detect (or place relevant constraints
on) only the brightest X-ray flares (as can be observed in Figure 6, the correlation has a
large spread, and flares at 102 or 103 s can easily have fluxes one order of magnitude larger
than what is assumed here).

Concerning future instruments, the Cherenkov Telescope Array (CTA3) will have
a sensitivity which is almost one order of magnitude lower than the MAGIC one and
similar slewing capabilities. The same estimates performed for MAGIC can be applied to
CTA, with the advantage that CTA will have a northern and southern sites, approximately
doubling the possibility to follow GRBs within short time-scales. This is a promising
indication that the CTA array will be potentially able to detect possible counterparts at
E ∼ 30 the GeV of X-ray flares, provided that this counterpart has a flux that is no less
than ten times smaller than what is detected in X-rays. As a result, it can play a major role
in exploring and improving our knowledge of flares and their connection with prompt
emission and with the prolonged activity of the central engine.

Figure 7. Differential sensitivity as a function of the observation time for several HE and VHE
instruments (Fermi-LAT, MAGIC, VERITAS and CTA) at four selected energies (75, 100, 150, 250 GeV).
From [100].

3.2. Density Profile of the External Medium

Following the established connection between long GRBs and the core-collapse of
massive stars, the jet is expected to produce the afterglow while propagating in the wind
of the star in its free-streaming phase. Afterglow radiation of long GRBs should then be
produced in the interaction with a medium with a radial density profile n ∝ R−2. However,
several investigations have demonstrated that about half of the long GRBs are better
explained if the blast-wave is assumed to run into a medium with constant density. We
revise the evidence in support of the constant density medium and discuss the difficulties
in reconciling these observations with expectations on the environment surrounding long
GRB progenitors.

Long GRBs originate from the core-collapse of massive stars, most likely rapidly rotat-
ing, and with a possible evidence of a preference for low-metallicity. The most convincing
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evidence in support of this paradigm is the association with type Ic supernovae and the
proximity of GRBs to young star-forming regions. While the connection of long GRBs (or
at least with the bulk of the population) with the core-collapse of massive stars is solid,
the role of metallicity and rotation in the launch of the GRB jets, and the identification of
the progenitor star, is still uncertain. The progenitor is usually identified with Wolf-Rayet
stars, massive stars (M > 20 M�) in the final stages of their evolution, characterized by
powerful winds and a high mass loss rate [101]. The wind from the star is expected to
interact and deeply modify the environment where the GRB explodes and leaves imprints
on its afterglow emission.

More in detail, the interaction between the stellar wind and the ISM four concentric
regions with different properties is expected to form. In the inner part (i.e., close to the star),
the circumburst medium is permeated by the free-streaming wind, producing a density
with radial profile n ∝ R−2. The density is related to the mass loss rate Ṁ and to the
velocity vw of the free-streaming stellar wind by:

n(R) =
Ṁ

4 π R2 mp vw
. (52)

A termination shock separates the unshocked from the shocked wind: the latter forms
a hot bubble of thermalized wind material, with a nearly constant density profile, as the
formation of pressure and density gradients is prevented by the high sound speed inside the
bubble. The hot bubble, in its outer part, is enclosed by a shell of shocked ISM, surrounded
by the unshocked ISM. The GRB jet is supposed to trill its way in this stratified medium [10].

To understand where most of the afterglow evolution occurs, we have to estimate
the deceleration radius Rd and the non-relativistic radius RNR (i.e., the radius where the
blast-wave has decelerated to non-relativistic velocity) and compare them to the termi-
nation shock radius. For typical parameters (Ṁ = 10−5M� yr−1 and vw = 103 km s−1),
the fit to numerical models of Wolf-Rayet stars [102] give the following relation between
the termination shock radius and the density of the unshocked ISM: RT = 10 n−1/2

ISM pc,
where nISM is the density of the unshocked ISM. From the blast-wave dynamics, the de-
celeration and the non-relativistic radius are Rd = 6× 10−5 E52 vw,3/(Ṁ−5 Γ0,2)pc and
Rd = 0.6 E52 vw,3/Ṁ−5 pc, respectively. It is evident how the complete evolution of the
afterglow radiation occurs well inside the free-streaming region.

In afterglow modeling of long GRBs it is then customary to assume a density profile
described by Equation (52), where Ṁ and vw are treated as unknown parameters (normal-
ized to the typical values of a Wolf-Rayet star) combined in one single free model parameter
A?: n(R) = 3× 1035 A?R−2. Despite this robust prediction, the modeling of afterglow
observations shows that in a relevant fraction of cases, observations are better explained by
adopting a circumburst medium with a constant density n = n0.

The fraction of this case varies depending on the method and on the selected sample,
and is on average about 50% [103–106].

To place the termination shock at least inside the non-relativistic radius, one should
invoke a very large density of the ISM, n & 105 cm−3, typical of dense cores of molecular
clouds: RT = 0.03 (nISM/105 cm−3)−1/2 pc. Density profiles for different ISM densities are
shown in Figure 8, upper panel. Alternatively, one can try to variate the wind parameters.
How the termination shock radius changes for different values of Ṁ and vw is shown in
the bottom panel of Figure 8. A very low mass loss rate Ṁ = 10−7M�yr−1 (which may
find a justification in case of a low-metallicity star) is needed to bring the termination shock
radius below 1 pc (for nISM = 10 cm−3). With this low mass loss rate, the deceleration
and non-relativistic radius increase (Rd ∼ 6 × 10−3 pc and RNT ∼ 60 pc), placing the
termination shock still after the deceleration radius but well within the non-relativistic
radius, allowing for part of the observed emission to develop into a constant density
environment. By increasing the blast-wave energy, the deceleration radius can further
approach RT . This suggests that it is more likely for a very energetic GRB to cross the
termination shock at early times and then expand in a ISM-like medium, as compared to
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a faint GRB. An indication of an average larger Eγ in GRBs with a wind-like medium as
compared to GRBs with a ISM-like medium has been found in [107], but is in contrast with
results from the study performed by [106] on a larger sample.

Figure 8. Density profile produced by a star wind as a function of the distance from the central object.
The R−2 profile characterizes the region where the wind freely streams, which is separated from
the shocked wind (with nearly constant density) by the termination shock. Top panel: the impact
of different values of the ISM density on the termination shock is shown. For all the curves, it is
assumed Ṁ = 10−5 M� yr−1 and vw = 103 km s−1, while the ISM density varies from 10 to 104 cm−3,
with the termination shock moving to smaller distances when the density increases. Bottom panel:
for a fixed ISM density nISM = 10 cm−3, the impact of different Ṁ and vw is shown. Black-solid:
Ṁ = 10−4 M� yr−1 and vw = 103 km s−1; red-solid: Ṁ = 10−6 M� yr−1 and vw = 103 km s−1;
black-dotted: Ṁ = 10−5 M� yr−1 and vw = 500 km s−1; red-dotted: Ṁ = 10−5 M� yr−1 and vw =

2× 103 km s−1. From [102]. ©AAS. Reproduced with permission.

The parameter space for which part of the afterglow emission can indeed be produced
in the ISM-like density profile of the shocked wind is very limited, as it corresponds to the
most energetic GRBs, low-metallicity progenitors and high-density ISM, or a combination
of these factors [107]. These considerations on the diversity of Ek, Ṁ, vw and ISM density
may not be sufficient to explain the results of the modeling (i.e., the preference for a ISM-
like environment). The fraction of GRBs, which might have these peculiar parameters can
hardly account for the large fraction of GRBs for which a wind-like profile is excluded
by observations. The required conditions are too extreme to be verified in half of the
population. However, it is not clear if this percentage has been overestimated by present
studies. To quantify the inconsistency, the first step would be to perform a dedicated
study of afterglow emission to assess the percentage of long GRB afterglows that are not
consistent with a wind-like environment.

Methods based on closure relations may not be valid if the spectrum is modified by
Compton scattering in the Klein–Nishina regime (see also [108]). Moreover, these are based
on a simple approximation of the synchrotron spectrum into power-law segments, while
the wide curvature of the real synchrotron spectra might lead to incorrect estimates of the
value of p if the observed frequency is in the vicinity of a synchrotron break frequency.
A full modeling is then necessary to really assess the fraction of long GRBs for which
an R−2 density profile is excluded, and ultimately understand if the paradigm for the
environment of GRBs should be drastically modified. Radio observations may be of great
help, since the flux temporal behavior does not depend on p and is quite different in the
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case of constant or wind-like density profile. Similarly, the detection of SSC radiation can
help solve this ambiguity.

3.3. Small Values of εB

For a long time, the typical value of εB has been considered to variate between 0.01
and 0.1, both on the basis of theoretical considerations on particle acceleration and findings
by numerical simulations. Indeed, the present understanding of the micro-physics at
weakly magnetized shocks invoke the existence of self-generated micro-turbulence both
behind and in front of the shock, at a level corresponding to εB ∼ 0.01–0.1. This layer of
intense micro-turbulence is expected on theoretical grounds and recently corroborated
by numerical PIC simulations. Inferences of the value of εB from the early modeling of
afterglow radiation were broadly consistent with these numbers, confirming the presence
of large self-generated fields in ultra-relativistic weakly magnetized shocks. More recently,
several independent methods have provided evidence for significantly lower values.

In particular, several studies on GRBs with GeV temporally extended emission detected
by LAT arrive to the same conclusions that in order to explain GeV radiation as part of the
synchrotron emission, multi-wavelength observations require εB = 10−6–10−3 [24,109–112].
Similar values have been inferred from studies that are based on radio, optical and/or X-ray
emission and do not make use of high energy emission, such as [67–69,113]. A smaller
magnetic field in the region where most of the particle cooling occurs might increase
the expected relevance of the SSC component, as supported by recent detections of TeV
radiation by IACTs.

Such small values of εB may appear to be problematic [114], because strongly self-
generated micro-turbulence must be present to ensure the scattering and acceleration of
the particles, which otherwise would be simply advected away.

It was later pointed out that the inferred low values of magnetization might be indica-
tive of a turbulence that is decaying on time-scales comparable with the electron cooling
time [65,66]. From a theoretical perspective, indeed, the micro-turbulence is expected to
decay beyond some hundreds of skin depths. This picture has been validated by PIC
simulations, which however are still far from probing time-scales comparable with the
dynamical time-scale of the system. Dedicated simulations the magnetic field does decay
behind the shock, on a time-scale much longer than cωpi. Immediately behind the shock,
the magnetic field carries a magnetization εB ∼ 0.01, which decays in time after 102–103

plasma times. Eventually, the magnetic field will settle to the shock-compressed value 4Γ Bu,
where Bu is the magnetization of the upstream unperturbed medium. In this scenario,
high-energy particles, which produce MeV-GeV photons, feel only the region close to the
shock, where the magnetization is large, due to their short cooling time. Particles that
cool on longer time-scales (and produce radio, optical and X-ray photons) cool on longer
time-scales, and then in a region where the magnetic field has decayed.

The application of cooling in a decaying magnetic turbulence to four GRBs detected
by LAT has proved to be very successful and even able to give indications on how fast the
turbulence decays, being consistent with a power-law decay εB ∝ t−αt with αt ∼ 0.5 [66].

To understand and constrain the value of the magnetic field relevant for the particle
cooling is of great importance, since an incorrect assumption or prior affects the esti-
mates of all the other afterglow parameters, and in particular the density of the external
medium [67,106].

A low value of εB tends to increase the level of SSC luminosity for a given synchrotron
luminosity. The recent detection of bright TeV emission from the afterglow of GRBs is an
indication that this might indeed be the case. Existing and future TeV observations will
shed a light on this issue, fostering a revision of our prejudice on the value of the magnetic
field in the region where particles cool.
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3.4. Variation of Micro-Physical Parameters with Time

Thanks to the increasing number of available observations on a wide range of fre-
quencies (from radio to TeV) and times (from seconds to weeks), the basic assumption that
micro-physical parameters (such as εe, εe, p and ξe) are constant over the whole afterglow
evolution can be tested. We comment on the hints (inferred from afterglow modeling) for
temporal evolution of these parameters.

In case of well-sampled multi-wavelength light-curves, the modeling with synchrotron
spectra is able not only to identify the location of the spectral breaks at a certain time but also
evaluate their evolution in time. As a result, hints that micro-physical parameters εe and εB
may vary with time have been found in some events with well-detailed multi-wavelength
follow-up campaigns.

In [115], broad-band (from near infrared up to X-ray) afterglow data from GRB 091127
were interpreted in the standard external forward shock scenario assuming a constant-
density medium. The good quality of the data allows one to identify the breaks in the
light-curves and associate them with the synchrotron spectral breaks. As a result, the time
evolution of the synchrotron breaks was estimated. In particular, it was calculated that
the cooling break frequency νcool evolves as νcool ∝ t−1.2, which is in contrast with syn-
chrotron predictions for which a less steeper decay νcool ∝ t−0.5 is expected. As a result,
some assumptions of the standard model must be relaxed to remove the tension between
observations and theoretical predictions. The most likely option able to explain the cooling
break observational behavior without affecting the general interpretation of the data is to
let the εB parameter variate with time. Assuming that εB ∝ t0.49 the time evolution of νcool
can be explained successfully.

In [116] for GRB 130427A modeling, in order to explain the observed fast evolution
of the injection frequency νm ∝ t−1.9, a temporal evolution of εe is claimed. Considering
that νm ∝ ε2

e , a modest evolution of εe following the trend εe ∝ t−0.2 is able to satisfactorily
describe the observed light-curves.

A time-dependent evolution of the micro-physical parameters has also been proposed
in order to explain the features observed in the early afterglow phase, which are not pre-
dicted by the external forward shock scenario such as X-ray afterglow plateaus, chromatic
breaks, and afterglow rebrightenings [117–120].

Information from TeV observations can be certainly exploited in order to reduce
the uncertainty on the values of the micro-physical parameters. The expansion of the
broad band afterglow observations to a new spectral window will be a further test and
a challenge for the multi-wavelength modeling based on the standard external forward
shock scenario. In particular, the time evolution of the different energetic components,
also including TeV emission, will give new insights useful to investigating the evolution
of the micro-physical parameters. A first proof is provided by the well-sampled multi-
wavelength emission observed for GRB 190114C, one of the few GRBs detected so far at
TeV energies. The broadband emission can be explained only by invoking the evolution of
the micro-physical parameters with time [121], as will be discussed in the next section.

3.5. Maximum Synchrotron Photon Energy

One of the expectations from Fermi-LAT observations of GRB afterglows was the
identification of a spectral cutoff in the afterglow synchrotron spectrum marking the
maximum energy of synchrotron photons [122,123]. Such a cutoff has not been firmly
identified. Its location is directly connected with the shock micro-physics conditions and
the maximum energy at which electrons can be accelerated. This maximum energy is
typically estimated equating the timescale for synchrotron cooling and the acceleration
timescale, where acceleration is assumed to proceed at the Bohm level, considered as the
fastest rate. This estimate returns, hence the maximum energy of the accelerated particles.
Assuming that the accelerated particles are electrons:

t′L =
rL
c

=
γmec
eB′

(53)
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where rL is the Larmor radius. For each crossing, the electrons gain energy by a factor ∼ 2.
On the other hand, the energy losses for synchrotron radiation on this timescale are:

δE′ = t′LP′ =
γmec
eB′

σTcγ2B′2

6π
=

1
6π

σTmec2B′γ3

e
(54)

The particle stops to gain energy when:

δE′ = γmec2 (55)

Therefore, the maximum Lorentz factor for electrons can be derived:

γmax =

√
3πe
σT B′

(56)

The corresponding maximum synchrotron photon energy is:

hν′max =
eB′γ2

maxh
2πmec

(57)

which for electrons is ∼50 MeV in their rest frame.
Similar considerations can also be conducted for protons. Following the same argu-

ments presented below, one obtains:

γcool,p =
6πm3

pc
σTm2

e B′2t′
(58)

for the cooling Lorentz factor and:

γmax,p =

√
3πem2

p

σTm2
e B′

(59)

for the maximum Lorentz factor, which sets a maximum photon energy of ∼100 GeV.
Synchrotron emission is less efficient for protons so they are less affected by cooling and
they can reach higher maximum Lorentz factors than the electrons.

Within this framework, it is expected that observations in the GeV band can be
exploited to identify the presence of a cut-off in the HE tail domain. At the current stage,
Fermi-LAT observations indicate that the afterglow component of the HE energy emission
is usually modeled with a single power-law component with index ∼−2 and with no
evidence of spectral evolution in time [124] and HE cut-offs.

The absence of the cut-off in the observational data may be explained in several ways.
The most likely interpretations are the limited sensitivity of the LAT instrument in the GeV
range and the possible contamination due to the rising of the SSC spectral component. As a
result, the synchrotron cut-off is hidden behind the VHE spectral component, which can
be detected in the GeV-TeV domain. This implies that TeV observations are fundamental
in order to disentangle between the two spectral components and infer the cutoff of the
synchrotron spectrum.

Another possible interpretation is that the lack of a cutoff in the observational data
is genuine. In this case, the synchrotron emission can exceed the limit assumed for the
maximum photon energy and extend in the GeV-TeV domain. This interpretation can
be tested with VHE observations. The extension of the HE power-law derived by LAT
up to the TeV domain should be consistent with VHE data, and no spectral hardening in
the GeV-TeV band should be observed. Such a scenario is in contrast with the standard
particle acceleration model presented in Section 2. A deep revision of our understanding
of acceleration mechanisms is required in order to make TeV emission from synchrotron
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radiation possible. In particular, a mechanism, able to accelerate electrons up to PeV
energies, is needed.

The calculation performed so far assumes the presence of a uniform magnetic field B′

throughout the shock-heated plasma. If this assumption is rejected, it is possible to consider
a non-uniform magnetic field, stronger close to the shock front and decaying downstream.
Following the calculation of [125]. the magnetic field B′ can be expressed in terms of the
distance from the shock front x as:

B′(x) = B′s

(
x

Lp

)−η

+ B′w , (60)

where B′s and B′w are, respectively, the strongest and the weakest magnetic field strengths, η
is the power-law decaying index, and Lp is the field decay length scale, which is estimated
as [126]:

Lp =

[
mpΓsc2

4πne2

]1/2

= 2.2× 107 Γs

n
cm (61)

where Γs is the shock front Lorentz factor and n is the number density of the accelerated
particles in the shocked fluid comoving frame. As a consequence, the Larmor radius
rL increases with the distance from the shock front, since B′(x) becomes weaker and an
electron travelling downstream will be likely sent back upstream when rL ≤ x. When
considering the case B′s � B′w and x � Lp the particles will lose most of their energy in the
region of low magnetic field. Therefore, from the condition that losses in the low magnetic
field region should be greater than losses in the high magnetic field region, after some
algebra the following condition is obtained:

(
B′s
B′w

)2

. rl
Lp

(62)

valid for η > 1/2 and x0/Lp � 1 where x0 is the width of the high magnetic field region.
Considering that x0/Lp ≡ (B′s/B′w)1/η , Equation (62) states that the Larmor radius in
the high magnetic field region is larger than the actual width of the region and electrons
will be barely deflected in such portion of the shocked plasma. As a result, it is possible
to calculate the maximum Lorentz factor for electrons that lose most of their energy in
the weak magnetic field region following the same conditions presented for the uniform
magnetic field case:

γmax =

√
3πe

σT B′w
(63)

As a result, the maximum synchrotron photon energy is given by:

hν′max =
eγ2

maxh
2πmec

(
B′s
B′w

)
(64)

which is greater than the one calculated in Equation (57) by a factor B′s/B′w. Numerical
calculations [41] show that this ratio can be larger than ∼102. As a result, photons of
energies & 100 GeV can be produced via synchrotron process when assuming a non-
uniform magnetic field, which decays downstream of the shock front and with particles
losing most of their energies in the weakest field region.

In both interpretations presented here, TeV observations are fundamental in order to
investigate with unprecedented details the possible presence or absence of the synchrotron
cutoff spectrum. This have also a direct impact on the study of the possible radiation
mechanisms responsible for the VHE component in GRBs.
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3.6. Prompt Emission Efficiency

The overall efficiency ηγ of the prompt emission mechanism is the result of three
processes: the efficiency ηdiss of the (still unidentified) mechanism responsible for the
dissipation of the jet energy, the efficiency εe of the acceleration mechanism in converting
the dissipated energy into random energy of the electrons, and the radiative efficiency εrad
of the electrons: ηγ = ηdissεeεrad. Provided that it is reasonable to assume a fast cooling
regime for the prompt emission (εrad = 1), the overall prompt efficiency is limited by the
capability of the dissipation mechanism in extracting the kinetic or magnetic energy of
the jet and the capability of the particle acceleration process to convey a fraction of this
energy into the non-thermal electron population. The value of the efficiency then provides a
fundamental clue to placing constraints on the origin of energy dissipation in GRBs, which
is still quite uncertain, discriminating between matter and magnetic dominated jets.

From the definition of ηγ = Eγ/E0 (where E0 = Eγ + Ek is the initial explosion energy),
we can write the relation Ek = (1− ηγ)/ηγEγ. The parameter ηγ can then be estimated
from the comparison of the energy Eγ emitted in the prompt phase and the energy Ek left
in the jet after the end of the prompt emission (i.e., at the beginning of the afterglow phase).
While the former is directly estimated from observations, the latter can be inferred only
indirectly, from the modeling of afterglow radiation.

One of the most adopted methods to infer Ek for large samples of GRBs is to rely on
the X-ray luminosity and use it as a proxy for the energy content of the blast-wave [127–131].
This method is solid as long as the X-ray band lies above max(νm, nuc) and is not affected
by inverse Compton cooling. If these two conditions are verified, then the electrons
emitting X-ray photons are in a fast cooling regime and their cooling is dominated by
synchrotron losses. The luminosity produced is then proportional to the energy content
of the accelerated electrons Ekεe. Assuming a value (typically 0.1) for εe, then Ek can be
estimated. Investigations based on the X-ray emission have inferred very large values of
ηγ, between 0.5 and 0.9 [49,129,132,133].

The very same approach can also be applied to 100 MeV-GeV photons detected by
the LAT, under the assumption that these are synchrotron photons. A strong correlation
between the GeV luminosity and Eγ,iso has been indeed found, supporting the possibility
that GeV photons lie in the high-energy part of the synchrotron spectrum, where the after-
glow luminosity is proportional to Ekεe and can be used, similarly to the X-ray luminosity,
to estimate Ek [134]. A study by [70] revealed that the energetics Ek inferred independently
from X-ray and GeV luminosities on a sample of 10 GRBs are inconsistent with each other.
The authors show that the inconsistency is solved if νc > νX (where νX is the X-ray fre-
quency), or if Compton losses are important in the X-ray band. Full modeling of the GeV,
X-ray and optical data support this scenario. In both cases, εB is required to be much
smaller than usually assumed, with values in the range 10−7–10−3. This analysis shows
that the GeV band is a much better proxy for Ek, since it is above νc and is not affected by
inverse Compton cooling, due to Klein–Nishina suppression. Adopting GeV luminosities
as a proxy for Ek, the estimated values of Ek increase, also affecting the estimates of ηγ,
which are around 5–10% [24].

A correct estimate of ηγ is extremely important, since its value is related to the mecha-
nism dissipating energy in the jet. Since internal shocks can hardly reach values of ηγ larger
than 10%, values around 50–90% have been used to argue that internal shocks are not a
viable mechanism to explain prompt emission in GRBs, and more efficient mechanisms
should be considered (e.g., magnetic reconnection). If the efficiency is, however, smaller
than initially estimated, internal shocks may still be a viable solution. Moreover, different
estimates of ηγ lead to different estimates on the total initial jet energy E0 = Eγ,iso + Ek,
with repercussions on the energy budget of GRBs and finally on their progenitors and mech-
anisms for jet launching. Small values of εB may then relax the problem with very large
prompt efficiency, which is definitely unreasonable for internal shocks, but also difficult to
attain for magnetic reconnection models (for a discussion, see e.g., [19,20,135]).
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A scenario where the magnetic field strength is relatively low in the emitting region
implies a stronger SSC emission. Recent TeV detection of GRBs support this scenario,
and provide additional observations to constrain the magnetic field. Moreover, as shown by
the first detections by IACTs (Section 4), the energy in the TeV component is comparable to
the energy in X-rays, providing better estimates for the energy budget in the afterglow phase.
Future detections from a larger sample of GRBs can help in assessing the energy budget of
the jet more precisely during the afterglow emission, add important information to constrain
the efficiency of the prompt emission and favor or exclude some dissipation scenarios.

3.7. Fraction of Accelerated Particles

As described in Section 2, the representation of the relativistic shock acceleration
in GRB afterglow relies on some free parameters. These values describe the energy
equipartition between particles and magnetic field and the non-thermal accelerated particle
distribution.

In particular, the parameter ξe is responsible to account for the fraction of particles
(here we consider electrons, but the same considerations are also valid for protons) accel-
erated into a non-thermal distribution. This means that from relativistic shock theory it
is expected that a fraction 1− ξe of electrons is heated into a thermal distribution rather
than a non-thermal one (see Figure 9). For simplicity, it is usually assumed in afterglow
studies that ξe = 1, i.e., all the particles are accelerated into a non-thermal distribution.
Such an assumption is used in order to avoid the large degeneracy which affects the GRB
parameters when including this additional free value. In particular, afterglow modeling pre-
dictions obtained assuming ξe = 1 for parameters Ek, n, εe and εB cannot be distinguished
from those estimated for any ξe in the range me/mp < ξe < 1 and afterglow parameters
E′k = Ek/ξe, n′ = n/ξe, ε′e = ξeεe and ε′B = ξeεB [73]. This can be proven considering the
dependencies of the jet dynamics and shock energy equipartition on the model parameters.
As shown in BM76 and by previous calculations on the evolution of a relativistic blastwave,
in the self-similar regime the bulk Lorentz factor evolve as Γ ∝ (Ek/n)1/2. As a result,
the same flow evolution can be obtained with different values of Ek and n as long as their
ratio is preserved. The fraction of energy given to the magnetic field is reduced by a factor
ξe but at the same time the energy density given to the shock is increased by a factor 1/ξe
so that the magnetic field energy density is the same in the scenario when including ξe
or not. Analogous considerations can be also conducted for the number and the energy
density of the electrons so that their values are preserved. As a result, in principle it is not
possible to distinguish between the two parameter sets obtained for ξe or for any value
me/mp < ξe < 1. This implies that afterglow model parameters, when considering ξe 6= 1,
are estimated with an uncertainty of factor of me/mp, and the afterglow observations do
not directly constrain their values (e.g., Ek or εB) but rather are a fraction of their value
multiplied or divided by ξe (e.g., Ek/ξe or εBξe).

It is possible to obtain information on the value of ξe through PIC simulations or indi-
rect features of the thermal component on the synchrotron afterglow spectra. As mentioned
in the previous section, PIC simulations of weakly magnetized shocks have found that
the downstream population include around ∼3% of the electrons, which are accelerated
into a non-thermal distribution. In case the efficiency is low (around ∼10% or less) the
presence of a large population of thermal electrons may affect the afterglow radiation
spectra. The thermal electrons are distributed at lower energies than the non-thermal ones
since ηγmec2 � γmpc2, where η � mp/me is a factor describing the ignorance on the
plasma physics governing electron heating beyond γmec2. As a result, the synchrotron
radio component emission may be affected through the production of a new emission
component from thermal electrons (for η � 1 and moderate 1/ξe) or a large self-absorption
optical depth (for ξe � 1), which may be visible in a time scale of few hours. Possible
effects of the thermal component are discussed in [136–138].

191



Galaxies 2022, 10, 66

Figure 9. Distribution of accelerated electrons from a relativistic shock. The two bumps correspond,
respectively, to the distribution of the (1− ξ) fraction of particles heated into a thermal component
with post shock energy ∼ γmec2 and the fraction ξ of particles accelerated into a non-thermal compo-
nent with post shock energy ∼ γmpc2. Adapted from [73]. ©AAS. Reproduced with permission.

Information from the TeV component cannot completely solve the degeneracy between
afterglow parameters and cannot provide additional clues on the non-thermal electron
distribution. However, it can provide unique fundamental data useful to constrain the other
afterglow parameters less constrained such as εB and the density. This will also impact
the ξe calculation since it can help to reduce the degeneracy between the sets of solutions
available in the parameter space. Indeed, the multi-wavelength modeling of GRB 190829A
(detected at TeV energies by H.E.S.S.) showed that the only way to explain all the detected
radiation, from radio to TeV, is to introduce the parameter ξe in the modeling, which is
constrained by data to be ξe < 0.13 [72].

4. Discovery of a TeV Emission Component in GRBs

The robust theoretical framework developed throughout the years to explain the
afterglow radiation predicts that, to some extent, GRBs should be TeV emitters (Section 2).
Observations in the HE band, and in particular the presence of &GeV photons with energies
up to∼100 GeV, support this possibility. On the other hand, from the observational side, the
search for such emission is hampered by several drawbacks. Space-born telescopes, such
as Fermi-LAT, sensitive up to few hundred GeV, have an hard time with GRBs due to their
low γ-ray photon flux at the highest energies (∼102 GeV), caused by their cosmological
distance and strong EBL absorption. These difficulties can be overcome by the much
larger effective area of IACTs in the common energy range of sensitivity (50–300 GeV).
As a downside, IACTs have a small field of view (a few degrees wide), higher low-energy
threshold (&50–100 GeV), and reduced duty cycle (less than 10%).

In the last decades, IACTs have performed a huge effort to become instruments suit-
able for GRB observations. In particular, the efforts have been focused in two directions: (i)
the development of fast repointing systems to promptly react to GRB alerts and start obser-
vations with delays of a few tens of seconds after the trigger time, and (ii) the extension of
the energy threshold below 100 GeV, important to reduce the impact of the EBL attenuation
on the detection probability of cosmological GRBs.

After a decade of VHE observations resulting in non-detections, the first announce-
ment of GRBs detected by IACTs arrived in 2019, thanks to the MAGIC and H.E.S.S.
telescopes [139]. These detections have firmly established that GRBs can be bright sources
of TeV radiation. Somewhat unexpectedly, VHE emission was also detected several hours/a
few days after the GRB onset, and up to energies of &3 TeV. The timescales of the detections
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place the origin of the emission in the afterglow phase. The TeV emission has been studied
and interpreted in a multi-wavelength context, in order to evaluate the properties and the
nature of the responsible radiation mechanisms. In particular, investigations have focused
on SSC, external inverse Compton (EIC), and synchrotron radiation.

In this section, all GRBs for which a detection (significance > 5σ) or a hint of detection
(significance between 3 and 5σ) has been claimed by Cherenkov telescopes, are presented.
These are, in total, six events (one short and five long): GRB 160821B (Section 4.1), GRB 180720B
(Section 4.2), GRB 190114C (Section 4.3), GRB 190829A (Section 4.4), GRB 201015A (Section 4.5)
and GRB 201216C (Section 4.6). For each event, we start with a brief description of the prompt
and afterglow multi-wavelength observations. Then, we describe VHE observations and
summarize the main results. These detections being a novelty, and some of them laying
close to the sensitivity detection threshold of the instrument, we describe in detail the VHE
data analysis, the calculation of the significance excess at the GRB position (following the
usual prescription used for VHE sources presented in [140]), and the methods adopted for the
derivation of the spectral energy distribution (SED) and of the light-curves. For each GRB, we
also present the interpretations that have been put forward in the literature. A discussion on
the main common properties and differences among this initial population of VHE GRBs and
with respect to the whole GRB population is presented in Section 5, where we also address
the question of what we have been learning from these few detections.

In this section, all quoted times refer to the time elapsed from the trigger time T0 of
the Swift-BAT or Fermi-GBM instrument, as will be specified. Photon indices are given in
the notation Nν ∝ να, while temporal indices are defined by F(t) ∝ tβ

T .

4.1. GRB 160821B

GRB 160821B is a short GRB at z = 0.162 detected by the Swift-BAT [141] on 21
August 2016 at T0 = 22 : 29 : 13 UT and by the Fermi-GBM [142]. The analysis of MAGIC
observations shows a ∼ 3σ excess at the GRB position.

4.1.1. General Properties and Multi-Wavelength Observations

The BAT prompt spectrum (T90 = 0.48 s) is well described by a power-law with index
α = −0.11± 0.88 and an exponential high-energy cutoff, corresponding to a peak energy
with Ep = 46.3± 6.4 keV [143]. The GBM prompt spectrum (T90 = 1.088± 0.977 s) is fitted
with a cutoff power-law function as well, with Ep = 92± 28 keV. Being located at redshift
z = 0.162, this is one of the nearest short GRBs detected up to date. Its isotropic-equivalent
energy Eγ,iso ∼ 1.2× 1049 erg is toward the low energy edge of the known distribution for
short GRBs [144]).

Afterglow observations are available in the radio, optical, X-ray and (V)HE band.
Fermi-LAT observations were performed from the trigger time up to 2315 s and from 5285 s
to 8050 s, and did not reveal any significant excess in the 0.3–3 GeV band [145]. Swift-XRT
observations [146] started 57 s after the trigger time and revealed a complex behavior of the
X-ray afterglow light curve. An initial plateau is followed by a steep decay at around 102 s.
Then, a power-law decay with index ∼−0.8 is observed after ∼103 s [147,148]. Optical
observations were performed by several instruments [149–152], revealing the presence of
a fading source with a magnitude r = 22.6± 0.1 mag 0.95 h after T0. The identification
of the host galaxy allowed the measurement of the spectroscopic redshift z = 0.162. The
GRB is located in the outskirts of the host spiral galaxy, at ∼15 kpc projected distance from
its center [148,153]. A fading radio afterglow counterpart was observed at 6 GHz by VLA
starting from 3.6 h after the burst trigger [154].

4.1.2. VHE Observations and Results

The MAGIC telescopes started the follow-up of GRB 160821B with a very short delay
of 24 s after T0 and continued observations for about 4 h [145]. The observations were
performed with a relatively high Night Sky Background (NSB) (2–8 times brighter than in
dark nights) due to the presence of the Moon, and in mid-high zenithal angle conditions
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(from 34◦ to 55◦). Unfortunately, the first ∼1.7 h of the data were strongly affected by
clouds. As a result, dedicated and optimized software configurations were used. A more
stringent image cleaning with respect to dark conditions was applied to take into account
the spurious contribution coming from the high NSB. The analysis required cuts optimized
on the Crab Nebula and on Mrk421 observed in similar conditions, and correction factors
for the low atmospheric transmission, calculated thanks to the LIDAR facility [155].

The pre-trial analysis showed the presence of a 3.1σ (2.9σ post-trial4) significant excess
at the GRB position provided by Swift-XRT (see Figure 10). The flux has been estimated
for energies above 0.5 TeV assuming a power-law spectrum with photon index α = −2.
In the first 1.7 h, where data taking was affected by bad atmospheric transmission, only flux
upper limits could be derived. This time window has been divided into two time intervals
(24–1216 s and 1258–6098 s) and the derived upper limits are, respectively, 1.1 × 10−11

cm−2s−1 and 5.4 × 10−12 cm−2 s−1. In the subsequent 2.2 h (6134–14,130 s) assuming
that the signal is real, a flux value could be calculated and is 9.9± 4.8× 10−13 cm−2 s−1.
For the same time interval, a flux upper limit has also been estimated and gives 3.0× 10−12

cm−2 s−1. All the mentioned fluxes are shown in Figure 11 (red symbols) and refer to
the observed values, i.e., without correcting for EBL absorption. Upper limits have been
calculated at a 95% confidence level following the prescriptions of [156]. The low (∼3σ)
significance estimated did not allow us to obtain an unfolded spectrum. As a result, in the
SED (Figure 12) the reconstructed flux in the third bin (6134–14,130 s) over the energy range
0.5–5 TeV is represented as an error box. The statistical error on the photon flux has been
taken into account, while, for simplicity, the systematic error for the assumed spectral index
was neglected. The flux inferred by MAGIC observations in the 0.5–5 TeV energy range
would imply a TeV luminosity at least 5 times larger (when de-absorbed by EBL) than the
luminosity emitted in the X-ray band.

Figure 10. GRB 160821B: angular distance distribution θ2 between the nominal source position and
the reconstructed event arrival directions. The gray histogram represents the background events,
while the black points with blue crosses are the γ-like events. The vertical dashed line marks the
θ2 cut value and defines the region in which excess events and signal significance are calculated.
From [145]. ©AAS. Reproduced with permission.

4.1.3. Interpretation

A modeling of the multi-wavelength observations, including MAGIC data, has been
presented by the MAGIC Collaboration in [145]. The emission is interpreted as the sum of
several components, dominating at different times and in different energy bands:

• synchrotron and SSC emission from electrons accelerated at the forward shock; this is
in general the dominant emission component;

• synchrotron emission from electrons accelerated by the reverse shock, which is found
to dominate the radio band until t ∼ 4.8 h;

• kilonova emission, powered by freshly synthesized r-process elements released in
neutron star mergers; this component is found to dominate the optical/nIR from
around 1 to 4 days [148,153];
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• an X-ray extended emission component, widely attributed to long-lasting activity of
the central engine, here dominating the X-ray band for t < 103 s.

In performing this multi-component modeling, the synchrotron and SSC forward
shock emission have been calculated with a one-zone numerical code (see [71] for details),
while the reverse shock and kilonova emission contributions have been taken from [148].
Only X-ray data at t > 103 s have been included in the modeling, to exclude the extended
emission component. The broad-band modeling is shown over-plotted to the light-curves
in Figure 11 (solid lines) and to the SED between 1.7 and 4 h in Figure 12.
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shock (FS), reverse shock (RS) and kilonova are shown (see legend).

10
−6

10
−3

10
0

10
3

10
6

10
9

10
12

Photon Energy [eV]

10
−19

10
−17

10
−15

10
−13

10
−11

Fl
ux

 [e
rg

/c
m

2/
s]

 

MAGIC 1.7-4 h
6 GHz @ 4h
optical @ 2h
X-ray @ 3h

Figure 12. GRB 160821B: modeling of the simultaneous multi-wavelength SED at approximately∼3 h
according to [145] (©AAS. Reproduced with permission.), for the same parameters used to model
the lightcurves in Figure 11. The shaded areas show the sensitivity energy range of the different
instruments. The MAGIC error box on the reconstructed flux is also shown. Synchrotron (solid black
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A very good agreement between data and modeling is found in radio (green lines
and points), optical (yellow and pink lines and points) and X-rays (blue lines and points).
A large degeneracy is present in the parameters, and the data modeling only allows us
to identify the ranges for the permitted values of each parameter. These are reported in
Table 1 and we note that they are very similar to those estimated in [148] and in a later work
by [157]. In the allowed parameter space defined by radio, optical and X-ray observations,
different combinations of the parameters predicts different SSC fluxes at 1 TeV are found,
reaching at most F(1TeV)

SSC ∼ 2× 10−13 erg cm−2 s−1. This value, when attenuated by EBL, is
at least one order of magnitude fainter than the one inferred from the data analysis of the
MAGIC observations. In other words, the parameter space constrained by the observations
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at lower frequencies is unable to account for such energetic TeV emission, and the SSC
forward shock scenario fails to reproduce the observations, provided that the hint of excess
found by MAGIC is a real signal from the source.

An alternative scenario that has been explored is the external inverse Compton
(EIC) scenario, investigated by [157]. These authors first consider a one-zone SSC model,
and reach similar conclusions to those presented by the MAGIC Collaboration [145]: the
SSC mechanism predicts a TeV flux around 1–2 orders of magnitude lower than the MAGIC
observations (see Figure 13, orange curves). The alternative EIC scenario is then considered
by the authors, where the seed photons are provided by the extended X-ray emission
and the X-ray plateau. The extended emission and the plateau are fitted using two phe-
nomenological functions. The energy spectrum of the late-prompt emission is described by
a broken power-law (see Figure 13, top and bottom panels). For the EIC model, the VHE
spectrum is inferred for three different observed times (t = 1.1, 1.8, 2 h) and compared to the
MAGIC flux averaged between 1.7 and 4 h. As can be observed in Figure 13 (bottom panel),
the model flux at 2 h under-predicts the MAGIC flux (the MAGIC observed flux, green
shaded area, should be compared with the EBL-absorbed model flux). We conclude that the
EIC model is also unable to explain the large TeV flux suggested by MAGIC observations.
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with permission. Two scenarios are considered: SSC (dashed orange lines) and EIC (dash-dotted
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Table 1. GRB 160821B. List of the best fit parameters inferred from multi-wavelength modeling of the
afterglow radiation by different authors.

Ek log(εe) log(εB) log(n) p ξe θj
erg cm−3 rad

MAGIC Coll. 1051–1052 [−1; −0.1] [−5.5; −0.8] [−4.85; −0.24] 2.2–2.35 1 /
Troja + 2019 1050–1051 [−0.39; −0.05] [−3.1; −1.1] [−4.2; −1.7] 2.26–2.39 1 0.08–0.50
Zhang + 2021 (SSC) 3× 1051 −0.52 −5 −1.3 2.3 0.5 0.15
Zhang + 2021 (EIC) 2× 1051 −0.3 −6 −1 2.5 0.1 0.1

4.2. GRB 180720B

GRB 180720B is a long GRB at z = 0.654 triggered on 20 July 2018 by the Fermi-
GBM [158] at T0 = 14 : 21 : 39 UT and 5 s later by the Swift-BAT instrument [159].
The H.E.S.S. telescopes observed and detected GRB 180720B about 11 h after the prompt
emission, with a ∼5σ statistical significance.

4.2.1. General Properties and Multi-Wavelength Observations

The extremely bright prompt emission of this event, which is the seventh in brightness
among the GRBs detected by the Fermi-GBM until then, lasted for T90 = 48.9± 0.4 s and
released an isotropic-equivalent energy Eγ,iso = 6.0± 0.1× 1053 erg in the 50–300 keV range.

Multi-wavelength afterglow observations covered the entire electromagnetic spectrum
(see Figure 11). A significant signal was detected by Fermi-LAT from the trigger time up to
700 s, with the highest photon energy of 5 GeV detected 137 s after the burst trigger [160].
The Swift-XRT telescope observed and identified a bright afterglow starting from 90 s.
This was still visible almost 30 days after the trigger time. The late-time light curve (from
2 × 103 s to 4 × 106 s) can be modeled with an initial power-law decay with an index
−1.19+0.01

−0.02 followed by a break at tbreak = 8× 104 s to an index of −1.55+0.04
−0.05

5. Several
optical observations [161–170] revealed the presence of a counterpart and allowed us to
estimate the redshift value of z = 0.654. The optical afterglow was observed to be slowly
fading at an almost constant rate from around 10–11 h after the trigger time [171,172] as
discussed in [173]. Radio observations (not shown in the figure) were also performed
starting from ∼1.7 days after the burst showing a steep power-law decaying emission [173].

4.2.2. VHE Observations and Results

The H.E.S.S. telescopes followed-up the event for ∼2 h starting from 10.1 h, revealing
the presence of a source with a 5.3σ pre-trial significance (5.0σ post-trial6). The observation
was performed in standard dark and good weather conditions with a mean zenith angle
of 31.5◦. Another observation was performed under similar conditions 18 days after the
previous one with results consistent with background events. The inferred flux at ∼11 h
and the flux upper limit at 18 d are shown in Figure 14 (red symbols).

The observed spectrum in the 0.1–0.44 TeV energy band has been fitted both with
a power-law (panel on the left in Figure 15) and with a power-law with a cutoff Fint =

F0,int
( E

E0

)−γint , to describe an intrinsic power-law spectrum affected by the EBL attenuation

e−τ(E,z) (see Figure 15, panel on the right). With reference to the second fit, the analysis
returns a photon index γint = 1.6± 1.2 (statistical) ±0.4 (systematic) and a flux normaliza-
tion F0,int = (7.52± 2.03 (statistical) +4.53

−3.84) (systematic) ×10−10 TeV−1 cm−2 s−1, evaluated
at an energy E0,int = 0.154 TeV.
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Figure 15. GRB 180720B: spectral fit to the observed emission in the 0.1–0.44 TeV energy range. In the
left panel (a), the observed spectrum is assumed to be described by a power-law model, while in the
panel on the right (b), the spectrum is an power-law attenuated by EBL. Statistical and systematic
uncertainties at a 1σ confidence level are shown with shaded areas. From [4].

4.2.3. Interpretation

The H.E.S.S. Collaboration explored two possible radiation mechanisms to explain
the VHE emission from GRB 180720B [4]: synchrotron emission and SSC radiation. A full
modeling is not performed, and the discussion and comparison among the two different
scenarios is based on estimates of the typical and maximal electron energy necessary in
the two cases and on the comparison between spectral and temporal indices in different
energy ranges. A synchrotron spectrum with a flat (α ∼ −2) slope extending from X-ray to
VHE could model the emission with one single broad component and explain the similarity
between the H.E.S.S., Fermi-LAT, and Swift-XRT luminosities, and the consistency among
their photon index values. The large error on the VHE photon index, however, is not
placing strong constraints, leaving open both the possibility of a consistency with the
extrapolation of the synchrotron spectrum but also the possibility of a spectral hardening,
indicative of a second component. A synchrotron origin of 102 GeV photons would require
to find a process able to accelerate electrons up to PeV energies, which is in excess of the
maximum electron energy achievable in external shocks (for a discussion, see Section 2.3.1).
Adopting the standard Bhom limit, >100 GeV emission 10 h after the burst would require a
huge bulk Lorentz factor Γ ∼ 1000, which at these late times is really unlikely. As a result,
these strong requirements disfavor the synchrotron emission as responsible of the VHE
component in GRB 180720B.

The SSC scattering, on the contrary, arises as a natural candidate. A full broad-band
modeling of GRB 180720B data in this scenario is presented in [174]. A numerical code
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reproducing the synchrotron and SSC emission in the afterglow shocks has been used
(see [175]). The resulting light-curves and SED in the H.E.S.S. observational time window
are shown in Figure 16. The full emission is explained as afterglow forward shock radiation
(except for the initial peak in the optical and X-ray curves at t ∼ 102 s, which is attributed to
reverse shock emission). In the case of a constant-density ISM environment, the parameters
that best reproduce the data are: Ek = 1054 erg, n = 0.1 cm−3, εe = 0.1, εB = 10−4,
Γ0 = 300 and p = 2.4. As it can be noticed, the equipartition factor εB needs to assume
quite a low value in order to explain the observations. A stellar wind-like environment
is discarded by the authors on the basis of the comparison between the expected flux at
∼1–10 GeV, following the prescriptions of [48] (& 2× 10−6 erg cm−2 s−1 at t ≈ 100 s) and
the one observed by Fermi-LAT (∼10−8 erg cm−2 s−1 at t ≈ 100 s). A low magnetic field
equipartition factor is derived from the condition EKN & 0.44 TeV at t ≈ 10 h, where EKN
is the energy at which the KN scattering becomes relevant. A transition energy between
the synchrotron and SSC component of ∼1 GeV is derived. Such value falls into the Fermi-
LAT energy range and is compatible with a hardening of the spectrum in the VHE band.
However, since the Fermi-LAT sensitivity is above the predicted flux of GRB 180720B at
10 h in the GeV band, the data cannot firmly confirm the presence of this transition.

Figure 16. GRB 180720B: modeling of the broad-band light curves (left panel) and SED at the time of
the H.E.S.S. detection (right panel) proposed by [174]. Both the synchrotron and the SSC contribution
to the total flux are shown (see legend). In the SED, X-ray and H.E.S.S. data are shown, respectively,
with the green and the blue boxes.

4.3. GRB 190114C

GRB 190114C is a long GRB at redshift z = 0.42 triggered by the Swift-BAT [176] on
14 January 2019 at T0 = 20 : 57 : 03 UT, and by the Fermi-GBM [177]. The event was
detected also by several other space γ-ray instruments such as AGILE, INTEGRAL/SPI-
ACS, Insight/HXMT, and Konus-Wind [71]. MAGIC detected GRB 190114C starting ∼60 s
after T0 with a significance above 50σ.

4.3.1. General Properties and Multi-Wavelength Observations

The duration of the prompt emission is T90 ≈ 116 s as measured by Fermi-GBM and
T90 ≈ 362 s by Swift-BAT. However, the prompt light curve showed a multi-peak structure
only for about 25 s, suggesting that the remaining activity, which is characterized by a
smooth power-law decay and recorded by these instruments, may already be the afterglow
emission. Support to such an interpretation is also obtained from a joint spectral and
temporal analysis of the Fermi-GBM and Fermi-LAT data [178]. The total radiated prompt
energy is Eγ,iso = (2.5± 0.1)× 1053 erg in the energy range 1–104 keV [179].

Extensive follow-up observations from several different instruments from GeV to radio
are available. Light-curves are shown in Figure 17. Fermi-LAT observations started since
the beginning of the prompt phase. A GeV counterpart was detected from T0 to 150 s, when
the burst left the LAT field of view and remained outside it until 8600 s. When LAT resumed
observations, a significant signal was still detected at a flux level ∼2 × 10−10 erg cm−2 s−1

(0.1–1 GeV). After ∼60 s from the burst trigger, Swift-XRT started follow-up observations,
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which covered in total ∼106 s. The light-curve in the 1–10 keV energy band is consistent
with a power-law decay F ∝ tα with α = −1.36± 0.02 [71]. NuSTAR and XMM-Newton
observations are also available around 1–2 days. The NIR, optical and UV data were
taken from around ∼100 s. The early emission is particularly bright and is interpreted
as dominated by the reverse shock component [180]. Afterwards, the decay rate flattens
and then steepens again after ∼3 × 104 s (see Figure 17). The Nordic Optical Telescope
measured a redshift of z = 0.4245 ± 0.0005 [181], which was then confirmed by Gran
Telescopio Canarias [182]. Radio and sub-mm data were taken from ∼104 s and exhibit
an achromatic behavior, possibly dominated by the reverse shock in the sub-mm range,
followed by emission at late times with nearly constant flux.
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Figure 17. GRB 190114C: light-curves at different frequencies. From [71].

4.3.2. VHE Observations and Results

After receiving (at 22 s after the BAT trigger time) and validating (at 50 s) the GRB
alert, the MAGIC telescopes started observing GRB 190114C at 57 s and operated stably
from 62 s, starting from a zenith angle of 55.8◦. Observations lasted until 15,912 s, when
a zenith angle of 81.14◦ was reached. The observation was performed in good weather
conditions but in presence of the moon, resulting in a night sky background approximately
six times higher than the standard dark night conditions. The results of the offline analysis
demonstrate a clear detection above the 50σ level in the first 20 min of observation [3].

The light-curve (see Figure 18, upper panel) for the intrinsic flux (i.e., corrected
for the EBL absorption) in the 0.3–1 TeV range was derived starting from 62 s and up
to 2454 s. The TeV light curve is well described by a power-law with temporal decay
index βT = −1.60± 0.07, steeper than the one exhibited by the X-ray flux. The temporal
evolution of the intrinsic spectral photon index αint of the TeV differential photon spectrum
is shown in the bottom panel. A constant value of αint ≈ −2 is consistent with the data,
considering the statistical and systematic errors, but there is evidence for a softening of the
spectrum with time. The spectral fit in the 0.2–1 TeV energy range for the time-integrated
emission (62–2454 s) returns αobs = −5.34± 0.22 and αint = −2.22+0.23

−0.25 for the observed
and EBL-corrected spectrum, respectively.
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Figure 18. GRB 190114C. Upper panel: MAGIC light-curve (red circles), compared with the XRT
(green band) and LAT (red band) emission. Bottom panel: temporal evolution of the intrinsic spectral
photon index in the MAGIC data analysis time bins. From [3].

4.3.3. Interpretation

The properties of the VHE light curve and spectrum of GRB 190114C were studied
by the MAGIC Collaboration in [3]. The PL behavior, the absence of variability, and the
relatively long timescale of the emission support the evidence that the VHE component
belongs to the afterglow phase. An estimate of the amount of radiated power in the TeV
range can be derived, assuming that the afterglow onset is at ∼6 s [178]. In this case, the
energy radiated in the TeV band is ∼10% of the isotropic-equivalent energy of the prompt
emission Eγ,iso considering the temporal evolution estimated from the MAGIC light-curve.

The energy of the photons observed by the MAGIC telescopes was compared with the
maximum energy of synchrotron photons assuming two possible scenarios for the radial
profile of the external density, namely constant and wind-like (Figure 19). These estimates
of the maximum energy are based on the widely adopted limit on the maximum electron
Lorentz factor set by equating the acceleration at Bhom rate with the synchrotron cooling
rate (see Equation (57)). Adopting this limit, synchrotron emission can not account for the
TeV photons detected by MAGIC, and a different radiation mechanism must be invoked.

Figure 19. GRB 190114C: comparison between the distribution of the observed γ-ray events binned in
time and energy (blue shaded areas) and the limiting curves for synchrotron maximum energy. Two
different density radial profiles are considered for the derivation of the theoretical curves: constant
(red-dotted curve) and wind-like (red-dashed curve). From [3].

An additional, model independent indication for the presence of a spectral component
other than synchrotron is evident after multi-wavelength simultaneous SEDs are built.
In [71], the VHE data were rebinned into five time intervals and XRT, BAT, GBM and
LAT data were added when available, i.e., in the first two time intervals (Figure 20). The
spectrum demonstrates a double-peaked behavior with a first peak in the X-ray band and
the second one in the VHE band. The Fermi-LAT data play a particularly important role
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in revealing the shape of the SED, as they show a dip in the flux, strongly supporting an
interpretation of the whole SED as a superposition of two distinct components.
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power-law functions are displayed. For Swift data, the 90% confidence contours for the XRT-BAT
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Following these considerations, in [71], the SSC mechanism is explored. The broad-
band emission is modeled with a numerical code reproducing the synchrotron and SSC
radiation in the external forward shock scenario, including the proper KN cross section
and the effects of γ− γ annihilation.

The predicted spectra and lightcurves are compared with the data in Figures 21 and 22.
Acceptable modeling of the multi-wavelength afterglow spectra have been found for
a constant medium with Ek & 3 × 1053 erg, εe ≈ 0.05 − 0.15, εB ≈ (0.05 − 1) × 10−3,
n ≈ 0.5− 5 cm−3 and p ≈ 2.4− 2.6. It is found that, the peak of the SSC component being
below 200 GeV, the KN suppression and the γ− γ internal absorption have a non-negligible
role in shaping the peak of the VHE spectrum. The modeling reproduces the XRT, LAT
and TeV emission very well (solid blue curve in Figure 21 and solid blue, green and red
curves in Figure 22), while it overproduces both the optical and radio flux at late times
(solid violet, yellow and cyan curves in Figure 22). According to [71], a similar fit is found,
also assuming a wind-like profile for the external density. In this case, the parameters
are Ek = 4× 1053 erg, εe = 0.6, εB = 1× 10−4, A∗ = 0.1 and p = 2.4. Very interestingly,
the modeling shows that the late LAT observation (around 104 s) is completely dominated
by SSC emission (red-dashed curve in Figure 22). A different type of modelization is also
investigated by [71], under the requirement to model optical data. In this case (dotted
curves in Figure 22), the fit is very good for optical, X-ray and LAT observations, but fails
in reproducing the MAGIC light-curve.

The values inferred for the GRB afterglow parameters are similar to those used for past
GRB afterglow studies at lower frequencies. This is an indication that the SSC component
can be a relatively common process for GRB afterglows, since it does not require peculiar
values of the parameters to be explained.

Several other successful modelings of GRB 190114C data within the synchrotron and
SSC external forward shock scenario have been published in the literature [174,184–186].
A summary of the parameters inferred by different works can be found in Table 2.
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Figure 21. GRB 190114C: modeling of two SEDs in consecutive time intervals. The different curves
refer to: the observed spectrum (thin solid line), the EBL deabsorbed spectrum (thick blue line) and
the SSC component neglecting the effects of internal γ-γ opacity (dashed line). From [71].
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Figure 22. Modeling of broad band GRB 190114C light curves. Description of the different modelings
used is given in Section 4.3.3. From [71].

In [174], the X-ray, optical and LAT data before 100 s are attributed to reverse shock
emission or prompt contribution. A constant-density environment for the circumburst
material is assumed. A time-averaged SED (50–150 s) is estimated, demonstrating that at
GeV energies a transition between the synchrotron and SSC component can be identified.
From the re-analysis of LAT data, a hard photon index (1.76± 0.21) is derived, in agreement
with the hardening of the spectrum caused by the rising of the SSC component. Differently
from what is observed by [71,184] γ− γ, the absorption does not contribute significantly in
shaping the VHE spectrum.

A similar interpretation is given in [185], although the inferred value of εB is larger
(εB ∼ 10−3). A consistent modeling of the multi-wavelength observations as synchrotron
and SSC radiation is found in both the ISM and wind-like scenarios. The SED at 80 s (see
Figures 2 and 5 in [185]) and the broad-band light curves (Figures 3 and 6 in [185]) are
reproduced, despite at 103 s, the model predictions in the 0.3–1 TeV band and X-rays are
slightly brighter than the observed data.

In [186], analytical approximations are adopted for the description of the synchrotron
and SSC components. In addition, the KN cut-off energy and the γ− γ absorption con-
tribution are calculated and compared with the data. A wind-like environment was used
for the circumburst medium. The SEDs in the time intervals 68–110 s and 110–180 s are
modeled, and the two values of the KN cut-off energies calculated at these times are
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∼3.7 TeV and 2.1 TeV. This implies that the KN effect is relevant only at TeV levels and the
VHE data can be modeled assuming that the SSC scattering is in the Thompson regime.
The γ− γ absorption is also considered negligible since the estimated attenuation factor is
way lower than the one due to EBL attenuation, and it reaches values around unity only
for energies & 1 TeV.

In [184], the multi-wavelength data were fitted with a single-zone numerical code
with an exact calculation of KN cross-sections as well as the attenuation due to the pair
production mechanism. Smoothed analytical approximations for the electron injection
function were used. A systematic scan over a 4-dimensional parameter space was per-
formed to search for the best-fit solution at early and later times. The SED calculated at 90 s
and 150 s (Figure 3 and Figure 9, respectively in [184]) are found to be well described by
a fast cooling regime. The KN effect and the pair production mechanism shape the VHE
spectrum significantly. It is estimated that '10% of the total emitted power, i.e., '25% of
initially produced IC power, is absorbed.

Table 2. GRB 190114C: parameters inferred by different authors from the modeling of observations
with a synchrotron-SSC scenario.

Ek εe εB n p ξe
erg cm−3

MAGIC Coll. &3 × 1053 0.05–0.15 0.05–1 × 10−3 0.5–5 2.4–2.6 1
Wang + 2019 6× 1053 0.07 4× 10−5 0.3 2.5 1
Asano + 2020 1054 0.06 9× 10−4 1 2.3 0.3
Asano + 2020 1054 0.08 1.2× 10−3 0.1 (wind) 2.35 0.3
Joshi + 2021 4× 1054 0.03 0.012 2× 10−2 (wind) 2.2 1
Derishev + 2021 3× 1053 0.1 2–6 ×10−3 2 2.5 1

4.4. GRB 190829A

GRB 190829A is a nearby (z = 0.078) long GRB triggered by Swift-BAT [187] and
Fermi-GBM [188]. The Fermi-GBM trigger time is T0 = 19 : 55 : 53.13 UTC. H.E.S.S.
detected this GRB over three consecutive nights, with a significance of 21.7σ during the
first night (∼4 h after the GRB trigger).

4.4.1. General Properties and Multi-Wavelength Observations

The prompt emission detected by the two instruments consists of two episodes, with
the first one observed in the time interval from the trigger time to 4 s and the second
brighter episode from 47 s to 61 s. The two episodes have very different spectral properties:
the first one is described by a power-law with index −1.41 ± 0.08 and an exponential
high-energy cutoff function with Ep = 130± 20 keV, the second one can be described with
a Band function with Ep = 11± 1 keV, α = −0.92± 0.62 and βT = −2.51± 0.01 [189].
The (isotropic equivalent) prompt emission energy inferred from the spectral analysis of
Fermi-GBM data is Eγ,iso ∼ 2× 1050 erg.

A multi-wavelength observational campaign of the event was performed covering the
entire electromagnetic spectrum. The event was not detected in the HE range by Fermi-LAT.
Nevertheless, ULs have been reported in the MeV-GeV band up to 3× 104 s [190]. The
Swift-XRT started observations at 97.3 s and detected a bright X-ray afterglow, which was
monitored until ∼7.8 × 106 s [191]. The X-ray light curve in the 0.3–10 keV energy range
(observer frame) shows a peculiar behavior with an initial steep decay phase followed by
a plateau and a strong flare episode (Figure 23, upper panel, blue points). After the flare,
the standard afterglow phase starts with a decay following a power-law with a possible
steepening around 10 days. In the UV/optical/NIR band, the event was followed by
several instruments. The redshift was estimated to be z = 0.0785± 0.005 [192], which
makes this event one of the closest GRBs ever detected. Starting from 4.5–5.5 days after the
GRB trigger, an associated supernova was reported [193]. Moreover, in the optical data, a
flare is observed simultaneously with the one in the X-rays. In the radio band, the detection
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was reported by several instruments, starting from ∼1 day after the trigger [194–197].
The radio flux initially slowly increases and then starts to decay after 20–30 days.
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Figure 23. GRB 190829A: modeling of multi-wavelength light curves (upper panel) and SED (bottom
panel) proposed by [72]. The 90% and 50% credible intervals from the fit are shown in lighter shades.

4.4.2. VHE Observations and Results

The afterglow emission of GRB 190829A was followed-up by the H.E.S.S. telescopes
starting at 4.3 h and continued for three consecutive nights (up to 55.9 h). The observations
were performed using the four medium-size telescopes of H.E.S.S. for a total amount of 13 h
divided respectively in 3.6 h (starting at 4.3 h), 4.7 h (starting at 27.2 h) and 4.7 h (starting
at 51.2 h). The statistical significance at the GRB position found in the three nights are,
respectively, 21.7σ, 5.5σ and 2.4σ.

Spectral analysis was performed for the first two nights fitting the observed photon
spectrum with a power-law model. The following values are found: αobs = −2.59± 0.09
(stat.) ±0.23 (syst.) in the 0.18–3.3 TeV (first night) and αobs = −2.46± 0.22 (stat.) ±0.14
(syst.) in the 0.18–1.4 TeV energy range (second night). Fitting a power-law attenuated by
EBL, the photon indices inferred for the intrinsic spectrum are: αint = −2.06± 0.10 (stat.)
±0.26 (syst.) in the 0.18–3.3 TeV energy range (first night) and αint = −1.86± 0.26 (stat.)
±0.17 (syst.) in the 0.18–1.4 TeV energy range (second night). The photon indices in each
night are consistent and within the systematical uncertainties with those of the simultaneous
X-ray emission. Combining all three nights, the photon index is αint = −2.07± 0.09 (stat.)
±0.23 (syst.) in the 0.18–3.3 TeV energy range.

The light-curve in the 0.2–4.0 TeV energy range derived up to 56 h is compared in
Figure 24 with the XRT light-curve and the LAT upper limits. The time-evolving flux
was satisfactorily modeled with a power-law decay F(t) ∝ tα with α = −1.09 ± 0.05.
Such a decay index is similar to the X-ray one derived in the same time interval (αX =
−1.07± 0.09).
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Figure 24. GRB 190829A: multi-wavelength light curves (A) (upper panel) and photon index evolution
(bottom panel) in the X-ray, HE and VHE band (B). The BAT prompt light curve is shown in the inset
(C). From [5].

4.4.3. Interpretation

The interpretation of the VHE emission from GRB 190829A is debated and different
radiation mechanisms including synchrotron, SSC or EIC emission have been proposed so
far to explain the origin of the TeV emission.

The H.E.S.S. Collaboration [5] investigated both the synchrotron and the SSC emission
in the external forward shock as a responsible radiation mechanism of the observed TeV
component. Multi-wavelength data collected simultaneously with H.E.S.S. observations
in the first two nights were modeled separately with a time-independent numerical code
using the Markov-chain Monte Carlo (MCMC) approach to explore the parameter space.
The results of the fitting show that the SSC mechanism fails to explain the VHE emission.
The low Lorentz bulk factor predicted by the observations (Γ . 10) implies that the SSC
emission occurs in KN cross-scattering regime. As a result, a steep spectrum, inconsistent
with the observational VHE data, is obtained (see Figure 25, light blue shaded area). Possible
improvements between the data and the model foresee a higher Γ, which is in contrast with
the observations, or the presence of an additional hard component in the distribution of
the accelerated electrons. However, this latter solution implies extreme assumptions on
the density of the circumburst medium (n0 = 10−5 cm−3 in the case of the strong magnetic
field or n0 = 105 cm−3 for weak magnetic field) and a SED strongly dominated by the
SSC component, which is inconsistent with the data. A better fitting of the observational
data can be obtained when considering an alternative model where the maximum electron
energy set by the radiative losses is ignored. In such scenario, the synchrotron emission is
able to extend up to TeV energies and the observational broad-band data are described by
a single synchrotron component (see Figure 25, orange shaded area). The SSC contribution
is negligible while the γ− γ absorption shapes the VHE spectrum. The single synchrotron
component scenario provides a better fit (>5σ) to the multi-wavelength data. On the other
hand, this interpretation requires unknown acceleration processes or non-uniform magnetic
field strength in the emission region, as described for GRB 180720B (see Section 4.2).

A complete multi-wavelength modeling of the GRB 190829A data, including con-
tribution of the synchrotron and SSC emission for both the forward and reverse shocks,
and considering a constant-density environment, is presented in [72]. The predicted
broad-band light curves and the SED at the time of the H.E.S.S. detection are shown in
Figure 23. A MCMC approach was adopted in order to estimate the best-fit parameters for
the multi-wavelength modeling. The resulting values of the parameters related with the
forward shock scenario are shown in Table 3. In contrast with the H.E.S.S. Collaboration
results, the VHE emission is well reproduced with the SSC external forward shock scenario.
The usual simplified assumption that ξe = 1 is excluded by the fit, which provides accept-
able solutions only for ξe . 6.5× 10−2. Moreover, an isotropic-equivalent kinetic energy at
the afterglow onset Ek = 2.5+1.9

−1.3 × 1053 erg is estimated. Considering the observed GBM
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prompt energy, such a value implies that the prompt efficiency is η = 1.2+1.0
−0.5 × 10−3, which

is much lower than the typical values derived from the previous GRB studies. The other
parameters (n0, εe and εB) are found to be similar to the ones estimated for GRB 190114C.
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Figure 25. GRB 190829A: modeling of X-ray, LAT and H.E.S.S. data proposed by the H.E.S.S. collab-
oration for the two time intervals with VHE and X-ray detections. Two scenarios are investigated
for the TeV emission: synchrotron and SSC. H.E.S.S. flux contours are displayed considering the
statistical uncertainty. The synchrotron and SSC component are shown in dashed and dash-dotted
lines, respectively. The shaded areas represent the 68% confidence intervals determined from the
posterior probability distribution of the MCMC parameter fitting for the standard SSC model (light
blue) and for the model without maximum energy for synchrotron emission (orange). From [5].

A two-component off-axis jet model has also been investigated [198]. Such a model
proposes that the GRB jet is observed off-axis (θview = 1.78◦) and it consists of a narrow
(θjet = 0.86◦) fast (Γ = 350) jet and a slow (Γ = 20) co-axial jet. The former jet component is
responsible for the emission of SSC photons in the VHE band. The calculation of the SSC
flux at the time of the H.E.S.S. detection is conducted following the prescriptions of [48],
considering only the Thompson scattering regime.

An EIC plus SSC scenario has also been proposed for the production of the VHE compo-
nent [199]. The seed photons belong to the long-lasting X-ray flare observed for GRB 190829A,
which can be up-scattered to TeV energies. A numerical calculation of the afterglow dynamics
and radiative processes have been used to model the observational data. For t ∼ 103–104 s,
the EIC component dominates the VHE emission, while for later times (t & 3× 104 s) the
EIC gradually decays and the SSC component becomes relevant. The initial afterglow kinetic
energy used for the modeling (Ek = 1052 erg) suggests that GRB 190829A is not a typical
low-luminosity GRB but it may have much higher kinetic energy.

Table 3. Parameters for modeling of GRB 190829A.

Ek εe εB n p ξe θj
erg cm−3 rad

Hess Coll. (SSC) 2.0× 1050 0.91 5.9–7.7 ×10−2 1. 2.06–2.15 1. /
Hess Coll. (Sync) 2.0× 1050 0.03–0.08 ≈1 1. 2.1 1. /
Salafia + 2021 1.2–4.4 ×1053 0.01–0.06 1.2–6.0 ×10−5 0.12–0.58 2.01 <6.5 × 10−2 0.25–0.29
Zhang + 2021 9.8× 1051 0.39 8.7× 10−5 0.09 2.1 0.34 0.1

4.5. GRB 201015A

GRB 201015A is a long GRB at z = 0.426 detected by the Swift-BAT [200] on 15 October
2020, at T0 = 22 : 50 : 13 UT. The Fermi-GBM instrument did not trigger the event, but the
targeted search revealed a transient source consistent with the Swift-BAT location [201].
MAGIC observations show a possible detection with a significance of ∼3.5σ.

4.5.1. General Properties and Multi-Wavelength Observations

The (isotropic equivalent) prompt emission energy inferred from spectral analysis
of Fermi-GBM data is Eγ,iso = (1.1± 0.2)× 1050 erg [202]. The prompt duration is T90 =
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9.78± 3.47 s (15–350 keV band). The BAT time-average spectrum in the time interval 0–10 s
is well fitted by a power-law model with a photon index βT = −3.03± 0.68, suggesting a
low peak energy Ep < 10 keV [203].

Swift-XRT [204] follow-up the event starting only 3214 s after T0 due to observational
constraints. The light curve up to almost 1 day is well described by a power-law with
decay index α = −1.49+0.24

−0.21. Late-time observations performed by the Chandra X-ray
Observatory [205] and Swift-XRT [206] from ∼8 days up to ∼21 days showed a flattening
of the X-ray light curve, i.e., a flux level inconsistent (higher) with the extrapolation of the
power-law decay rate at early times. Optical observations confirmed the presence of an
afterglow counterpart from around 168 s [207]. The optical light-curves showed a clear
initial rise with a peak around 200 s followed by a decay [208]. A bright radio counterpart
(flux density ∼1.3 ×10−4 Jy at 6 GHz 1.4 days after the burst) was also detected by several
instruments [209–211]. Late-time optical observations identified an associated supernova
rising from 5 days after the burst reaching its maximum flux around 12–20 days after
T0 [212,213]. The measurement of the redshift was reported by the GTC (z = 0.426) [214]
and then confirmed by the NOT (z = 0.423) [215] instrument.

4.5.2. VHE Observations and Results

The final results from VHE data analysis of GRB 201015A have not been published
yet. Preliminary information reported here have been released in [216,217]. Observations
of GRB 201015A were performed by the MAGIC telescopes starting 33 s after the trigger
time, under dark conditions, with a zenith angle ranging from 24◦ up to 48◦, and lasted for
about 4 h. In the second half of the data, taking the presence of passing clouds affected the
observation for ∼0.45 h. These data were removed and the remaining ones were analyzed
with the standard MAGIC analysis software. Offline analysis showed a possible excess
with a 3.5σ significance at the GRB position (see Figure 26) and a significant spot in the sky
map. The energy threshold of the analysis is calculated to be 140 GeV from Monte Carlo
simulated γ-ray data.

Figure 26. GRB 201015A: distribution of the angular distance θ2 between the reconstructed event
arrival directions and the nominal source position. The gray histogram represents background events
while the black point with blue crosses are the γ-like events. The vertical dashed line describes the
θ2 cut value and defines the region in which excess events and signal significance are calculated.
From [217].

4.6. GRB 201216C

GRB 201216C is a long GRB at z = 1.1 triggered by the Swift-BAT at T0 = 23 : 07 :
31 UT on 16 December 2020 [218]. Fermi-GBM also detected the event with a slightly
different trigger time (6 second before the Swift-BAT) [219]. MAGIC detected GRB 201216C
with a significance of ∼6σ.

4.6.1. General Properties and Milti-Wavelength Observations

The duration is estimated as T90 = 48± 16 s in the 15–350 keV band by Swift-BAT [220]
and around 29.9 s in the 50–300 keV band by Fermi-GBM. The light curve shows a multiple
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peak structure with a main peak around 20 s after the trigger time. The time-averaged
GBM spectrum in the first 50 s is best fit by a Band function with Ep = 326 ± 7 keV,
α = −1.06± 0.01 and βT = −2.25± 0.03. The isotropic equivalent energy Eγ,iso in the
10–1000 keV band is (4.71 ± 0.16) × 1053 erg, as calculated from the fluence measured
by Fermi-GBM.

Fermi-LAT observed the GRB starting from around 3500 s and up to 5500 s. No
significant emission was reported [221]. Swift-XRT began the observation at t = 2966.8 s
due to an observational constrain. A fading source was detected following a broken
power-law behavior with decay indices of 1.97+0.10

−0.09 and 1.07+0.15
−0.10 and a break at 9078 s [222].

Optical observations were also performed by several instruments. The r-band light curve
made along with VLT data point [223] and inferred data from FRAM-ORM [224] show a
power-law decay in flux with the index equal to 1. The Liverpool Telescope observations,
performed around 177 s after the trigger time, seems to be around the peak of the optical
afterglow [225]. The HAWC observatory followed-up the event but no significant detection
was identified in the TeV band [226]. Redshift estimation of z = 1.1 was performed by the
ESO VLT [227].

4.6.2. VHE Observations and Results

Final results from VHE data analysis of GRB 201216C have not been published yet.
Preliminary information reported here have been released in [228,229]. MAGIC observa-
tions and data taking of GRB 201216C started with a delay of 56 s after the Swift-BAT trigger
time. The observation lasted for 2.2 h and was performed in optimal atmospheric condition
and in absence of the moon. The zenith angle ranged from 37◦ to 68◦. The low level of
night sky background was also allowed to retain the low energy events and therefore
obtain a low energy threshold compared to the other GRBs observed. To keep as many
low-energy events as possible, an image cleaning method to extract dimmer Cherenkov
showers initiated by gamma rays than the standard method was adopted.

The signal significance was calculated to be 6.0σ pre-trial (5.9σ post-trial7) for the first
20 min of observation (see Figure 27). A preliminary time-integrated spectrum for the first
20 min of observation was produced. Due to the strong absorption effect by EBL, a very
steep power-law decay was found for the observed spectrum, especially for the events
with energies higher than a few hundred of GeV. The intrinsic spectrum, corrected for the
EBL absorption, was found to be consistent with a flat single power-law until 200 GeV
above, in which no significant spectral points have been derived. A preliminary light
curve in the time interval 56 s–2.2 h was also calculated. After 50 min, only upper limits on
the emitted flux have been derived, as no significant emission was found after this time.
The preliminary results are consistent with a monotonically decaying light curve fitted with
a power-law.

Figure 27. θ2 angular distance distribution between reconstructed event arrival directions and
nominal source position for GRB 201216C. The gray histogram represents background events while
the black point with blue crosses are the γ-like events. The vertical dashed line describes the θ2 cut
value and defines the region in which excess events and signal significance are calculated. From [229].
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5. The New TeV Spectral Window: Discussion

After decades of searches, MAGIC and H.E.S.S. observations have unequivocally
proven that (long) GRBs can be accompanied by a significant amount of TeV emission
during the afterglow phase. Table 4 summarizes the main properties of the GRBs detected
by IACTs, and presented in detail in the previous section. The list also includes two events
(namely GRB 160821B and GRB 201015A), where only a hint of excess (i.e., with a signifi-
cance at ∼3–4 σ) was found. For the other four events, namely GRB 180720B, GRB 190114C,
GRB 190829A and GRB 201216C, the detections are robust (>5σ). The table lists several
properties, such as duration T90 and total emitted energy Eγ,iso of the prompt emission,
redshift, and information on the IACT detection (the starting time Tdelay of observations
elapsed since the trigger time T0, the energy range where photons have been detected,
the name of the telescope and the significance of the excess). GRB 160821B is the only one
belonging to the short class; the other five being long GRBs.

In this section, we address the question why these GRBs have been detected, whether
they have peculiar properties and whether they show some common behaviors that may be
at the basis of the production of TeV radiation. To do that, one should be careful, since these
GRBs have been followed-up under very different observational conditions and with very
different time delays after the trigger time, and they span quite a large range of redshifts
(from 0.078 to 1.1). Keeping in mind these differences, which have a strong impact on the
detection capabilities of IACTs, we compare the observed and intrinsic properties of the
population of GRBs at VHE, highlighting their similarities and differences, and discuss
how they compare to the whole population.

Table 4. List of the GRBs observed by IACTs with a firm detection (significance > 5σ) or a hint of
detection (3–4σ) above 100 GeV. The T90 and Eγ,iso refer to the duration and total emitted energy of
the prompt emission; the redshift is listed in column 3; Tdelay is the time delay between the trigger
time T0 and the time when IACT observations started; Erange defines the energy range of the detected
photons. The name of the telescope which made the observation and the significance of the detection
are listed in the last column.

T90 Eγ,iso z Tdelay Erange IACT (Sign.)
s erg s TeV

160821B 0.48 1.2× 1049 0.162 24 0.5–5 MAGIC (3.1σ)
180720B 48.9 6.0× 1053 0.654 3.64 × 104 0.1–0.44 H.E.S.S. (5.3σ)
190114C 362 2.5× 1053 0.424 57 0.3–1 MAGIC (>50σ)
190829A 58.2 2.0× 1050 0.079 1.55 × 104 0.18–3.3 H.E.S.S. (21.7σ)
201015A 9.78 1.1× 1050 0.42 33 0.14 MAGIC (3.5σ)
201216C 48 4.7× 1053 1.1 56 0.1 MAGIC (6.0σ)

5.1. Observing Conditions

Low zenith angles, fast repointing, dark nights, low redshift, and highly energetic
events have always been considered as optimal, if not necessary, conditions to have some
chances for GRB detections with IACTs. On the other hand, these first VHE GRBs have
demonstrated that GRBs can have a level of TeV emission large enough to be detected
by the current generation of IACTs, even under non-optimal conditions. GRB 190114C
was observed with a zenith angle > 55◦ and in the presence of the moon. Both conditions
imply a higher energy threshold (typically & 0.2 TeV) and require a dedicated data analysis.
Another example is GRB 160821B, that was observed with a NSB 2–8 times higher than the
standard dark night conditions. Moreover, significant VHE excess was found not only in
case of short delays (less than hundreds of seconds) from the burst trigger but, somewhat
surprisingly, also at quite late times, i.e., with delays of several hours or even days, as in
the case of GRB 180720B and GRB 190829A, respectively. This showed the importance
of pointing a GRB also at relatively late times, in cases fast follow-up observations are
not feasible.
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Optimal observing conditions and short delays remain, however, crucial to detecting
GRBs at a higher redshift, for which the impact of EBL is already large at a few hundreds
GeV. This explains how the detection of a GRB has been possible at z = 1.1 (GRB 201216C):
in this case, optimal observing conditions allowed us to reach a low energy threshold of the
sensitivity window (∼70 GeV). The excess of signal was indeed found only below 200 GeV
(more precisely, between 70 and 200 GeV) where the attenuation by the EBL is still limited.

5.2. Redshift and the Impact of EBL

The redshift of the detected GRBs covers a broad range, from z = 0.079 (GRB 190829A)
to z = 1.1 (GRB 201216C). The impact of the EBL attenuation on the spectrum is severely
changing, depending on the redshift value and on the photon energy. For redshift z ∼ 0.4,
the impact becomes relevant for energies & 0.2 TeV with a flux attenuation of ∼50% for
0.2 TeV and almost ∼99.5% for 1 TeV [183]. For nearby events (z . 0.1–0.2), the effect of
EBL is less severe and becomes relevant only for energies & 0.3 TeV, reaching an attenuation
factor of an order of magnitude only for energies & 2 TeV. As a result, the GRB observed
photon indices and the energy range of detected TeV photons differs significantly between
the events. GRBs with redshift z > 0.4 such as GRB 190114C or GRB 180720B have very
steep photon indices and they are detected in the lower energy range up to 0.44 TeV for
GRB 180720B and 1.0 TeV for GRB 190114C. Spectral analysis from GRB 201216C are not yet
public but preliminary results indicate that the emission is concentrated in the lower energy
band between 0.1–0.2 TeV. Nearby GRBs with redshift z . 0.1–0.2 such as GRB 160821B
or GRB 190829A show a less steep photon spectrum (around −2.5) and the TeV detection
range extends above 1 TeV. The detection of several GRBs with significant value of redshift
(z > 0.4) is robust proof that IACTs can overcome the limitations due to the EBL absorption
and can expand the VHE detection horizon at the current stage up to z = 1.1. On the other
hand, it is evident that detection of nearby GRBs is fundamental in order to more robustly
explore the spectral shape, unbiased by the EBL effect, which is a non-negligible source of
uncertainty for higher redshifts.

5.3. Energetics

In terms of Eγ,iso, the VHE GRB sample spans more than three orders of magnitude
from ∼1049 erg up to ∼6 ×1053 erg. The five long GRBs detected follows the Amati
correlation, as shown in Figure 28. GRB 160821B, the only short GRB of the sample, is
consistent with the existence of a possible Amati-like correlation for short GRBs, with this
event falling in the weak-soft part of the correlation. The detections of GRB 190829A and
GRB 201015A show that an event does not need to be extremely energetic in terms of
isotropic-equivalent prompt energy in order to produce a TeV emission with (intrinsic)
luminosity comparable to the X-ray luminosity. As a result, sources with Eγ,iso ∼ 1050−51

erg are not excluded as possible TeV emitters, even though their detection is possible only
for relatively low redshift. This reduces the available volume, and hence the detection rate
of similar events. In any case, this is relevant also for short GRBs which are less energetic
than long ones, with typical isotropic energies falling within the ∼1049−52 erg range [144].
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Figure 28. The Amati (Epeak–Eiso) correlation for a sample of 136 long GRBs (grey dots, from [230])
and a sample of 11 short GRBs (empty blue squares) detected by Swift. The corresponding power-law
fit for the sample of long GRBs and the 3σ scatter of the distribution of points around the best fits are
shown. The six GRBs detected in VHE are also added in the plot. Adapted from [231].

5.4. X-ray Lightcurves

The comparison between TeV and X-ray light-curves suggests an intimate connection
between the emission in these two bands, both in terms of emitted energy and luminosity
decay rate. In Figure 29, the XRT afterglow light-curves (luminosity versus rest-frame time)
in the 0.3–10 keV energy range are compared with the VHE light-curves (integrated over
different energy ranges, depending on the detection window, see Table 4). Different colors
refer to the six different GRBs. The VHE luminosity is shown with empty circles.

Considering the X-ray luminosity, the GRB sample can be divided into two groups:
GRB 190114C, GRB 180720B and GRB 201216C display large and clustered X-ray luminosity
(at t ∼ 104 s their luminosity is around 1–5 ∼ 1047 erg s−1) and their light curves almost
overlap for the entire afterglow phase. The other three GRBs (GRB 190829A, GRB 201015A
and GRB 160821B) are much fainter in terms of X-ray luminosity (at least two orders of
magnitude at t ∼ 104 s). This is consistent with the fact that they also have a smaller Eγ,iso.
The correlation between X-ray afterglow luminosity and prompt Eγ,iso is found in the bulk
of the long GRB population, and these GRBs make no exception.

Observations in the VHE band (empty circles in Figure 29) reveal that the VHE
luminosities observed in the afterglow phase are in general smaller but comparable to the
simultaneous X-ray luminosity, implying that almost an equal amount of energy is emitted
in the two energy bands. Any theory aimed at explaining the origin of the TeV radiation
should explain the origin of these similarities. Concerning the decay rate, observations are
still not conclusive. The decay rate of the TeV emission is available only for two events.
For GRB 190829A, the temporal indices in X-ray and VHE are very similar, while for
GRB 190114C, the VHE clearly decays faster than the X-ray emission.

For GRB 190114C at t ∼ 380 s, the VHE luminosity LVHE is∼1.5–2.5×1048 erg s−1 and
the X-ray one LX is∼0.6–1.0×1049 erg s−1. As a result, the power radiated in the VHE band
is about ∼25% of the X-ray one. Similarly for GRB 190829A at t ∼ 4.5 h the VHE luminosity
LVHE is ∼4.0–8.5 ×1044 erg s−1, which is around ∼15–20% of the corresponding X-ray one
(LX ∼ 2.0–5.0 ×1045 erg s−1). For GRB 180720B at t ∼ 2× 104 s the VHE luminosity LVHE
is ∼9 ×1047 erg s−1 and the X-ray one LX is ∼1.5–2.5 ×1049 erg s−1. In this case, the power
radiated in the VHE band is around ∼35–60% of the X-ray one.
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Figure 29. X-ray and VHE luminosity versus rest-frame time for the six GRBs detected in the TeV
domain. The X-ray light-curve in the 0.3–10 keV energy range is taken from the Swift Burst Analyzer
webpage 8.

5.5. The TeV Contribution to the Multi-Wavelength Modeling

Modeling of multi-wavelength afterglow data provide important insights concerning
the GRB afterglow physics. In particular, the VHE data were crucial to investigate (i)
the radiation mechanisms responsible for the production of photons between 10–100 GeV
already detected by LAT; (ii) the environmental conditions at the GRB site; (iii) the free
parameters which describe the shock micro-physics, and in particular, the self-generated
magnetic field.

The modelings proposed so far in literature to explain the VHE component have
considered two different radiation processes at the origin of the TeV emission: SSC and syn-
chrotron. In the first case, the VHE emission is interpreted as a distinct spectral component
from the synchrotron radiation dominating from radio to ∼GeV energies, which provides
the seed photons that are upscattered at higher energies by the same electron population.
In the second scenario, the VHE emission is observed as the extension of the synchrotron
spectrum up to TeV energies.

In principle, a simultaneous SED covering the X-ray, HE and VHE range should
be sufficient to discriminate among these two different possibilities. A hardening of the
spectrum from GeV to TeV energies should be the smoking gun for the presence of a
distinct component. In reality, the uncertainties in the spectral slope at VHE (caused by the
uncertainty on the EBL and on the narrow energy range of TeV detection) can make the
distinction hard to perform. In this case, LAT observations are of paramount importance
to reveal the presence of a dip in the SED, which would also prove the need to invoke
a different origin for the VHE emission. This seems to be the case for GRB 190114C,
for which, at least in one SED, the LAT flux strongly suggests a dip in the GeV flux and
hence the presence of the characteristic double bump observed for a synchrotron-SSC
emission (Figure 20). For GRB 190829A, LAT provides only an upper limit, which is not
constraining for modeling the shape of the SED (Figure 25). In this GRB, an interpretation of
the whole SED in terms of synchrotron radiation cannot be excluded, although a modeling
as SSC radiation has been proven to be successful [72] (Figure 23). For the other events
detected at VHE, either the data do not allow for building a proper SED with simultaneous
multi-wavelength observations, or they are not yet public. Despite this, the SSC emission
seems to be the most viable mechanism able to explain the TeV data. A firm conclusion on
the responsible radiation mechanism has not been reached yet and future detections will
be crucial for deeper investigations.

Assuming one of the two scenarios, TeV data coupled with broad band observations
at lower energies can be exploited to give additional information on the details of the
afterglow external forward shock scenario.
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Concerning the shock micro-physics, several modelings have suggested the possibility
that the fraction of electrons accelerated in non-thermal distribution, ξe, is different from
the standard value of one, which is usually assumed. In a few GRBs’ modelings, namely for
GRB 190114C [185] and GRB 190829A [72,198], the introduction of a ξe < 1 was essential
in order to consistently fit the observational data. In particular in [72], the requirement
for a low value of ξe . 6.5× 10−2 was required to provide an acceptable fit of the data.
The other modelings assume a greater value of ξe, around ∼0.3. Further detections will be
exploited in order to verify if such an indication could be present also in other events.

Some considerations can also be drawn for the equipartition parameters εe and εB.
These values, especially the former one, are usually well unconstrained and can span
several orders of magnitudes. The TeV modeling described so far suggest that around
∼10% of the energy is given to the electrons, while a lower value (from 10−5 to 10−3) is
given to the magnetic field. larger values of εB such as 0.1–0.01, which are considered in an
external shock scenario, are excluded. Moreover, some results can also be interpreted as an
indication of an evolution in time of these parameters. In Figure 22, the modeling of the
broad band light curves of GRB 190114C is shown. Two different modeling are presented:
one optimized for the early time X-ray, HE and VHE observations (solid line) and one
optimized for the late time lower energy bands (dotted line). This is due to the fact that
the model that reproduces the early time data over-predicts the late time optical and radio
observations. This result points towards the possibility that some of the fixed parameters
of the afterglow theory (e.g., the electron and magnetic field equipartition parameters)
may evolve in time. A further clue of the presence of time-dependent shock micro-physics
parameters is derived from the low frequency multi wavelength modeling of GRB 190114C
presented in [121]. In order to model the optical and the radio data, it is required that the
micro-physical parameters evolve with time as εe ∝ t−0.4 and εB ∝ t0.1 in the ISM case and
εB ∝ t0.76 for the stellar wind scenario.

An issue that still is not solved by TeV observations is the discrimination between
constant and wind-like profile for the ambient density. It is expected that long GRBs
occur in wind-like environments. Nevertheless, at the current stage there seems to be no
preference between such an environment and a constant ISM one, which is able to well
reproduce the observational data. Therefore conclusive answers on the topic cannot be
drawn yet.

In conclusion, the current population of GRBs at VHE already demonstrate quite
broad properties, spanning more than three orders of magnitude in Eγ,iso and more than
two orders of magnitude in terms of afterglow luminosity and ranging in redshift between
0.079–1.1. The afterglow X-ray and VHE emission have comparable fluxes and decay slopes.
The afterglow emitted power in the VHE band seems to constitute from 15% up to 60% of
the X-ray one. Data modeling suggest that the responsible VHE radiation mechanism is
the SSC emission, although different mechanisms (e.g., synchrotron radiation, EIC) cannot
be completely excluded and a conclusive answer cannot be given yet. Multi-wavelength
modeling show no preferences concerning the GRB environments between an ISM or
wind-like scenario and indicate that shock micro-physics parameters, which seem to be
able to reproduce VHE emission, are εe ∼ 0.1 and εB ∼ 10−5–10−3. Such features can be
an indication of the universality of TeV emission in GRBs. It is then expected that a larger
sample of GRBs than the current one will be detected in the VHE band, including also short
GRBs for which, at the current stage, there are no confirmed detections except for the hint
of excesses observed for GRB 160821B.

6. Conclusions and Future Prospects

The recent discoveries performed by the current generation of Cherenkov telescopes in
the VHE band have opened a new observational spectral window on GRBs. The presence
of a TeV afterglow component has been unequivocally proven and the studies on the
currently available samples have demonstrated the potential that such detections have in
probing several long-standing open questions in the GRB field. These first studies have
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focused on the identification of the responsible radiation mechanism, which is the first
issue to address, and the comparison of the energetics, luminosity, and temporal behavior
of the VHE component with respect to emission at lower frequencies. A modeling of
multi-wavelength data covering from radio up to TeV energies was performed, giving
interesting insights on the shock micro-physics conditions.

Limitations to the robust use of VHE data for afterglow modeling are imposed by
the severe modification of the intrinsic spectrum cased by the energy-dependent flux-
attenuation induced by EBL. GRBs with redshift z > 0.4, four out of six in the current
VHE sample, are strongly affected by EBL absorption starting from hundreds of GeV. This
implies large uncertainties on the shape and photon index of the intrinsic VHE spectrum.
As a result, firm conclusions on the origin and spectral regime of the TeV component
cannot be drawn yet. The low-energy extension of the range of sensitivity of IACTs is then
fundamental for reaching a larger rate of detections and a more robust determination of
the spectral index of the TeV component.

A full comprehension and exploitation of TeV data is expected to be reached thanks to
the next generation of Cherenkov telescopes. The Cherenkov Telescope Array (CTA) will
be a huge step forward for the detection of GRBs in the VHE band. The major upgrades
with respect to the current generation of Cherenkov telescopes that will impact GRB
observations are: (i) a lower energy threshold (.30 GeV), (ii) a larger effective area at
multi-GeV energies (∼ 104 times larger than Fermi-LAT at 30 GeV) and (iii) a rapid slewing
capability (180 degrees azimuthal rotation in 20 s). Moreover, its planned mixed-size array
of large, medium and small size telescopes (called LST, MST and SST, respectively) situated
at two sites in the northern and southern hemispheres will provide a full sky coverage
from few tens of GeV up to hundreds of TeV. CTA will have a much better sensitivity
and a broader energy range with respect to current ground-based facilities. A comparison
is shown in Figure 30. At the present stage, the first prototype of the LSTs has been
built and is operative under a commissioning phase9 in the northern site at the Roque
de los Muchachos Observatory in La Palma. Despite these performance improvements,
the expected CTA detection rates of GRBs will be influenced anyway by the relatively
low duty cycle affecting IACTs and by the synergies with other instruments. Indeed,
Cherenkov telescopes’ repointing relies on external triggers coming from space satellites.
Assuming that currently operating space telescopes will be still operative, GRB alerts will
be mostly provided by Swift-BAT and partially by the Fermi-GBM, and in the future by the
French-Chinese mission Space-based multi-band astronomical Variable Objects Monitor
(SVOM [232]).

Figure 30. CTAO differential sensitivity10 (defined as the minimum flux needed to obtain a 5-
standard-deviation detection of a point-like source) for 50 h of observations with the Northern and
Southern array compared to the sensitivity of several other Cherenkov telescopes and with Fermi-LAT
(1 year).
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BAT observes around 92 GRBs per year with a typical localization error of a few
arcmin [233]. The good localization (later refined by XRT to a few arcsec) is fundamental
for Cherenkov telescopes, given their limited field of view (e.g., about 4◦ for the LSTs and
7◦ for the MSTs). The GBM provides a much higher number of alerts, around 250 per year
but with a larger localization error, from 1–3◦ up to 10◦, which makes follow-up with IACTs
very challenging. In the case of such large localization errors, CTA can exploit the so-called
divergent mode for observations, which is currently under study [234]. In this pointing
strategy, each telescope points to a position in the sky that is slightly offset to extend the
field of view. Concerning future instruments, SVOM is expected to provide Swift-like alerts
at a rate of ∼60–80 GRBs/yr with a localization error <1◦, including also 10 GRBs/yr with
redshift z < 1.

Available estimates of the CTA detection rate of GRBs are reported in [235]. These
studies were performed before the discovery of TeV emission. They are based on Swift-like
alerts (triggered by Swift-BAT or SVOM) and Fermi-GBM alerts. The predicted detection
rate is around a few GRBs per year, depending on the energy threshold of the observation
and on the observation delay [235]. An updated study that considers current knowledge of
TeV emission in the afterglow of GRBs is in progress [236].

Despite for decades GRBs’ hunting by Cherenkov telescopes has been primarily
focused on reaching low energy thresholds in order to explore the multi-GeV band, these
first detections have shown that photons above TeV energies can be produced in GRBs
and can be detected. This is mostly valid only for nearby events of redshift below 0.1–0.2,
where EBL attenuation is not too severe. The exploration of the GRB emission component
above 1 TeV can be of potential interest for SSTs and for the ASTRI Mini-Array. The ASTRI
Mini-Array, currently under construction, will be an array of nine imaging atmospheric
dual-mirror Cherenkov telescopes at the Teide Observatory site, expected to deliver the first
scientific results in 2023. After the detection of GRB 190114C, the capabilities of the ASTRI
Mini-Array in detecting and performing spectral studies of an event similar to the MAGIC
GRB have been explored [237]. GRB 190114C has been taken as a template to simulate
possible GRB emission from a few seconds to hours, and has been extrapolated to 10 TeV
on the bases of model predictions.

The results demonstrate that the instrument will be able to detect afterglow TeV
emission from an event such as GRB 190114C up to∼ 200 s (see the comparison between the
GRB observed flux at 1 TeV and the differential ASTRI Mini-Array sensitivity in Figure 31).
By moving the GRB at a smaller redshift (down to z = 0.078, the redshift of the TeV
GRB 190829A), the time for which the GRB is detectable increases up to ∼105 (however,
the light-curve in this case should be re-scaled by the lower energetics of nearby events).
Nearby GRBs are then potential target of interests for the ASTRI Mini-Array. These are
certainly rare events, but their detection will provide a wealth of information, with spectra
that can be characterized up to several TeV [237].

In conclusion, after decades of huge efforts, current ground-based VHE facilities have
started a new era in the comprehension and study of GRB physics. Their breakthrough
detections allow unprecedented studies. As discussed in this review, many open questions
in afterglow physics can largely benefit from the inclusion of TeV data. The first detections
are providing glimpses of such a huge potential. Luckily, we are at the dawn of the VHE era
thanks to the upcoming CTA observatory, which will assure major upgrades in sensitivity,
energy range, temporal resolution, and sky coverage. Future observations, if complemented
by simultaneous observations in X-rays and at ∼GeV energies, will play a paramount
role to improve our knowledge on the physics of GRB during the afterglow phase and
hopefully also in the prompt phase. In particular, the afterglow SSC one-zone model will
be tested to understand whether it can grasp the main properties of the VHE emission or if
a revision of our comprehension on the particle acceleration processes, shock micro-physics
and radiation mechanisms is needed.

216



Galaxies 2022, 10, 66

Figure 31. Light-curve of GRB 190114C at 1 TeV (dotted purple curve) compared to the sensitivity of
the ASTRI Mini-Array. The yellow dashed and green dot-dashed curves show how GRB 190114C
rescaled at redshift z = 0.25 and z = 0.078, respectively, would appear. From [237].
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Notes
1 https://magic.mpp.mpg.de/ (accessed on 27 February 2022).
2 https://www.mpi-hd.mpg.de/hfm/HESS/ (accessed on 27 February 2022).
3 https://www.cta-observatory.org (accessed on 27 February 2022).
4 A trial factor of 2 is considered due to the two sets of analysis cuts used for MAGIC data analysis.
5 https://www.swift.ac.uk/xrt_live_cat/00848890/ (accessed on 27 February 2022).
6 post-trial significance is estimated by accounting for the previously well-localized GRBs observed by H.E.S.S. in the same array

configuration as of GRB 180720B.
7 See note 4 above.
8 https://www.swift.ac.uk/burst_analyser/ (accessed on 27 February 2022).
9 https://www.lst1.iac.es/ (accessed on 27 February 2022).

10 https://www.cta-observatory.org/science/ctao-performance/ (accessed on 27 February 2022).
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Abstract: The gravitational wave/γ-ray burst GW/GRB170817 event marked the beginning of the
era of multi-messenger astrophysics, in which new observations of Gravitational Waves (GW) are
combined with traditional electromagnetic observations from the very same astrophysical source.
In the next few years, Advanced LIGO/VIRGO and KAGRA in Japan and LIGO-India will reach
their nominal/ultimate sensitivity. In the electromagnetic domain, the Vera C. Rubin Observatory
and the Cherenkov Telescope Array (CTA) will come online in the next few years, and they will
revolutionize the investigation of transient and variable cosmic sources in the optical and TeV bands.
The operation of an efficient X-ray/γ-ray all-sky monitor with good localisation capabilities will
play a pivotal role in providing the high-energy counterparts of the GW interferometers and Rubin
Observatory, bringing multi-messenger astrophysics to maturity. To reach the required precision
in localisation and timeliness for an unpredictable physical event in time and space requires a
sensor distribution covering the whole sky. We discuss the potential of large-scale, small-platform-
distributed architectures and constellations to build a sensitive X-ray/γ-ray all-sky monitor and
the programmatic implications of this, including the set-up of an efficient assembly line for both
hardware development and data analysis. We also discuss the potential of a constellation of small
platforms operating at other wavelengths (UV/IR) that are capable of repointing quickly to follow-up
high-energy transients.

Keywords: γ-ray burst; multi-messenger astrophysics; nano-satellites

1. Introduction

The sky is teeming with explosive, energetic transient events, many of which remain
hidden from our view. Some of the most exciting transient phenomena are γ-ray bursts
(GRBs), discovered in 1967 by the Vela military satellites [1]. About two GRBs are detected
per day, and last from a fraction of a second to a few minutes (in exceptional cases a few
hours), in the energy range from several keV to a few MeV. They are some of the most
extreme explosive events ever observed, momentarily outshining any other phenomena
in the sky and are associated with the death of stars and the coalescence of compact
objects (e.g., neutron stars) to form a new black hole. Despite great efforts and numerous
observations, many open questions about their detailed physics remain. The emergence
of multi-messenger astronomy provides a unique opportunity to shed new light on GRB
physics [2]. To make progress, we need to perform a sensitive, all-sky monitoring of the
high-energy sky, detect and localize the transients simultaneously with other probes, and
follow them up rapidly with telescopes which observe other wavelengths.

It may sound like a mockery that the most dramatic events in the cosmos produce
among the most luminous objects in the Universe (GRBs) but that all this light is most
likely produced quite far from where the action is; far from the newborn event horizon,
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the accretion disk, and the region where relativistic jets are launched. On the other hand,
gravitational waves (GWs), encoding the rapid/relativistic motion of compact objects, allow
us to look directly into the innermost regions of these systems, providing precise information
on space–time dynamics, and therefore the mass, spin, interior properties and inclination
of the systems, as well as accurate distances. Electromagnetic measurements can hardly
provide accuracies comparable to GW observations on these quantities, which are key
to testing general relativity, the physics of compact objects and the build-up of the most
efficient accelerators in the Universe. However, the information carried by GWs can be
greatly amplified by identifying the context in which the event occurs. Electromagnetic
observations can provide this context, as the GW/GRB170817 event strikingly demonstrated.

Multi-messenger astrophysics can include many more sources and astrophysical
context, in addition to compact binary mergers, with their associated GRBs and kilonovae,
such as supernovae, binary white dwarfs, coalescence of supermassive black holes, tidal
disruption events in the vicinity of supermassive black holes and many others. In this
paper, we limit ourselves to a discussion on compact binary coalescences (CBCs). The paper
is organized as follows: we first discuss the main scientific goals of the multi-messenger
approach to CBCs; we then summarize where we stand today; and, finally, discuss the role
of distributed architectures in CBCs multi-messenger research during the present decade
and the 2030s.

2. Why Multi-Messenger Astrophysics? What We Want to Learn from Compact
Binary Coalescence

Binary systems including two compact objects (black holes, BH, and neutron stars, NS)
are unique laboratories for studying physics that is inaccessible in terrestrial laboratories;
in particular strong-field general relativity, relativistic acceleration mechanisms, and matter
under extreme conditions (density, temperature, magnetic field). It was postulated for
many years that the NS-NS and BH-NS coalescence leads to the production of a short GRB,
a bright flash of gamma-rays lasting less than a few seconds [3] (see also the reviews) [4,5].
The reason for this can be outlines as follows. The outcome of the coalescence is a BH (or
a metastable NS), including most of the mass of the binary system, and an accretion disk
including the leftovers (on the order of a few percent of the solar mass). Accretion of this
matter onto the newly formed compact object can release 1052–1053 ergs of gravitational
energy, so even if a small fraction of this large amount can be converted to electromagnetic
radiation a GRB can be generated. The duration of the burst is determined by the lifetime of
the disk, which is expected to be a fraction of a second at these masses. Accreting compact
objects can produce powerful jets, which can transport the energy from the launching site
near the inner engine to the photosphere, usually at 107–108 Schwarzschild radii RS. The
jet launching site is thought to be near the newly formed BH, a potential laboratory for
GR in the strong-field and the dynamics of matter under extreme conditions, or even new
physics. In other words, are the BH and NS we observe in GW the same as described
by GR? GWs are produced during the binary coalescence and settling of their remnants;
therefore, they should precede the launching of the jet (the short GRB), while providing
precise information on the physical condition of the system just before engine ignition. The
physics at play outside the photosphere includes particle acceleration in internal shocks to
produce the GRB prompt emission and external shocks to produce the GRB afterglow; both
can be probed by electromagnetic observations. Detailed GRMHD simulations express this
in a more quantitative framework ([6] and references therein). However, only observations
can quantitatively confirm this scenario, connecting the physics near the event horizon of
the newly formed BH to the physics of jet formation, collimation, and propagation. For
example, the variability of the observed gamma-ray light curve may reflect the energy
injection at the base of the jet [7,8]. The following key questions can be addressed by the
multi-messenger approach to CBC:

• What happens during the merger of compact objects? How frequent is the coinci-
dence with short GRBs; how frequent is the formation of powerful relativistic jets?
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Non-detections are, in principle, as important as detections. This question is addressed
through simultaneous observations and studies of the GW event and the high-energy
emission associated with jet production.

• What is the nature of the short GRB’s central engine? What powers the most pow-
erful accelerators of the Universe, NS or BH accretion? The study of the gravitational
wave form can distinguish the nature of the remnant. The detection of a short GRB
would indicate that a powerful accelerator is in place.

• What is the jet launching mechanism? The delay time between the GW emission
and γ-rays emission (the short GRB) can distinguish between different jet launching
scenarios [9].

• Do jets have a universal structure or does the structure depend on the type of the
compact binary? Perhaps on the mass/spin of the binary components or of the merger
remnant? The jet structure can be addressed through both the analysis of the prompt
event and its afterglow [10], as well as direct VLBI imaging [11,12]. This requires
accurate localizations and follow-up observations from radio to X-rays.

• What is the role of CBCs in the production of heavy elements in the Universe? This
requires accurate localizations and follow-up spectroscopic observations from UV to IR.

The first three questions require the detection of GW signals from a statistical sample of
NS-NS and NS-BH systems and their sensitive high-energy coverage over the full sky. The
fourth and fifth questions require the accurate determination of the position of the source
of GWs and multiwavelength follow-up observations, from radio waves to gamma-rays, of
the electromagnetic counterpart.

3. CBC Multi-Messenger Astrophysics Today

It is often assumed that the multi-messenger revolution has a very precise starting
date: 17 August 2017, with the detection of GW170817 by the LIGO/Virgo interferometers
and short GRB170817 by the Fermi/GBM and INTEGRAL/SPI. Unfortunately, no other
event was detected simultaneously by GWs and gamma-rays (or any electromagnetic
radiation) during the third LIGO/VIRGO observing run (O3). Since one swallow does not
make a summer, all questions presented in the previous section are still open. Certainly,
GW/GRB1708017 has shown how powerful the multi-messenger approach could be. Its
full impact, however, measured by the ability to open a long-lasting, brand-new field must
still be determined, and it will greatly depend on the capability of collecting statistical
samples of GW-electromagnetic events in the near future, that is, during the LIGO/VIRGO
O4 and O5 observing runs planned for this decade.

As of now, the LIGO/Virgo interferometers have detected two NS-NS coalescence
events (GW170817 and GW190425) and one very likely BH-NS merger (GW190814).

The GW/GRB170817 event does not need to be commented on in detail here; many
comprehensive reviews exist [6]. Briefly, Fermi/GBM and INTERGAL/SPI detected a
short burst lasting for about 2 s, just 1.7 s after the NS-NS detection by LIGO/Virgo. The
LIGO/Virgo error box was about 30 deg2, a value that did not improve much after including
the Inter Planetary Network (IPN) error box. The distance of the source 40+8

−14Mpc was
determined directly from the GW detection and greatly limited the search for an optical
counterpart to only about 50 galaxies. An optical counterpart was discovered in NGC4993
only after about 11 h from the GW/GRB event, which gave rise to an impressive follow-up
by nearly one hundred ground-based and space-based telescopes, placing constraints on
the optical/IR counterpart of the GW source/GRB and discovering the first confirmed
kilonova in history. The GRB detection, which was nearly simultaneous with the GW
signal, confirmed that, at least in this case, a merger of two NSs is the origin of short GRBs.
The follow-up observations allowed the complex jet structure to be determined, and the jet
was observed as off-axis for the first time [10–12]. It was also found that kilonovae were
one of the prime sites of heavy element production through the r-processes [6,13].

GW190425 was detected with a high significance by one interferometer only, and thus
the uncertainty region included a large fraction of the sky [14]. No GRB was detected at the
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same time, with an upper limit on the 50–300 keV fluence of ∼ 10−6 ergs/cm2 in 1 s [15],
corresponding to a few ph/cm2, by INTEGRAL/SPI. Swift/BAT and Fermi/GBM covered
only a fraction of the region, and therefore could not contribute much to the INTEGRAL ob-
servation. The distance of the event inferred from the GW signal is 159+69

−71 Mpc. Therefore,
even for a gamma-ray luminosity comparable to that of GRB170817, its flux would need to
be 16 times dimmer, <0.1 ph/cm2; hence, it is relatively difficult to detect with the available
detectors. Moreover, the observed gamma-ray flux is a strong function of the inclination
at which the jet is observed (a power law with an exponent −5÷ −6). Unfortunately,
the inclination of this binary system was not well constrained by the interferometers, but
assuming similar characteristics of GRB170817, we can infer a lower limit on the inclination
between the jet and the line-of-sight of about 10 deg.

GW190814 was detected by all three interferometers, thus providing good constraints
on the position of the source (error box of 18.5 deg2), distance (241+41

−45 Mpc) and inclination
(46 +/− 11 deg), in addition to the masses of the two coalescing objects and of the remnant
(this was the GW event with the most unequal mass ratio, 0.11 +\− 0.01 ever detected). No
significant electromagnetic counterpart was reported for this event, with INTEGRAL/SPI
inferring a three-sigma upper limit for the flux of 3× 10−7 erg/cm2/s in the energy range
75–2000 keV [16]. Swift/BAT covered >99% of the error box with >10% partial coding,
reporting a five-sigma upper limit of 10−7 erg/cm2 between 15–350 keV in 1 s [17]. The
lack of gamma-ray detection is likely due to the high inclination of the system, which
corresponds to a huge (factor of 106–107) reduction in the observed flux. The jet emission at
these inclinations is hardly observable by any conceivable all-sky monitor at the moment.

In summary, the lessons learnt from the three NS-NS and BH-NS events collected so
far are: (1) the need for an all-sky monitor with a sufficient sensitivity to detect off-axis
jets with intrinsic luminosities down to 1047 ergs, at least to a distance of 100–200 Mpc and
an inclination of 10–20 deg (of course smaller inclination values allow for detection over
larger distances). In fact, within this decade the LIGO/Virgo interferometers will reach
their target sensitivity and the searched volume will become much larger with respect to
O1–O3: the horizon for NS-NS merging events detected with a signal-to-noise ratio of 8
will reach ~200 Mpc for LIGO and 100–130 Mpc for Virgo in O4, implying a discovery
volume ~100 times larger than in the GW170817 case. The capability to instantaneously
cover the whole sky is mandatory, because the number of events will be small; therefore,
missing simply one event would mean a considerable loss for scientific research. (2) The
capability of determining the position of the transients with uncertainties is smaller than
a few degrees. Within the volume defined by this spatial constraint and the distance of
the GWE provided by the interferometric measurements, the number of optical transients
will be small enough to easily assess the correct transient to associate with the GWE, thus
prompting further follow-ups.

4. The Role of Distributed Architectures in Tomorrow’s
Multi-Messenger Astrophysics
4.1. A Constellation of Nano-Satelliters for High-Energy Transient Detection and Localization

Today, X-ray and gamma-ray monitors dedicated to the search and localization of
high-energy transients are mostly monolithic instruments (e.g., NASA Swift/BAT, ESA
INTEGRAL/IBIS, INTEGRAL/SPI, ASI AGILE/SuperAgile, AGILE/Microcalorimeter)
or multiple detectors hosted by the same large spacecraft (NASA FERMI/GBM). One
good example of distributed architecture used for GRB science since the beginning of this
enterprise is the Inter-Planetary network (IPN). The accurate timing from X-ray and γ-ray
detectors hosted on different spacecrafts for both Low-Earth Orbit (LEO) and High-Earth
orbit (HEO) or even inter-planetary routes, is joined together to determine the transient
position in the sky. This is achieved by using the delay time of arrival of the transient
signal on different detectors, a strategy used since the earliest GRB detections by the VELA
satellites at the end of the 1960s.

While the VELA satellites were fully dedicated to the detection of gamma-ray flashes
(in this case the main target was the detection of gamma-rays from nuclear tests above
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the Earth’s atmosphere), today, the IPN includes instruments on satellites fully dedicated
to high-energy astrophysics, and instruments hosted by spacecrafts with quite different
primary purpose. The diverse gamma-ray instrumentation used by the IPN, the poor
knowledge of the spacecraft position when outside the Earth’s GNSS infrastructure, as
well as the difficulty of defining an absolute time with a good precision for all spacecrafts
and the delay in communication with remote solar system spacecrafts, significantly limit
the ability of the IPN to routinely provide accurate (better than a few degrees) and timely
localizations. In other words, systematic errors associated with IPN transient localization
are usually much greater than the statistical errors.

All of these difficulties could be overcome by a constellation of satellites in LEO
hosting similar, if not identical, X-ray and gamma-ray detectors. The GPS and Galileo in-
frastructures offers the opportunity to constrain LEO satellite positions to within a few tens
of meters, and the absolute time within a few tens of nanoseconds, orders of magnitude bet-
ter than what is possible to achieve outside of the GNSS infrastructure. Adopting identical
detectors ensures similar responses to cosmic events, reducing systematic uncertainties.

Since GRBs, and high-energy transients in general, are relatively bright (the flux from
GRB170817 was about 2 ph/cm2/s in the 50–300 keV band (and this was a faint GRB)
seen from a relatively large off-axis jet angle), even a small instrument can be efficiently
used for their detection. In fact, the collecting area of the Fermi/GBM modules is about
120 cm2. Today, this class of instruments can be hosted by compact nano-satellites. Nano-
satellites were developed at the end of the 20th century for didactical purposes, but today
they are used for the most diverse applications: Earth observation, aircraft and ship
tracking, telecommunication, and science. Nano-satellites have several major advantages
with respect to traditional satellites. First and foremost, they can be developed on a
relatively short timescale (a few years and, in extreme cases, a few months) compared
with one to several decades usually required for standard space missions. Second, their
cost is a few orders of magnitude smaller than standard large satellites. Both of these
advantages imply that modularity can be exploited to its maximum. Modularity can allow
us to (a) avoid single (or even multiple) point failures (if one or several units are lost the
constellation and the experiment can still be operative); (b) fully test the hardware in orbit
with the first launches and then improve it, if needed, with the following launches (iterative
development, used in the context of gamma-ray flashes and GRBs early on by the VELA
satellites. The second generation included gamma-ray detectors with much better timing
capabilities, strongly improving the localization capabilities of the constellation); (c) to
build the final mission step by step, gradually increasing its performance while diluting
costs and risks.

An all-sky monitor, capable of monitoring the whole sky, or a large fraction of the sky,
at all times, requires either a distributed infrastructure on LEO or a dedicated spacecraft
far from the Earth. Given the advantages of miniaturized instrumentation hosted by
CubeSats, it is relatively natural to propose building a sensitive all-sky monitor based on a
constellation of nano-satellites.

In the previous section, in the context of multi-messenger astrophysics, we discussed
the scientific relevance of even simple high-energy transient detections at the time of GWEs.
Of course, their accurate localization would multiply the scientific return, prompting
multi-wavelength (and even multi-messenger) follow-ups.

In the context of multi-wavelength astrophysics, it must be considered that, in a few
years, the Vera Rubin Observatory (VRO) and the Cerenkov Array Telescope (CTA) will
come online. VRO will have the ability to cover ~1/4 of the sky every night, finding millions
of transients per night down to a magnitude r < 24.5 using real-time data analysis. On the
one hand, optical counterparts of GRBs and GWEs will likely be serendipitously found in
VRO images (covering each about 10 deg2), providing arcsec positions and immediately
prompting multiwavelength follow-up. On the other hand, the detection of X-ray and
gamma-ray emission will promptly characterize the VRO transients (magnetars, soft gamma-
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ray repeaters, tidal distruption events, thermonuclear bursts from accreting NS, novae, AGN
jets, etc., in addition to GRBs), thus better focusing the multiwavelength follow-up.

CTA will boost the study of the 20 GeV–300 TeV energy range. Only three GRBs
have been detected at TeV energies so far: one by MAGIC [18] and two by HESS [19].
The CTA’s fast re-positioning capabilities (20 s) and the improved sensitivity, due to the
larger collecting area and lower energy threshold (~20 GeV) compared to MAGIC and
HESS, will aid the study of GRB high-energy radiation routine, opening the possibility
to accurately derive the jet Lorentz factor, assessing the role of synchrotron and inverse
Compton radiation, and constraining the magnetic field strength and configuration. Given
the limited field of view (FoV) of CTA at GeV energies (4.3◦), an instrument operating
during the 20 s and providing the localization of GRBs with errors smaller than the CTA
FoV is of paramount importance for triggering CTA follow-up observations.

4.2. A Powerful Combination of Nano- and Micro-/Small Satellites

Four years later, GW170817A remains the only gravitational wave source with a
detection of an electromagnetic counterpart. While GW170817 was quickly followed by
a short GRB seen at an angle of 19–42 degrees from the jet axis, it is likely that most
kilonovae will not emit a GRB observable from the Earth. The prompt γ-ray emission is
strongly beamed, and it is estimated that only about 1 in 100 kilonovae will be detectable
at high energies [20]. However, GRB170817A is an unusually long and faint short-GRB,
and detections of other GRB counterparts for gravitational wave events can be important
discoveries. In the previous section, we discussed how a constellation of nano-satellites
can be efficiently used to provide a powerful, high-energy, all-sky monitor at a relatively
low cost and on short timescales. Here, we discuss how a synergic constellation of micro-
satellites could be used for follow-up observations, greatly enhancing the scientific return.

It will require coordination, but to a large extent, several nano- and micro-satellite
constellations with different detectors could work together in conjunction, forming one
network. The micro-satellites will perform rapid follow-up observations at near-UV/optical
and near-IR wavelengths. To follow up kilonovae without GRB counterparts, detected only
by GW observatories, these observations shall be triggered directly by their GW emission.
This will require the near UV/optical/IR observatories to have large fields of view and
fast repointing capabilities, enabling them to locate the electromagnetic counterparts of
kilonovae after short mosaicing observations. The early time evolution of the near-UV to
near-IR flux ratios will provide the key diagnostics to distinguish between various scenarios
of kilonova explosions. No existing or proposed mission provides all-sky monitoring and
localization together with rapid multi-wavelength follow-up capabilities.

The rapid follow-up observations at near-UV/optical, near infrared, and X-ray wave-
lengths are expected to produce real breakthroughs in our understanding of kilonovae. The
luminous optical counterpart of GW170817 was initially blue in colour with the emission
peaking at near-UV wavelengths. Then, over the course of a few days the emission shifted
to the near-IR wavelengths. This fast spectral evolution was unlike that of any previously
observed event. However, the optical counterpart was discovered only about 11 h after
the gravitational wave signal. A wide-field UV space telescope, able to rapidly slew on-
source, could revolutionize our understanding of these exciting events (e.g., Ultrasat,
http://space.gov.il/en/node/1129; accessed on 1 December 2021). Theoretical modelling
predicts that the first few hours might be dominated by near-UV emission from free neu-
trons, which do not have time to be captured by the nuclei. Observing this early emission
is thus key for the understanding of the nucleosynthesis of kilonovae.

Figure 1 of Fernandez & Mezger 2016 [21] presents the phases of a binary neutron star
merger as a function of time, showing the observational signatures, as well as the possible
outcomes and the associated physical phenomena. The in-spiral and coalescence of neutron
stars, which can be observed through gravitational waves, can result in a hyper-massive
neutron star that quickly collapses into a black hole; into a stable, rapidly spinning, highly
magnetised neutron star; or directly into a black hole. The merger gives rise to the ejection
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of 10−4–10−2 solar masses of unbound matter, with velocities 0.1–0.3 c from the tidal tails in
the equatorial region [20]. The ejected matter that remains bound to the resulting compact
object falls back and forms an accretion disc that helps launch the ultra-relativistic jet,
which produces the observed short GRB. The equatorial ejecta are expected to be rich in
heavier elements, known as lantanides, and produce long-lasting infrared emission. UV
and blue emissions are produced early in the kilonova and last for only about a day. This
may arise from free neutrons or from lantanide-poor polar ejecta with a higher electron
fraction. While the properties of the tidal ejecta are sensitive to the mass ratio of the
neutron stars, the properties of the polar and wind ejecta are sensitive to the neutron star
radii and to the nature of the merger product. The different ratios between the observed
kilonova fluxes obtained by near-UV, optical and near-infrared observations, will allow
us to identify and constrain the properties of the different ejecta [13]. In particular, UV
observations, performed in the first few hours of the kilonova (unavailable for GW170817),
will probe the mass, composition, and thermal content of the fastest ejecta and allow us
to constrain its geometry, quantity, and kinematics, as well as the nature of the merger
product. Micro-satellites carrying relatively small (with a collecting area around 200 cm2)
near-IR and near-UV space telescopes will probe the emission from kilonovae out to the
distance beyond 200 Mpc.

Observations in the near-IR should also allow us to detect afterglows at redshifts
z > 5, corresponding to the first billion years of the Universe. Long GRBs are mostly
observed at cosmological distances, with the most distant GRB detected at the redshift
of z = 9.4, which corresponds to a look-back time of 13.3 billion years, only 500 million
years after the Big Bang. Long GRBs are thus excellent probes for examining the early
Universe, when the first massive stars and their host galaxies were being formed, the
first heavier elements were produced, and the diffuse interstellar and intergalactic matter
was re-ionised. To truly exploit long GRBs as probes of the early Universe, we need
to identify more GRBs from the first billion years after the Big Bang. This can only be
achieved by rapid near-infrared, follow-up observations from space, capable of imaging the
afterglows of GRBs at the edge of the observable Universe. This was the main goal of the
Theseus mission [22], which unfortunately was not selected by ESA for realization. CubSats
again can provide a contribution here; see, for example, the SkyHopper proposal [23]
https://skyhopper.research.unimelb.edu.au; accessed on 1 December 2021.

Next to the near-IR and near-UV telescopes, the constellation would also benefit
from a microsatellite carrying a wide-field 10 cm2–20 cm2 X-ray telescope observing in
the 0.5–8 keV band. Since GRBs are bright in X-rays, a rapidly slewing X-ray telescope
can aid the quick arcmin scale identification of the GRB position in the sky. The time and
spectral evolution of the early X-ray emission can also provide valuable information about
the possible two-step collapse model (through a short-lived massive neutron star) and the
jet geometry of the source.

4.3. An Incomplete List of Pathfinder/Precursor Missions

In the past, many projects in the broad area of nano-satellites for high-energy as-
trophysics were proposed and several were funded, in order to build demonstrators or
pathfinders. Among these, we mention the following, without pretending to be complete.

4.3.1. CAMELOT and GRBAlpha

One of the concepts developed to perform all-sky monitoring and timing-based local-
ization of gamma-ray transients is called CAMELOT: Cubesats Applied for MEasuring and
LOcalising Transients [24]. It is a constellation of 3U CubeSats equipped with large and thin
(150× 75× 5 mm) CsI(Tl) scintillators read out by SiPM detectors, called multi-pixel photon
counters (MPPCs), by Hamamatsu. The detectors are placed on two perpendicular walls of the
satellites to maximize the effective photon collecting area on a CubeSat of this size.

The detector concept developed for the CAMELOT mission was first demonstrated
on a 1U CubeSat, named GRBAlpha [25]. It carries a smaller, 75 × 75 × 5 mm CsI (Tl)
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scintillator, which provides one-eighth of the expected effective area of the 3U CubeSats
envisioned for the CAMELOT mission. GRBAlpha was successfully launched on 22 March
2021 to a sun-synchronous polar orbit with a Soyuz 2.1 rocket from Bajkonur. Following a
short commissioning phase, the detector was switched on and regular measurements began.
The on-board data acquisition software stack is periodically updated in orbit, continuously
improving the capabilities of the science payload. The degradation of the SiPM detectors,
which are protected by a 2 mm thick lead shield, is being monitored. About half of the
polar orbit is plagued by a high particle background, and thus the duty cycle of the detector
cannot be better than 50%, even if it is operated continuously. The satellite communicates
on amateur radio frequencies and its ground segment is supported by the radio amateur
community. The mission also takes advantage of the SatNOGS network for increased data
downlink volume. Figure 1 shows GRBAlpha before the launch.
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Figure 1. GRBAlpha, a 1U CubeSAT equipped with a gamma-ray detector (visible on the top, see [25]
for details).

GRBAlpha became the first nano-satellite to detect multiple confirmed GRBs. At the
time of writing, the mission detected five GRBs (four long and one short GRBs [26–30]),
two of them over the course of a single night from 18 to 19 October. Figure 2 shows
the light curves of GRB211018A observed by GRBAlpha in different energy bands [30].
GRB detectors developed for the CAMELOT mission are also going to be launched on
VZLUSAT-2, which is a technological 3U CubeSat built by the Czech Aerospace Research
Centre. The satellite will carry two perpendicular detectors the same size as GRBAlpha.
VZLUSAT-2 is expected to be launched in January 2022 into a sun-synchronous polar orbit
on a Falcon 9 rideshare mission.
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4.3.2. HERMES Pathfinder

HERMES-Technologic and Scientific pathfinder (HERMES pathfinder) is an in-orbit
demonstration consisting of a constellation of six 3U nano-satellites hosting simple but
innovative X-ray detectors for the monitoring of cosmic high-energy transients such as
GRBs and the electromagnetic counterparts of GWEs [31]. The main objective of HERMES-
TP/SP is to prove that an accurate position of high-energy cosmic transients can be obtained
using miniaturized hardware, with a cost at least one order of magnitude smaller than that of
conventional scientific space observatories and a development time as short as a few years.

The transient position is obtained by studying the delay time of arrival of the signal to
different detectors hosted by nano-satellites on low Earth orbits [32]. To this purpose, partic-
ular attention is placed on reaching the best time resolution and time accuracy, with the goal
of reaching an overall accuracy of a fraction of a micro-second [33]. The main goals of the
project are: (1) join the multi-messenger revolution by providing the first mini-constellation
for GRB localization with a total of six units (the first experiment of GRB triangulation with
miniaturized instrumentation); (2) develop miniaturized payload technology for break-
through science; (3) demonstrate COTS applicability to challenging missions, contribute to
Space 4.0 goals, push and prepare for high-reliability large constellations.

Figure 3 shows the HERMES pathfinder detector system during integration. The
60 GAGG scintillator crystals can be seen to the right and the 12 10 × 10 silicon drift
detector mosaics used to read out the crystals to the left (see [33] and references therein for
a detailed description of the HERMES pathfinder payload).
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Figure 3. HERMES pathfinder detector system during integration at Fondazione Bruno Kessler
laboratories in Trento, Italy.

The HERMES-TP project is funded by the Italian Ministry for Education, University
and Research, and the Italian Space Agency. The HERMES-SP project is funded by the Euro-
pean Union’s Horizon 2020 Research and Innovation Programme under Grant Agreement
No. 821896.

The consortium started the integration and testing of the first flight unit during the
summer of 2021; the proto-flight model and its qualification review is foreseen for Q1 2022.
The other five units will be integrated and tested during 2022 and the constellation is set to
be launched to a nearly equatorial LEO in 2023.

HERMES pathfinder is intrinsically a modular experiment that can be naturally ex-
panded to provide a global, sensitive, all-sky monitor for high-energy transients. The next
step is SpIRIT, a 6U cubesat funded by the Australian Space Agency and managed by the
University of Melbourne. SpIRIT will host one HERMES pathfinder payload, and will fly
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on an SSO at the same time as the HERMES pathfinder, forming a constellation of seven
satellites in two different orbits.

4.3.3. GALI

A new concept for identifying the direction of GRBs was suggested recently by Rahin
et al. [34]. The concept was named GALI (GAmma-ray burst Localizing Instrument).
Its basic idea is to use numerous small scintillators (e.g., 1 × 1 × 1 cm3 cubes) in a 3D
array utilizing their mutual shielding. Consequently, the relative γ-photon count of each
scintillator varies strongly with the direction of the burst. In a sense, GALI can be thought
of as a coded-mask detector, but where the mask itself has detecting elements. Moreover,
the detector (and mask) have no preferred direction, and thus provide full-sky coverage, as
opposed to coded-mask instruments. A configuration such as CAMELOT, benefits from
the SiPMs, which occupy little volume; hence, they enable the compact packing of the
scintillators. As with GRBAlpha/CAMELOT, the SiPMs are radiation-sensitive, and need
to be protected. A GALI laboratory prototype was successfully tested, and a flight model to
be launched to the International Space Station (ISS) is being built. The laboratory prototype
is shown in Figure 4.
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Figure 4. Laboratory model of the GALI detector system with 90 scintillators crystals. The individual
scintillators in their reflective wrappings can be seen, arranged in a random order. A larger version is
currently being built for the ISS.

The GALI concept can be scaled to any size, and thus can fit many platforms. Clearly,
larger versions will be more sensitive, and, more importantly, they will provide a better
angular resolution. An advantage of the GALI configuration is the reduced sky background
on the inner scintllators, which will light up only for GRBs in specific directions. This
allows for a high signal-to-background ratio on these scintillators, and the exploitation of
soft γ-rays below 50 keV for directionality. The aforementioned flight model will consist
of 350 scintillators, occupying a total volume of merely ~1 L. Simulations show that even
such a small detector can identify the direction of a burst down to approximately ±2◦ for
1 s GRBs with a 10 keV–1 MeV flux of 10 ph cm−2 s−1, ±5◦ for 5 ph cm−2 s−1, and ±10◦
for 2.5 ph cm−2 s−1 [34]. Although GALI can operate onboard a single satellite, it can also
be incorporated into a distributed satellite architecture to enhance the sky coverage and
directional capabilities of the entire constellation.

4.3.4. Other Projects

BurstCube is a 6U CubeSat developed by NASA, which will detect GRBs using four
CsI scintillators, each with an effective area ~90 cm2 [35]. BurstCube is expected to be
launched in 2022.
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The Educational Irish Research Satellite 1 (EIRSAT-1), supported by ESA’s Fly Your
Satellite program, will carry a gamma-ray module (GMOD) to detect gamma-ray bursts [36].
GMOD uses SensL B-series SiPM detectors and a CeBr scintillator. EIRSAT-1 will be
launched from the ISS in 2022.

Nanosatellite constellations include the Chinese Gamma-Ray Integrated Detectors
(GRID), which will consist of GRB detectors (as secondary payloads) on 10–24 CubeSats [37].
Two GRID units have been launched so far and one GRB has been recently detected by the
second unit [38].
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Abstract: SVOM (Space-based multiband astronomical Variable Objects Monitor) is a sino-french
mission that is dedicated to Gamma-Ray Burst (GRB) science, expected to be launched in mid 2023.
The mission includes four space-based and three ground-based instruments that, working together,
will discover GRBs and provide rapid multi-wavelength follow-up in order to obtain a complete
coverage of the GRB emission over seven decades in energy, from the trigger up to the very late
phases of the afterglow. Thanks to its characteristics, SVOM will play a crucial role in time-domain
and multi-messenger astronomy.

Keywords: SVOM (Space-based multiband astronomical Variable Objects Monitor); gamma-ray
bursts; time-domain astronomy

1. Overview of the Mission

SVOM (Space-based multiband astronomical Variable Objects Monitor) is a sino-
french mission that is dedicated to Gamma-Ray Burst (GRB) science and, more generally,
to the discovery and multi-wavelength follow-up of transient sources. It is expected to be
launched in mid 2023 for a nominal duration of three years, plus an extended duration
of two additional years. The mission includes four space-based and three ground-based
instruments (Figure 1) that, working together, will provide multi-wavelength follow-up
of the targets in order to obtain a complete coverage of the GRB emission over seven
decades in energy, from the trigger up to the very late phases of the afterglow (see Figure 2).
In particular, SVOM will be able to trigger and locate GRBs, and distribute alerts and
accurate localization in real time. In addition to that, SVOM will adopt an optimal pointing
strategy for ground-based follow-up, fostering synergies with other space and ground-
based facilities and allowing for a large fraction of GRBs detected and observed with
redshift measurements.

SVOM is the result of a collaboration between the Chinese and French national
space agencies, CNSA (China National Space Administration) and CNES (Centre na-
tional d’études spatiales), with the main contributions from the Institute of Research into
the Fundamental Laws of the Universe (Irfu) and the Research Institute of Astrophysics
and Planetology (IRAP) for France and the National Astronomical Observatory (NAOC)
and the Beijing High Energy Institute (IHEP) for China.

In the following, we describe the instruments and the observational strategy (Section 2)
and give an overview of the main science cases that can be addressed with SVOM
(Section 3). Finally, we outline the crucial role that SVOM will play thanks to its char-
acteristics and its synergies with the large ground-based facilities that will be operational
in the next decade (Section 4).
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Figure 1. The SVOM (Space-based multiband astronomical Variable Objects Monitor) mission:
The satellite with the four instruments on board (ECLAIRs, GRM, MXT, and VT), and the three
instruments on ground (GWAC and the two GFTs).

Figure 2. The ranges of energy and the typical timescales covered by the different instruments of the
SVOM mission in space (upper panel) and on ground (lower panel).

2. Instruments and Observational Strategy

The SVOM satellite will be launched by the Chinese Long March 2C rocket from the
Xichang launch base, and will be put into an orbit with a 30-degree inclination, an altitude
of 625 km and an orbital period of 96 min. It will be equipped with four instruments, two
French and two Chinese:

• The telecope ECLAIRs (France), a coded-mask instrument with a field of view of
2 sr, capable of triggering and locating GRBs with a precision of less than 12’ in the
4–120 keV energy band;
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• The Gamma-Ray burst Monitor (GRM; China), composed by three units that together
cover a larger field of view than ECLAIRs (∼5.6 sr) and extend its energy band up to
5 MeV;

• The Microchannel X-ray Telescope (MXT; France, with Germany and UK participation),
that detects GRBs in the 0.2–10. keV energy band and is capable of locating them with
a precision <13′′;

• The Visible Telescope (VT; China), that observes GRBs in the visible band (400–1000 nm)
and can localize them with a precision ∼1′′.

These instruments will be supported by three ground-based facilities:

• The Ground–based Wide Angle Camera instrument (GWAC; China) consists of two
sets of 16 wide-field cameras. Each set covers a field of view of 2500 deg2, which is
about 30% of the field of view of ECLAIRs. The first set is already operational and
installed in the eastern part of China (Xinglong). The second set will be installed in
the western part of China (Muztagh);

• Two 1-m class robotic GFTs (Ground Follow-up Telescopes; one French with Mexican
contribution, one Chinese), that operate in the visible and Near Infrared (NIR) bands
(400–1700 nm and 400–900 nm, respectively).

When a GRB is triggered within the field of view of ECLAIRs, the satellite automat-
ically slews within a few minutes to repoint the two narrow-field instruments on board,
MXT and VT, to provide fast detection and accurate localization of the possible X-ray and
optical counterparts. The alert messages and the preliminary information collected are
transmitted to the ground in about 10 s at Very High Frequency (VHF) in a frequency band
between 137 and 138 MHz by an on-board antenna. The messages are then downlinked
through a network of radio stations that, to ensure permanent contact with the satellite, will
consist of ∼45 VHF antennae homogeneously deployed in the inter-tropical zone around
the Earth, between latitudes −30◦ and +30◦. They will relay every alert message from the
satellite to the French Science Center (FSC) located at Saclay in France. After a first analysis
at the FSC, the messages will be distributed to the whole scientific community through the
GCN alert network or other networks available, in particular to the GFTs robotic telescopes
that will refine the GRB position and give an initial indication of distance.

The rapid follow-up of SVOM-detected GRBs with ground-based optical telescopes
in order to have a redshift measurement for a large fraction of them (∼2/3) is one of the
scientific objectives of the mission. In order to avoid targets that are too close to the Sun and
are thus not accessible by ground telescopes during their nighttime, an optimal pointing
strategy will be adopted such that the optical axis of the instruments on board the satellite
point in the direction opposite to the Sun. This choice implies that the Earth will hide the
field of view of the instruments once per orbit, up to 50% of the period of revolution.

3. Science Cases

In the following, we give a description of the SVOM main observing programs,
the GRB “core” program, the general program, and the Target of Opportunities (ToOs)
program. For a complete discussion of all the science cases related to these programs, we
refer to Wei, Cordier et al. (2016) [1].

The core program: Thanks to the unique properties of the mission outlined in Section 2,
SVOM will provide a unique sample of ∼30–40 GRBs/yr with: (i) Complete coverage of
the prompt emission over three decades in energy, thanks to the synergy between ECLAIRs
and GRM (see e.g., Figure 3 and [2]), and possibly the detection of the prompt optical
counterpart with the GWAC (∼16% of cases); (ii) the X-ray counterpart observed from a
few minutes after the trigger up to a few days in X-rays, optical, and NIR; and (iii) a redshift
measurement for ∼2/3 of them, allowing for a complete study of their physical properties
in the rest frame. The low-energy threshold of ECLAIRs and the extension to the NIR of the
GFTs will allow SVOM to tackle many open issues in GRBs science, as high-redshift GRBs
(z > 5) that allows to probe the primordial universe, or soft GRBs (X-ray rich and X-ray
flashes) and ultra-long GRBs ([3,4], see also Figure 3) that will shed light to the nature of
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the progenitors in the local universe and the physics of explosion. The joint observations of
ECLAIRs and GRM will increase the efficiency in detecting short GRBs that, besides their
interest per se, are one of the possible counterparts of Gravitational Wave (GW) emitters.
Finally, the possible detection (or limits from the non-detection) of the optical counterpart
of the GRB prompt emission will open a new window for unexpected discoveries.

Figure 3. Left panel: The multi-component (band plus blackbody) prompt emission spectrum of
the Fermi/GBM detected GRB 100724B, simulated as it would have been seen by ECLAIRs and
GRM. The two instruments together will be capable to well characterize the peak energy and all
the features of the prompt emission of GRBs. Adapted with permission from ref. [2], Copyright
Year: 2017, Copyright Owner: Springer. Right panel: ECLAIRs on-axis count Signal-to-Noise ratio
(SNR) for short high-energy transients in the local Universe: Long and Short GRBs (LGRB, SGRB),
X-ray Flashes (XRF), ultra-long GRBs (ulGRBs), and Soft Gamma-ray Repeater (SGR) giant flares.
The orange horizontal band represents the detection threshold of ECLAIRs at SNR = 6.5. The green
and yellow bands represent the O4 LIGO distance sensitivity limits for double neutron stars and
neutron star-black hole mergers, respectively. The light grey trails represent the evolution of the
on-axis count SNR with the redshift. Adapted with permission from ref. [4], Copyright Year: 2020
Copyright Owner: Springer.

The general program: Although SVOM is a mission specifically designed for GRB
science, its characteristics will find many applications in the study of many extra-galactic
sources as Active Galactic Nucleai (AGN), Ultra-Luminous X-ray sources (ULX), and Tidal
Disruption Events (TDE), and galactic sources as accreting systems, pulsars, magnetars,
and flaring stars.

Rapid follow-up observations: Thanks to its flexibility, SVOM will be a powerful
tool for the multi-wavelength follow-up of transients discovered by external facilities and
not triggered by SVOM. This will be possible thanks to a Target of Opportunities (ToOs)
program. SVOM will take advantage from wide-field instruments such as ECLAIRs, GRM,
and GWAC to search for the counterparts at different wavelengths of events discovered
by external facilities, and also of an X-ray telescope (MXT) with a field of view of 1 deg2

that will allow SVOM to cover larger regions than Swift/XRT. This will be particularly
important to identify the Electromagnetic (EM) counterparts of GW or neutrino emitters.
Indeed, SVOM will have a specific ToO program dedicated to EM counterpart search in
response to a multi-messenger alert. Concerning GW alerts, SVOM already joined the first
three observing runs of the Advanced LIGO and Virgo interferometers with part of the
ground segment (see e.g., [5]), and will be ready to join the first part of O4 (starting in late
2022) with its ground-based instruments before the launch of the spacecraft.

4. Conclusions

Time-domain, multi-messenger astronomy is a recognized priority in the next decade
(see e.g., Pathways to Discovery in Astronomy and Astrophysics for the 2020s the National
Academies of Science, Engineering and Medicine’s latest decadal survey 1), and the role
of small-size space missions is considered to be crucial to both discover new transients
and fully characterize them throughout the EM spectrum. SVOM will play a major role
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in this context. Thanks to its flexibility, the characteristics of the instruments and the
observation strategies, it will: (i) Provide a unique sample of GRBs monitored over seven
decades in energy and with redshift measurement, that can be used for population studies;
(ii) open new discovery windows for GRB science (soft GRBs in the local universe, optical
prompt emission, and high-redshift GRBs); (iii) complement current missions that are
aging, as Fermi and Swift; and (iv) be a powerful tool to search for and characterize EM
counterparts of external triggers. Concerning this last point, SVOM is specifically designed
to foster synergies with the large ground-based facilities, and this aspect will be even more
vital when the Cherenkov Telescope Array (CTA), the Vera Rubin Observatory (LSST),
or the Square Kilometre Array (SKA) will be operational. Missions like SVOM are also
necessary to fully exploit the scientific potential of transient astrophysical phenomena
discovered via GWs and neutrinos, since these events also require EM observations across
the spectrum for identification and further study.

Author Contributions: Writing—original draft preparation, M.G.B.; writing—review and editing,
B.C. and J.W.; project administration, B.C. and J.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Notes
1 https://nap.edu/resource/26141/interactive/ (accessed on 16 November 2021).

References
1. Wei, J.; Cordier, B.; Antier, S.; Antilogus, P.; Atteia, J.-L.; Bajat, A.; Basa, S.; Beckmann, V.; Bernardini, M.G.; Boissier, S.; et al. The

Deep and Transient Universe in the SVOM Era: New Challenges and Opportunities—Scientific prospects of the SVOM mission.
arXiv 2016, arXiv:1610.06892.

2. Bernardini, M.G.; Xie, F.; Sizun, P.; Piron, F.; Dong, Y.; Atteia, J.-L.; Antier, S.; Daigne, F.; Godet, O.; Cordier, B.; et al. Scientific
prospects for spectroscopy of the gamma-ray burst prompt emission with SVOM. Exp. Astron. 2017, 44, 113–127. [CrossRef]

3. Dagoneau, N.; Schanne, S.; Atteia, Je.; Götz, D.; Cordier, B. Ultra-Long Gamma-Ray Bursts detection with SVOM/ECLAIRs. Exp.
Astron. 2020, 50, 91–123. [CrossRef]

4. Arcier, B.; Atteia, J.L.; Godet, O.; Mate, S.; Guillot, S.; Dagoneau, N.; Rodriguez, J.; Gotz, D.; Schanne, S.; Bernardini, M.G.
Detection of short high-energy transients in the local universe with SVOM/ECLAIRs. Astrophys. Space Sci. 2020, 365, 185.
[CrossRef]

5. Turpin, D.; Wu, C.; Han, Xu.; Xin, Li.; Antier, S.; Leroy, N.; Cao, L.; Cai, Ho.; Cordier, B.; Deng, J.; et al. The mini-GWAC optical
follow-up of gravitational wave alerts—Results from the O2 campaign and prospects for the upcoming O3 run. Res. Astron.
Astrophys. 2020, 20, 013. [CrossRef]

243





Citation: Stratta, G.; Amati, L.;

Branchesi, M.; Ciolfi, R.; Tanvir, N.;

Bozzo, E.; Götz, D.; O’Brien, P.;

Santangelo, A. Breakthrough

Multi-Messenger Astrophysics with

the THESEUS Space Mission † .

Galaxies 2022, 10, 60. https://

doi.org/10.3390/galaxies10030060

Academic Editor: Elena Moretti,

Francesco Longo and Yosuke

Mizuno

Received: 28 February 2022

Accepted: 15 April 2022

Published: 21 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

galaxies

Article

Breakthrough Multi-Messenger Astrophysics with the
THESEUS Space Mission †

Giulia Stratta 1,2,* , Lorenzo Amati 2 , Marica Branchesi 3, Riccardo Ciolfi 4 , Nial Tanvir 5 , Enrico Bozzo 6,
Diego Götz 7, Paul O’Brien 5 and Andrea Santangelo 8

1 Istituto Nazionale di Astrofisica-Istituto di Astrofisica e Planetologia Spaziali di Roma, Via Fosso del
Cavaliere 100, 00133, Rome, Italy

2 Istituto Nazionale di Astrofisica-Osservatorio di Astrofisica e Scienza dello spazio Bologna, Via P. Gobetti 101,
40129, Bologna, Italy; lorenzo.amati@inaf.it

3 Gran Sasso Science Institute, Viale F. Crispi 7, I-67100 L’Aquila, Italy; marica.branchesi@gssi.it
4 INAF, Osservatorio Astronomico di Padova, Vicolo dell’Osservatorio 5, I-35122 Padova, Italy;

riccardo.ciolfi@inaf.it
5 School of Physics and Astronomy, University of Leicester, Leicester LE1 7RH, UK; nrt3@leicester.ac.uk (N.T.);

pto2@leicester.ac.uk (P.O.)
6 Department of Astronomy, University of Geneva, 1205 Versoix, Switzerland; enrico.bozzo@unige.ch
7 Commissariat à l’Énergie Atomique et aux Énergies Alternatives, Centre National de la Recherche

Scientifique, Astrophysics, Instrumentation-Modeling, Université Paris Saclay, F-91190 Gif-sur-Yvette, France;
diego.gotz@cea.fr

8 Institut für Astronomie und Astrophysik, Abteilung Hochenergieastrophysik, Kepler Center for Astro and
Particle Physics, Eberhard Karls Universitat, Sand 1, D 72076 Tuebingen, Germany;
andrea.santangelo@uni-tuebingen.de

* Correspondence: giulia.stratta@inaf.it
† On behalf of the THESEUS Consortium: http://www.isdc.unige.ch/theseus/.

Abstract: The mission concept THESEUS (Transient High Energy Sky and Early Universe Surveyor)
aims at exploiting Gamma-Ray Bursts (GRB) to explore the early Universe, as well as becoming
a cornerstone of multi-messenger and time-domain astrophysics. To achieve these goals, a key
feature is the capability to survey the soft X-ray transient sky and to detect the faint and soft GRB
population so far poorly explored. Among the expected transients there will be high-redshift GRBs,
nearby low-luminosity, X-ray Flashes and short GRBs. Our understanding of the physics governing
the GRB prompt emission will benefit from the 0.3 keV–10 MeV simultaneous observations for an
unprecedented large number of hundreds of events per year. In particular the mission will provide
the identification, accurate sky localisation and characterization of electromagnetic counterparts to
sources of gravitational wave and neutrino sources, which will be routinely detected during the 2030s
by the upgraded second generation and third generation Gravitational Wave (GW) interferometers
and next generation neutrino detectors.

Keywords: gamma–rays: bursts; cosmology: early universe; multi-messenger astrophysics:
gravitational waves; neutrinos; instrumentation: X/gamma–ray astrophysics from space;
fundamental physics

1. Introduction

Since their discovery in the late 1960s [1], the attention given by the scientific commu-
nity to the gamma-ray burst (GRB) phenomenon has continuously increased. Nowadays,
GRBs represent one of the most important sources in the Universe for observational cos-
mology, multi-messenger astronomy as well as extreme physics.

Their brightness in gamma-rays during the prompt phase allows us to detect the so-
called “long-duration” GRBs, the GRBs generated by the gravitational collapse of rapidly
rotating and massive stars, up to distances where the very first stars and galaxies form. The
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census of high-redshift GRBs allows us to shed light on the main processes responsible for
Universe reionization after Dark Ages.

In the context of multi-messenger astronomy, “short-duration” GRBs are today playing
a major role after the confirmation of their association with binary neutron star merger (BNS)
systems, in particular for the case of GRB 170817A [2,3]. Electromagnetic counterparts of
gravitational wave (GW) sources, are fundamental for accurate sky localization that allows
us to improve GW parameter estimation accuracy and to measure the cosmological redshift
of the GW sources. The latter has crucial implications for the measurement of cosmological
parameters and, being an independent method, can potentially solve current tensions over
the value of the Hubble constant [4].

Finally, GRBs provide a unique and extremely powerful benchmark for performing
tests of fundamental physics. For instance, the vast photon flux emitted during the prompt
emission phase of these phenomena over several orders of magnitude of energy, combined
with their extreme cosmological distances, make these phenomena powerful probes for
testing the Lorentz Invariance Violation (LIV), which is predicted by different families of
Quantum Gravity theories [5].

In all these respects, future GRB missions (such as the proposed THESEUS and Gamow
Explorer mission concepts) will provide an ideal synergy with the large electromagnetic
facilities of the future like the VRO/LSST, ELT, TMT, SKA, CTA and ATHENA in the elec-
tromagnetic domain, and advanced second generation (2G) and third generation (3G) GW
detectors and future large neutrino detectors (e.g., KM3NeT) in the non-photonic domain.

2. Multi-Messenger Astrophysics with Gamma-ray Bursts

In 2015 the advanced GW interferometers LIGO and Virgo [6,7] have detected gravita-
tional waves for the first time [8,9]. Nowadays, the GW transient source catalogs published
by the LIGO/Virgo collaboration counts several dozens of GW source candidates [10,11],
all identified as compact binary coalescences. Among these sources, two are consistent with
being BNSs and one has been associated with a short GRB (GRB170817A) [2,3]. In contrast,
no neutrino counterpart has been found associated with any bright GRBs, putting stringent
constraints on neutrino production in relativistic jets associated with these events [12]. The
nearby class of long GRBs with low-luminosity (LL-GRBs) as well as ultra-long duration
have been suggested as more promising candidates with respect to the bright GRBs (see
e.g., [13] and references therein). The key feature of THESEUS is to independently detect
these electromagnetic counterparts at the time of neutrino events and to provide refined
sky localizations to allow multi-wavelength prolonged follow-up with other facilities.

2.1. GRB 170817

The first multi-messenger observations of a GRB happened on 17 August 2017 when a
short GRB (GRB170817A) was detected with Fermi [14] and INTEGRAL [15].

The sky position and burst trigger time resulted to be consistent with an indepen-
dent detection of GW event (GW 170817) achieved with the advanced LIGO and Virgo
network [3,16]. The observed gravitational waveform of GW 170817 was consistent with
the one expected from a BNS. The association with GRB 170817A has a gaussian-equivalent
significance of 5.3σ [3] and marks the first direct evidence of short GRB progenitor. This
breakthrough result confirmed a wealth of indirect evidence gathered in almost 20 years of
short GRB observations, for instance the lack of any association with core-collapse super-
nova (contrary to long GRBs) yet plausible evidence for kilonova emission in some cases
the mixed-type nature of the host galaxies (early and late) and the GRB sites within the
host galaxy (see e.g., [17] and references therein).

Another milestone reached with GRB 170817A was the first direct evidence of a narrow,
relativistic expanding jet. Indeed, from both the prompt and afterglow emission properties,
it was realized that this burst was observed with a non-null viewing angle with respect to
the jet axis. This allowed imaging and monitoring in time of the orthogonal component of
the jet with the superb spatial accuracy of the VLBI and the results were consistent with a

246



Galaxies 2022, 10, 60

compact source moving at relativistic velocities [18]. This result in turn confirms that BNSs
can produce ultra-relativistic jets.

A major advance was also achieved due to the fact that the gravitational waveform
of compact binary coalescences encodes not only information on the masses, but also on
the luminosity distance DL. Indeed, by combining the measured DL for GW170817 with
the redshift measurement of the host galaxy NGC 4993, identified through the electro-
magnetic counterpart follow-up [2], it was possible to estimate the Universal expansion
rate through the Hubble constant (H0) measurement [4]. Despite the large uncertainties
obtained with this single measure, this result showed the feasibility of a new, indepen-
dent method to measure H0, with strong implications for the current tension plaguing the
outcomes from different probes used to measure this fundamental parameter (see [4] and
references therein).

2.2. Next Achievements

In the next years, with the second generation GW interferometer network (i.e., LIGO,
Virgo, KAGRA and by 2025 also LIGO-India, see [19]) we expect to detect other cases like
GRB 170817A from BNS mergers and possibly short GRBs associated with NS-BH merger
systems up to distances z < 0.1− 0.2. The joint detection rate is still very uncertain but
possibly limited to a few cases within the 2020s. This low rate is mainly due to the collimated
nature of GRB emission that confines simultaneous detections to a tiny fraction of the total
GW events associated with BNS or NS-BH, for which GWs are emitted isotropically.

Interesting predictions concern the possible formation of a NS remnant with large
magnetic field (magnetar) after a BNS merger. In this case, the dipole radiation, expected
mainly in the X-ray band and with low level of collimation, increases the chances of joint
detection. The presence of a spinning-down, new-born magnetar is among the possible
scenarios invoked to explain the “Extended Emission” detected after some short GRBs,
a ∼100 s lasting component with softer spectrum than the main short burst, that may
represents a potential X-ray counterpart of a BNS merger [20]. Another potential multi-
messenger X-ray target expected to be less collimated than short GRBs is represented by the
afterglow emission during the so called ”plateau” phase, characterized by a nearly constant
flux level lasting on a timescale that goes from a few hundreds of seconds up to ∼1 day.
The origin of the plateaus is still debated: among the possible scenarios is the presence of a
magnetar pumping energy into the forward shock. In this case, a long-transient continuous
GW emission might be simultaneously detected [21]. An alternative scenario invokes the
high-latitude prompt emission or afterglow emission from a structured jet for an observer
line of sight slightly offset with respect to the jet axis (e.g., [22,23]). In this case, GW
continuous emission is not necessarily expected. We note that X-ray plateaus are observed
also for long GRBs: in this case, if a magnetar is the origin of this feature, long-transient
continuous GWs may be detected also from this other class of GRBs.

During the 2030s, the third generation GW detectors are expected to be operational,
with sensitivity nearly one order of magnitude higher. By that time, the distance up to
which a BNS can be detected is z & 1, thus implying a huge detection rate, of the order of
O(105) per year [24].

With such large detection rate, the fraction of joint detection as short GRBs will be
high and will allow statistical studies on large samples. Among the possible issues that can
be tackled with a statistical approach there are: (i) jet launching mechanisms and efficiency,
(ii) the universality of the jet structure, (iii) differences/commonalities among BNS and
NS-BH systems; (iv) accurate cosmological parameter measurements. The high sensitivity
of 3G detectors, in addition, will make the detection of the faint GW emission from cc-SN a
realistic proposition, possibly up to Mpc scales, allowing us to gain crucial insights on the
still uncertain explosion mechanisms.
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3. The THESEUS Mission Concept

The Transient High Energy Sky and Early Universe Surveyor (THESEUS) mission con-
cept (Figure 1), developed in recent years by a large European-led collaboration involving
also scientists worldwide, aims to fully exploit the unique and breakthrough potential of
GRBs for investigating the Early Universe and substantially advancing multi-messenger
astrophysics, while simultaneously vastly increasing the discovery space of most high
energy transient phenomena over the entirety of cosmic history and allowing tests of
fundamental physics [25]. THESEUS will achieve these ambitious goals through a step
change in capabilities for detection and characterisation of GRBs and other transients over
a very broad energy band (0.3 keV to 10 MeV) and wide field of view, including on-board
near-infrared imaging and spectroscopy, and is designed to be at the forefront of these
science fields in the late 2030s.

Figure 1. Possible spacecraft design and payload accomodation of THESEUS (Credit: ESA and
THESEUS Consortium).

THESEUS will inherently be a mission enabling great synergies with the premier
future observatories, providing simultaneous wide sky monitoring, rapid follow-up and
real-time alerts (Figure 2). Figure 3 provides a tentative timeline of these observatories
with respect to the THESEUS expected operational period. From ELT to ATHENA, CTA
to Einstein Telescope, the Vera Rubin Observatory to the Roman Space Telescope, the
science returns from combining observations with multiple facilities is a classic case of “the
whole being much greater than the sum of the parts” [26]. A broad range of other science
programmes will be enabled by THESEUS, including using observations of GRB emission
as laboratories of ultra-relativistic matter and, e.g., for testing Lorentz invariance [5], as well
as gathering statistics on large populations of other high-energy sources and transients [27].
Thus, THESEUS data will be of interest to a very wide user community, also through its
open guest-observer programme.
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Figure 2. Synergy of THESEUS with next generation very large facilities in the multi-wavelength and
multi-messenger domains [26].
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Figure 3. Planned timelines of the main failicities for Multi-Messenger Astronomy in the next decades
with which THESEUS will operate in strong synergy (see Figure 2) [26].

3.1. Scientific Goals and Requirements

The scientific goals for the exploration of the early Universe require the detection,
identification, and characterization of several tens of long GRBs occurring in the first
billion years of the Universe (z > 6) within the 4 years of nominal mission lifetime of
THESEUS [28]. This would be a giant leap with respect to what has been obtained in the
last 20 years (8 GRBs at z > 6), using past and current GRB dedicated experiments like
Swift/BAT, Fermi/GBM, Konus-WIND combined with intensive follow-up programs from the
ground with small robotic and large telescopes (e.g., VLT). This breakthrough performance
can be achieved by overcoming the current limitations through an extension of the GRB
monitoring passband to the soft X-rays with an increase of at least one order of magnitude
in minimum detectable flux with respect to previously-flown wide-field X-ray monitors.
As well, a substantial improvement of the efficiency of counterpart detection, spectroscopy
and redshift measurement will be enabled through prompt on-board near-infrared (NIR)
follow-up observations (Table 1).
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At the same time, the goals for multi-messenger astrophysics and time domain as-
tronomy require:(i) a substantial advance in the detection and localization, over a large
(>2 sr) FoV of short GRBs as electromagnetic counterparts of GW signals coming from BNS,
and possibly NS-BH mergers; (ii) monitoring the high-energy sky with an unprecedented
combination of sensitivity, location accuracy and field of view in the soft X-rays; iii) imaging
up to the hard X-rays and spectroscopy/timing of the soft gamma-rays [27,29,30].

Table 1. Key science performance requirements of THESEUS1. The sensitivity requirements assume
a power-law spectrum with a photon index of 1.8 and an absorbing column density of 5× 1020 cm−2.

SXI sensitivity (3σ) 1.8× 10−11 erg cm−2 s−1 (0.3–5 keV, 1500 s)
10−10 erg cm−2 s−1 (0.3–5 keV, 100 s)

XGIS sensitivity (1 s, 3σ) 10−8 erg cm−2 s−1 (2–30 keV)
3× 10−8 erg cm−2 s−1 (30–150 keV)
2.7× 10−7 erg cm−2 s−1(150 keV–1 MeV)

IRT sensitivity (imaging, SNR = 5, 150 s) 20.9 (I), 20.7 (Z), 20.4 (Y), 20.7 (J), 20.8 (H)

SXI FoV 0.5 sr – 31× 61 deg2

XGIS FoV (≥20% efficiency) 2 sr (2–150 keV) – 117× 77 deg2

4 sr (≥150 keV)

IRT FoV 15′ × 15′

Redshift accuracy (6 ≤ z ≤ 10) ≤ 10%

IRT resolving power ≥400

XGIS background stability ≤10% over 10 min

Field-of-Regard ≥50% of the sky

Trigger broadcasting delay ≤30 s (65% of the alerts)
to ground-based networks ≤20 min (65% of the alerts)

External alert (e.g., GW or ν events) >4–12 h
reaction time

SXI positional accuracy
(0.3–5 keV, 99% c.l.) ≤2 arcmin

XGIS positional accuracy
(2–150 keV, 90% c.l.) ≤7 arcmin (50% of triggered short GRBs)

≤15 arcmin (90% of triggered short GRBs)

IRT positional accuracy (5σ detections)
real time ≤5 arcsec
post-processing ≤1 arcsec

3.2. On-Board Scientific Instruments

Based on the above mentioned mission scientific requirements and the unique heritage
and worldwide leadership of the Consortium in the enabling technologies, the THESEUS
payload (Figure 1) will include the following scientific instruments:

• Soft X-ray Imager (SXI, 0.3–5 keV): a set of two “Lobster-eye” telescope units, covering
a total FoV of ∼0.5 sr with source location accuracy < 2′, focusing onto innovative
large size X-ray CMOS detectors [31];

• X-Gamma ray Imaging Spectrometer (XGIS, 2 keV–10 MeV): a set of two coded-mask
cameras using monolithic SDD+CsI X- and gamma-ray detectors, granting a ∼2 sr
imaging FoV and a source location accuracy <15 arcmin in 2–150 keV, an energy band
from 2 keV up to 10 MeV and few µs timing resolution [32];
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• InfraRed Telescope (IRT, 0.7–1.8 µm): a 0.7-m class IR telescope with 15’ × 15’ FoV,
with imaging (I, Z, Y, J and H) and moderate spectroscopic (resolving power, R 400,
through 2’ × 2’ grism) capabilities [33].

The instruments’ Data Handling Units (DHU) will operate in synergy, thus optimizing
the capability of detecting, identifying and localizing likely transients in the SXI, XGIS
and IRT FoVs, as well as providing the unprecedented capability of on-board autonomous
redshift measurements.

3.3. Mission Profile

The baseline launcher / orbit configuration is a launch with a Vega-C to a low inclina-
tion (<6°) Low Earth Orbit (LEO, 550–640 km altitude), which has the unique advantages
of granting a low and stable background level in the high-energy instruments, allowing
the exploitation of the Earth’s magnetic field for spacecraft fast slewing and facilitating the
prompt transmission of transient triggers and positions to the ground. The mission profile
will include: (a) a spacecraft autonomous slewing capability >7°/min; (b) the capability of
promptly (within a few tens of seconds at most) transmitting to the ground the trigger time
and positions of GRBs (and other transients of interest) through the Trigger Broadcasting
Unit (TBU) transmitter (via inter-satellite systems like, e.g., ORBCOMM, Iridium and, in
case of US contribution, the NASA/TDRSS) and the THESEUS Burst Alert Ground Segment
(TBAGS). The main ground station will be 10 m antenna (X-band receiver) at ASI “Luigi
Broglio Space Centre” in Malindi (Kenya). As assessed during ESA/M5 Phase A study
through a sophisticated Mission Observation Simulator (MOS), the mission scientific goals
could be achieved with a nominal duration of 4 years (about 3.5 years of scientific opera-
tions). The Mission Operation Control (MOC) and Science Operations Centre (SOC) will be
managed by ESA, while the Science Data Centre (SDC) will be under the responsibility of
the Consortium.

The thorough R&D activities carried on by the THESEUS Consortium and ESA during
the M5 Phase A study, grant a Technology Readiness Level (TRL) already close to that
required for mission adoption for the main payload elements. The technical feasibility
of the spacecraft, including payload accommodation and thermal control, the required
pointing accuracy and stability, the reliability of reaching TRL at mission adoption, the
compatibility of a launch with Vega-C in LEO, as well of the overall mission profile, within
the M-class mission boundaries and according to the THESEUS scientific requirements, has
also already been successfully assessed by M5 Phase A study.

The baseline mission operation concept includes a Survey mode, during which the
monitors are waiting for GRBs and other transients of interest. Following a GRB (or tran-
sient of interest) trigger validated by the Data Handling Unit (DHU) system, the spacecraft
enters a Burst mode (improved data acquisition and spacecraft slewing), followed by a
pre-determined (but flexible) IRT observing sequence (Follow-up and Characterization or
Deep Imaging modes). The pointing strategy during the Survey mode will be such as to
maximize the combined efficiency of the sky monitoring by SXI and XGIS and that of the
follow-up with the IRT. Small deviations (of the order of a few degrees until core science
goals are achieved) from the Survey mode pointing strategy will be possible so to point
the IRT on sources of interest pre-selected through a Guest Observer (GO) programme.
Scientific modes also include an external trigger (or Target of Opportunity) mode, in which
the IRT and high-energy monitors will be pointed to the direction of a GRB, transient or,
e.g., to the error region of a GW or neutrino signal, provided by an external facility.

4. Multi-Messenger Astrophysics with THESEUS

The large THESEUS/XGIS and SXI field of view and sky localization accuracy will se-
cure independent triggers on the electromagnetic counterparts of several GW and neutrino
sources and their localization down to arcmin/arcsec level. The synergies of THESEUS
with next generation neutrino and GW observatories will significantly increase the num-
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ber of multi-messenger detections, enabling unprecedented robust statistical studies of
multi-messenger sources [30].

By the end of the 2030s, 3G GW interferometers as the Einstein Telescope [24,34] and
the Cosmic Explorer [35], are expected to operate at full sensitivity and likely within a
network configuration. In the left panel of Figure 4 we show the THESEUS/XGIS short GRB
redshift distribution, where the expected detection rate is of the order of 12/year. These
numbers are obtained from simulations of THESEUS pointing strategy, considering all
observational constraints, and a random set of short GRB triggers based on the population
model of Ghirlanda et al. (2016). This model is built on past short GRBs observed with
Swift and Fermi (i.e., before GRB170817A), considered to be “aligned” (for which the line
of sight falls inside the narrow core of the corresponding jet). By taking into account the
BNS merger detection efficiency of the 3G interferometers, we also show in each redshift
bin the expected fraction that will be jointly detected with ET only and by a network of ET
located in Europe plus 2 CEs assumed to be located one in USA and the other in Australia.
Expected joint detection rates are quoted in Table 1.

Figure 4. (Left): Short GRB redshift distribution detected with THESEUS/XGIS assuming an on-axis
configuration (blue) and jointly with ET (green) and a network of 3G composed by 2CE and ET (pink).
(Right): Same figure but now Short GRB with off-axis configurations are included.

THESEUS/XGIS is suitable to detect soft-faint bursts as those we expect to observe
from large viewing angles (”misaligned”) [30]: in the right panel of Figure 4 we included
”misaligned” short GRBs by assuming a structured jet model from [18,36]. We find that
the most nearby events can be detected up to large viewing angles [30]. As a consequence,
the number of THESEUS short GRB detections at small redshifts is significantly increased
with respect to the ”aligned” only case. Since at low redshift the GW interferometers BNS
merger detection efficiency is near 100%, this improvement is also reflected in the number
of joint detections (see third column of Table 1).

With such joint detection rates, THESEUS will allow us to build statistical samples
of multi-messenger sources with which a number of fundamental issues can be investi-
gated [30]. To mention some examples:

• through the detection or non detection of a SGRB simultaneously with a BNS/NS-BH
event for which the orbital inclination angle is accurately measured through the GW
waveform, the jet formation efficiency in such systems can be estimated as well as a
comparison between BNS and NS-BH systems.

• from the temporal gap between the GRB trigger and the GW events, jet launching
mechanisms can be deeply investigated.

• from the detection or non detection of continuous GWs after the merger it will be
possible to constrain the formation of a NS remnant versus a BH, a crucial issue that
encodes information on the NS Equation of State and that will allow us to understand
the origin of still unexplained features observed in short GRBs such as the Extended
Emission and the plateau that THESEUS/XGIS and SXI will detect (Figure 5).
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Figure 5. The X-raylong monitoring from prompt emission to the afterglow of relatively bright short
GRB with THESEUS/XGIS and SXI. The linear temporal-scale plot on the left shows the short GRB
prompt with the “Extended Emission” as it would be detected by THESEUS/XGIS possibly explained
by invoking a magnetar remnant. The logarithmic temporal-scale plot on the right shows the X-ray
plateau phase with the indication of two possible scenarios invoked for its origin, i.e., High-Latitude
Emission of the prompt assuming a structured jet [22] and a spinning-down magnetar pumping
energy into the external shock [37] [Credit: S. Vinciguerra].

Last but not least, from a large sample of sources with independent measurement of
the cosmological redshift and luminosity distance, the Hubble constant can be measured
with the sufficient accuracy to solve the current tensions among different measurements. In
Figure 6 we plot the gaussian probability distributions of the current estimates of H0 and
the expected improvement of the GW170817 distribution by assuming a realistic number of
20 joint detected events (Table 2).

Figure 6. Gaussian probability distribution of the current H0 measurements, including the one
obtained from the BNS GW170817, and the expected one with ∼20 joint GW+GRB detections. During
the end of the 2030s, 20 joint detection is a conservative estimate for three years of synergies between
THESEUS and a network of ET and 2 CE by taking into account the expected fraction of short GRB
for which a redshift can be measured.
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Table 2. Expected joint detections of short GRBs with THESEUS and the 3G GW interferometers
(ET = Einstein Telescope, CE = Cosmic Explorer) expected to be operational in the second half of the
2030s, by assuming 3.45 years of joint observations [30].

GW Detectors in the ’30s
Joint Detections Joint Detections

(Aligned Short GRBs) (Aligned + Misaligned Short
GRBs)

ET 20 45
ET + CE 25 55
ET + 2CE 30 60

THESEUS will disseminate accurate sky localization (arcmin/arcsecond uncertainties)
within seconds/minutes to the astronomical community, thus enabling large ground and
space-based telescopes available by the end of 2030s to observe and deeply characterise
the nature of large sample of multi-messenger sources [26,38]. Figure 2 illustrates the main
large multi-wavelength and multi-messenger facilities expected to operate in synergy with
THESEUS and Figure 3 shows the planned timeline.

5. Conclusions and Perspectives

THESEUS mission concept aims to fully exploit the transformative potential of GRBs
for investigating the Early Universe and multi-messenger astrophysics, while simultane-
ously vastly expanding the discovery space of most high energy transient phenomena over
the entirety of cosmic history and allowing tests of fundamental physics. THESEUS will
achieve these ambitious goals through a step change in capabilities for the detection and
characterisation of GRBs and other transients over a very broad energy band (0.3 keV to 10
MeV) and wide field of view, including on-board near-infrared imaging and spectroscopy,
and is designed to be at the forefront of these science fields in the late 2030s.

THESEUS will also enable huge synergies with the premier future observatories
(e.g., ELT, ATHENA, CTA, the next generation GW and neutrino telescopes), providing
simultaneous wide sky monitoring, rapid follow-up and real-time alerts. A broad range
of other science programmes will be enabled by THESEUS, including using observations
of GRB emission as laboratories of ultra-relativistic matter and, e.g., for testing Lorentz
invariance, as well as gathering statistics on large populations of other high energy sources
and transients. Thus, THESEUS data will be of interest to a very wide user community,
also through its open guest-observer programme.

The European leadership in these scientific and technological area builds on past
success and ongoing investment: in addition to the involvement in pioneering satellite
missions (BeppoSAX, HETE-2, XMM-Newton, INTEGRAL, Swift, SVOM), Europe has
been at the heart of developments in multi-messenger astrophysics (e.g., Virgo, Einstein
Telescope, KM3Net) and in electromagnetic follow-up via European-led consortia (e.g.,
ENGRAVE, VINROUGE, STARGATE). THESEUS is one of the three mission concepts
that were selected by ESA in 2018 for a Phase A study as candidates for the M5 mission.
The ESA Phase A study as candidate M5 mission, conducted from Fall 2018 to Spring
2021 led to detailed, workable and well qualified solutions for the spacecraft, its payload
and operations. It has also demonstrated the technical and programmatic feasibility of
accomplishing the core science goals with this mission concept. Based on these great
achievements and heritage, the THESEUS project is being further developed for responding
to new opportunities for medium-class missions. The later launch schedule with respect to
M5 of these new opportunities will further improve the scientific return of THESEUS for
multi-messenger astrophysics and time-domain astronomy, allowing for a great synergy
with third generation GW detectors (expected to begin operations only in the second
half of the 2030s) and improving the synergy with, e.g., the ATHENA and LISA space
observatories (expected to be launched in the mid ‘30s), while maintaining the relevance of
the other key science goals.
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Abstract: Recent observations have confirmed that Gamma-Ray Burst (GRB) afterglows produce
Very High-Energy radiation (VHE, E > 100 GeV). This highly anticipated discovery opens new
scenarios in the interpretation of GRBs and in their role as probes of Extragalactic Background Light
(EBL) and Lorentz Invariance Violation (LIV). However, some fundamental questions about the
actual nature of VHE emission in GRBs and its evolution during the burst are still unsolved. These
questions will be difficult to address, even with future imaging Cherenkov telescopes, such as the
Cherenkov Telescope Array (CTA). Here we investigate the prospects of gamma-ray sky monitoring
with Extensive Air Showers arrays (EAS) to address these problems. We discuss the theoretical
aspects connected with VHE radiation emission and the implications that its temporal evolution
properties have on the interpretation of GRBs. By revisiting the high-energy properties of some
Fermi-LAT detected GRBs, we estimate the typical fluxes expected in the VHE band and compare
them with a range of foreseeable instrument performances, based on the Southern Wide Field-of-
view Gamma-ray Observatory concept (SWGO). We focus our analysis on how different instrument
capabilities affect the chances to explore the burst onset and early evolution in VHE, providing
invaluable complementary information with respect to Cherenkov telescope observations. We show
that under the assumption of conditions already observed in historical events, the next-generation
ground monitoring detectors can actually contribute to answer several key questions.

Keywords: instrumentation—detectors; gamma rays: general; gamma-ray bursts: general

1. Introduction

The recent observation of Gamma-Ray Bursts (GRB) in the Very High-Energy domain
(VHE, E > 100 GeV) [1,2] marked an extraordinary milestone in our understanding of
these outstandingly powerful transients. From the moment of their first identification as
cosmological sources [3–5], it was immediately clear that their luminosity ranged up to

257



Galaxies 2021, 9, 98

values as high as L ∼ 1052 erg s−1, making them the brightest sources of electromagnetic
radiation known in the Universe and requiring an extremely efficient energy production
mechanism. At present it is thought that GRBs arise as the consequence of ultra-relativistic
shocks in magnetized plasma jets, which are launched in the fast accretion process that
follows the collapse of very massive stars (M > 20 M�) or the merger of compact stellar
remnants, such as neutron stars (NS) and black holes (BH), to form a magnetar or a new
BH [6,7]. The conversion of the huge amount of gravitational binding energy and thermal
energy into kinetic and radiative power, within fractions of a second, triggers the emission
of intense radiation, through mechanisms that naturally lead to the production of high-
energy photons.

In general, a GRB is characterized by two emission regimes: an initial pulse of ra-
diation, named prompt emission, most frequently observed in the energy range between
100 keV and 1 MeV and characterized by fast and strong variability [8], followed by a
smoothly decaying afterglow phase, which can be detected from the radio and optical
frequencies all the way up to energetic γ rays. The prompt phase lasts only a few seconds
and it can be used to distinguish between a class of short GRBs, where the prompt emission
takes place for less than 2 s, and one of long GRBs, whose prompt radiation is emitted for
longer times [9–11]. These two classes can be fairly well interpreted by different types of
source, with the long GRBs being more likely associated with a massive star core-collapse
event [12,13], while the short ones can be better reproduced in the compact binary merger
scenario [7,14], as confirmed by the Multi-Messenger observation of GRB 170817A in
connection with GW170817 [15–17].

Apart from the generally well-understood picture, the nature of GRBs and of their
radiation mechanisms still poses many difficult questions. On one side, there are solid
theoretical arguments that predict energetic radiation from relativistic magnetized plasmas.
On the other hand, the explanation of the spectral and temporal properties is not totally
consistent with simple leptonic scenarios. It is very likely that synchrotron emission should
be the dominant radiation mechanism for GRBs, as argued, e.g., in [18–20]. However,
the variability that is observed down to millisecond timescales in the prompt stage [21]
implies compact emission regions, where the magnetic and radiative energy densities
are so high that the radiative cooling should consequently be very fast and produce soft
spectra [22]. This is inconsistent with the observational evidence [23,24]. Many different
possibilities, invoking thermal components, re-acceleration mechanisms or non-leptonic
scenarios e.g., [25–27], have been proposed to address this problem.

The observation of VHE photons has a crucial role in the identification of the radiation
mechanisms at work. These photons can be produced as a consequence of shocks between
relativistic blobs in the jet (internal shocks, probably dominant during the prompt stage),
as well as between the jet and the external environment (external shocks, expected to occur
in the afterglow). In addition, they require compact sources in relativistic motion, to escape
the production site. VHE radiation can be observed at the ground, using either Imaging
Atmospheric Cherenkov Telescopes (IACT), such as MAGIC [28] and H.E.S.S. [29], or
Extensive Air Shower (EAS) particle detector arrays, such as HAWC [30] and LHAASO [31].
At present, IACTs have been able to firmly detect VHE emission in the afterglow of some
powerful GRBs. It is very likely that the next-generation Cherenkov Telescope Array
(CTA) [32] will further improve our ability to investigate the VHE signal of GRBs. However,
due to their small field of view (FoV) and to the consequent requirement to be alerted and
pointed towards the source, these instruments can only track GRBs with a certain delay
after their actual onset.

Here we describe the scientific opportunities that can be explored by means of EAS
arrays. Thanks to their large FoV, which grants a continuous sky coverage of more than
1 sr, these instruments have a higher chance to probe the early phases of GRB emission,
without the necessity of an external trigger. We discuss the issue taking into account
the characteristics of an array concept based on Water Cherenkov Detectors (WCD) and
investigated by the Southern Wide-field-of-view Gamma-ray Observatory collaboration
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(SWGO) [33]. Our work is structured as follows: in §2 we present the theoretical framework
of GRB emission; in §3 we describe the known and the expected VHE properties of GRBs;
in §4 we discuss the detection opportunities of an instrument such as SWGO; finally, in §5
we summarize our conclusions.

2. Theoretical Framework

Despite several decades of investigation, we do not yet have a complete theory for
GRBs. What we know for sure is that the presence of high-energy γ rays with a non-
thermal spectrum implies emission from a highly relativistic source. This result stems from
the well-known compactness problem [34,35]. A relatively simple argument can be used to
illustrate the concept. A bright GRB has a time integrated energy flux, or fluence, of the
order of F ∼ 10−7 erg cm−2, which is approximately related to the total emitted energy
E by:

E = 4πD2
LF ≈ 1050erg

(
DL

3000 Mpc

)2( F
10−7 erg cm−2

)
, (1)

where DL is the luminosity distance. The typical variability timescale is δT ≈ 10−2 s,
implying an emitting region size limit R 6 cδT ≈ 3000 km. As a result, the source would
be characterized by an extremely high radiation density. High-energy photons can produce
electron-positron pairs whenever the condition

√
E1E2 > 2mec2 is met. Introducing a

probability factor fp that accounts for the likelihood of the pair production mechanism, we
obtain a pair production opacity of:

τγγ =
fpσT FD2

L
R2mec2(1 + z)

≈ 1013 fp

1 + z

(
F

10−7 erg cm−2

)(
DL

3000 Mpc

)2( δT
10−2 s

)−2
, (2)

where σT denotes the Thomson scattering cross-section. For typical GRB characteristics,
the opacity predicted in Equation (2) is very large and should result in a thermal spectrum,
in clear contradiction with observational evidence. If we allow the source to be a blob of
plasma, approaching in a relativistic motion with bulk Lorentz factor Γ, at small angles with
respect to the line of sight, and characterized by a power-law energy spectrum N(γ) ∝ γ−α,
the energy and the rate of arrival of the observed photons are both a factor Γ higher than
the corresponding values in the emission frame. Due to the Doppler effect on frequency,
this implies that the photons that we observe at a given frequency are a factor of Γ2α denser
than what would be seen in the emitting frame. The size of the emitting region is also
affected by relativistic contraction, implying that Rem 6 Γ2cδT. Thus, Equation (2) should
be corrected to:

τγγ ≈
1013 fp

(1 + z)Γ(4+2α)

(
F

10−7 erg cm−2

)(
DL

3000 Mpc

)2( δT
10−2 s

)−2
, (3)

that since 1 < α < 3 and fp < 1, predicts an optically thin regime when the condition
Γ > 1013/(4+2α) ≈ 102 is satisfied.

Similar order of magnitude considerations could be drawn to estimate the predicted
spectrum. When reproducing GRB spectra starting from theoretical considerations, it is
common use to introduce a set of free parameters containing some assumptions due to
unknown properties of the detailed structure of the jet, the ongoing acceleration process
and the shock micro-physics. In particular, an unknown fraction of the energy dissipated
through the shock will go to the particle distribution and to the magnetic field. To account
for this effect, two normalization parameters εe and εB, expressing, respectively, the frac-
tions of total energy carried by the particles and the magnetic field, are then introduced.
When particles are accelerated in shock waves through the Fermi mechanism, we expect a
resulting power-law energy distribution in the form of N(γ) ∝ γ−p and magnetic fields
that can be as large as B ≈ 104 G [36]. If the radiating species are electrons and positrons,
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the energy is quickly converted into radiation, through the emission of fast pulses of syn-
chrotron and Compton scattered photons, with a spectral form similar to the one illustrated
in Figure 1 [37,38]. As a result, we expect that GRBs should in principle be powerful
sources of transient VHE emission, although the most energetic part of the spectrum is
prone to pair production opacity on the Extragalactic Background Light (EBL) photons,
which implies suppression of the most energetic radiation from sources located at large
cosmological distances [39–41].

Figure 1. Spectral energy distribution expected for a relativistic blob of plasma, with bulk Lorentz
factor Γ = 300, moving with an inclination of ϑ = 1o from the line of sight and carrying a magnetic
field B = 104 G. The radiating particles are assumed to be electron-positron pairs in a power-law
distribution N(γ) ∝ γ−2.5, with 10 6 γ 6 106. The red line represents synchrotron emission,
while the blue line shows the inverse Compton scattering contribution. The resulting spectrum is
represented as a continuous black line. The dashed curves illustrate the effects of γγ-opacity on the
Universe background radiation for redshifts 0.25 6 z 6 1, in steps of 0.25.

Although the scenario depicted above can in principle justify the energies and the
spectra that we see in GRBs, it is nonetheless prone to many important problems. The pulse-
like appearance of the prompt stage light curve is consistent with the presence of particle
acceleration processes, followed by a rapid cooling. The typical burst duration, however,
requires many acceleration events or an effective supply of energetic particles, to match the
data. A critical aspect is the onset and the duration of the production of the most energetic
photons [42]. If they are emitted as a continuation of the synchrotron spectrum, they
should be highly correlated with the low energy radiation. On the contrary, the interaction
of several emitting regions, or the presence of non-leptonic contributions, can lead to
the prediction of delayed high-energy emission [43]. Although the currently available
observations tend to favor a delayed detection of energetic photons, the existence of earlier
VHE contributions is not ruled out and it represents a critical factor to discriminate between
different possible scenarios. More accurate spectral models would need to take into account
the evolution of the system and the probably important effects of non-homogeneity and
orientation. We also must consider the possibility that the existence of very energetic
photons (up to the TeV scale) in a presumably dense environment can lead to important
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photo-hadronic interactions and, therefore, to potentially much more elaborated spectral
forms. This type of processes is actually expected to occur when the jet plasma collides with
the external environment, therefore taking a major role in the afterglow emission. The true
nature of GRBs in their initial stages, however, will only be clarified when precise spectral
and temporal information on their most energetic emission at early times are obtained.

3. VHE Properties of GRBs

So far, the direct detection of VHE radiation from GRBs has only been possible for a
limited number of cases, thanks to ground-based follow-up observations. The monitoring
campaign carried out by the Fermi Large Area Telescope (Fermi-LAT) [44] led to the identi-
fication of a high-energy spectral component, coming in the form of power-law emission,
which appears to be a common feature of bright GRBs and may even arise very early in
the event [45]. Identifying the origin of this component and its relationship with the low
energy portion of the spectrum has important implications on the interpretation of GRBs.
If it arises as a high-energy extension of the synchrotron spectrum, we would expect a
strong degree of correlation between different spectral bands, with direct implications on
the energy of the radiating particles. If, on the contrary, it represents an independent contri-
bution, its distribution among GRBs and its spectral characteristics may prove fundamental
to understand its origin. The data collected so far, however, do not yet allow the drawing
of a conclusive picture.

Due to its limited collecting area, the LAT cannot place strong constraints on the
spectral features of short transients at E > 100 GeV. In the assumption of a composite
synchrotron and inverse Compton spectrum, the upper limits placed above ∼30 GeV
for the VHE detected GRB 190114C represented an invaluable reference to estimate the
transition between the two regimes, though the possibility of alternative interpretations
and the limited temporal information still leave room for open questions. In any case, the
results of Fermi-LAT observations can be used as a starting point to estimate the possible
extension of the GRB properties to the VHE domain and therefore evaluate their detection
possibility with other instruments.

Assuming, for the sake of simplicity, that the temporal evolution of the spectrum
is only limited to a scaling factor, without relevant spectral changes, we can express the
high-energy spectrum of a GRB as a function of energy in the form of:

dN(t)
dE

= N0(t)
(

E
E0

)−α

exp[−τ(E, z)] [photons cm−2 s−1 GeV−1], (4)

where N0(t) is the flux of photons per unit energy observed at time t and pivot energy E0,
α is the spectral index, which is often within the range 1.5 6 α 6 3, with an average value
close to 2, and τ(E, z) is the opacity due to pair production on EBL, given as a function of
energy and redshift. The temporal evolution of the flux is typically well represented by a
power-law, or a broken power-law, which can be written as:

N0(t) =





Npeak

(
t− T0

Tpeak − T0

)
for T0 6 t < Tpeak

Npeak

(
t

Tpeak

)−γ

for t > Tpeak,

(5)

where we denoted with T0 the trigger time, with Tpeak the time taken to achieve peak
emission, with Npeak the maximum flux, and γ the temporal evolution index, which is often
found to be 1 6 γ 6 2.

Using the second catalog of Fermi-LAT detected GRBs (2FLGC) [45], which provides
measurements of the observed photon fluxes in the energy range between 100 MeV and
10 GeV, together with information on the spectral index and on the light-curve shape, for
a sample of GRBs observed during 10 years of regular monitoring operations, we are
able to apply Equation (4), with the inclusion of Equation (5), to estimate the expected
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high-energy fluxes as a function of time, as illustrated for instance in Figure 2. In principle,
we can extend this type of spectra to the VHE domain and, thus, obtain an estimate for
the expected fluxes. In practice, this operation is not directly possible, due to the lack of
a redshift measurement for most of the LAT detected GRBs, which implies an unknown
EBL opacity in Equation (4). Although the effects of EBL are generally negligible for the
observed LAT band, they become quickly very important at higher energies, with a typical
EBL opacity horizon set by τ = 1 for z ≈ 1 already at E = 100 GeV [41]. For this reason,
we combined the spectral and temporal fits, which we obtained from the LAT data, with a
set of simulations, aiming at estimating the effects of EBL opacity on the VHE extension of
the GRBs that resulted in the observed LAT fluxes.

Figure 2. Comparison between the Fermi-LAT light curve of GRB 130427A and the model based on
Equations (4) and (5). The vertical blue dashed lines mark the temporal window of the LAT signal,
the red horizontal line is the average energy flux collected during the emission, the green continuous
line is the 2FLGC broken power-law fit to the data, while the blue continuous line is a model using
the light curve of Equation (5).

The approach that we adopted in our simulations was to extract the fluences of all the
LAT detected GRBs, reported in 2FLGC, and to assign a set of 1000 random redshift values
to each GRB without an available redshift measurement. The result of this process is the
production of 1000 random GRB redshift distributions, corresponding to an equal number
of random luminosity distributions, all of which yield the observed 2FLGC population. As
shown in Figure 3, the simulation set provides a distribution of GRB luminosities which is
in good agreement with the one followed by the 2FLGC GRBs with a measured redshift.
The combination of all the different simulations, therefore, can be used to estimate the
likelihood that a GRB with measured spectral and temporal characteristics is associated
with a specific redshift range (see [46] for more details on the simulation process).
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Figure 3. Comparison between the luminosity estimated in the LAT band 0.1 GeV 6 E 6 10 GeV
for the 2FLGC GRBs with a redshift measurement (large red dots) and the luminosity of the 2FLGC
GRBs with 1000 randomly distributed redshifts (small blue points).

4. Monitoring GRBs with SWGO

Both theoretical and observational arguments suggest that VHE emission is an im-
portant property of GRBs. This is a well verified feature in the afterglow of some bright
events. Evidence for the existence of energetic photons in the prompt phase is much harder
to obtain, although there are some Fermi-LAT detected bursts that hint in this direction.
Solving questions such as the occurrence rate of energetic spectral components in GRB af-
terglows, the existence of fast VHE pulses associated with the prompt stage, and assess the
delay in the onset of VHE components is a problem that requires an extensive monitoring
campaign, possibly covering a large sample of GRBs with an instrument characterized by a
large collecting area. At present, several experiments are available or are being constructed
to provide VHE spectral coverage with different sensitivities and resolution.

The SWGO collaboration is currently investigating the design of a new WCD array-
based EAS observatory, to be constructed in the Southern Hemisphere [47]. The target
performance domain is summarized in Figure 4, together with the sensitivities achieved
by other instruments and with a comparison of the expected limiting fluxes with the ones
emitted by GRBs that were detected in the HE and VHE domains. The role of such a new
instrument will be to provide constant scanning of a wide FoV in the Southern sky, thus
complementing the FoV covered by Northern facilities such as HAWC and LHAASO and
providing a triggering and alert system for CTA. Adopting a compact array concept with
a collecting area of 80,000 m2, located in a high-altitude site (>4400 m a.s.l.), this type of
instrument has the possibility to probe the flux range that we expect to be characteristic of
GRB emission, with a transient localization accuracy α68 6 1o below 1 TeV, although the
possibility to detect different types of events depends critically on the overall instrument
performance and on its ability to probe the lower part of the spectral range, where the effects
of EBL opacity are less severe and a larger volume of the Universe is potentially accessible.
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Figure 4. (Left panel) Differential sensitivity to the flux of a point-like source located at zenith
distance ϑ = 20o for SWGO, HAWC and LHAASO (computed for 1 year of data taking) and for
MAGIC, H.E.S.S. and CTA (computed for 50 h of exposure time). Different fractions of the Crab
Nebula flux are also shown for comparison. (Right panel) Expected detection times for a GRB with
the temporal and spectral characteristics of GRB 130427A, located at redshift z = 0.34, for different
fractions of the optimal SWGO performance, taken integrating the spectrum above thresholds of
E = 125 GeV, 250 GeV and 500 GeV. For each case, the blue crosses mark the time required to
accumulate an integrated flux above the corresponding detection threshold. The black points with
error bars denote the temporal evolution of the VHE flux detected by MAGIC for E > 300 GeV from
GRB 190114C [1].

To test the potential role of SWGO as a monitoring and alert system, we took the
sample of GRBs with simulated redshifts, discussed in §3, and we calculated the expected
VHE fluxes, integrating Equation (4), with the inclusion of Equation (5), in time and in
energy, using the spectral and the temporal characteristics extracted from 2FLGC and
applying the γγ absorption effects predicted by an EBL opacity model [39]. The results
of these calculations are summarized in Figure 5 for different possible performances of
the experiment. The plots shown in Figure 5 represent the number of simulated redshift
distributions that result in the GRB detections reported on the x-axes out of a total of
1000 simulations. Although we observe that all the explored configurations have some
degree of detection chances, we can easily verify that an instrument performing at the
optimal sensitivity, down to a low energy threshold of Elow = 125 GeV, has a predicted
ability to detect significantly more than 10 GRBs in 10 years in approximately 75% of the
simulated scenarios, provided that they occur within a zenith distance of ϑ 6 20o. Adopting
lower performance solutions, or using a spectral window with a higher limiting threshold,
such as 250 GeV or 500 GeV, leads to lower detection chances, due to the loss of many
relatively low-flux events and to a more severe effect of EBL opacity, which limits the visible
horizon to a smaller volume of the Universe. Incidentally, these calculations approximately
correspond to what we would expect at larger zenith distances and, therefore, within
increasing fractions of the available FoV, from an optimally performing solution. As a
result, even if the FoV covered by a ground-based instrument below 1 TeV is smaller than
the one that was available in the case of the Fermi-LAT observations, by taking into account
the estimated distribution of expected GRB fluxes, we can conclude that the possibility to
detect more than 1 event per year is a reasonable expectation. Due to the characteristic
shapes of the tested light-curves, which are generally dominated by the peak flux, a fraction
of approximately (78± 16)% of these detections is estimated to occur within the first 10 s
of the event, resulting in promisingly good chances to investigate the elusive properties of
the prompt emission.
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Figure 5. From upper left to lower right: histograms of the number of expected detections of
GRBs extracted from 2FLGC and associated with 1000 random redshift values, computed for flux
integrations above a low energy threshold of Elow = 125 GeV (red histograms), 250 GeV (blue
histograms) and 500 GeV (green histograms), with an overall performance reaching up to 100%, 75%,
50% and 25% of the optimal SWGO sensitivity and zenith distance up to ϑ = 20o. The optimal SWGO
design is expected to be able to detect more than 10 GRBs in an observing period of 10 years in more
than 750 simulations out of 1000. Reductions of performance or higher energy thresholds reflect in
gradually lower expected detection chances.

5. Conclusions

Investigating the VHE properties of GRB will have fundamental implications in
our understanding of these extremely powerful events. The existence of VHE radiation
components, particularly if associated with the prompt stage, represents a fundamental
piece of information to model the physics of the radiating environment, thanks to the
strong implications that VHE spectral and temporal properties have on the radiating
species. The degree of correlation, or the occurrence of delays of the energetic components
with respect to lower energy emission, depend on the particle energy distribution and on
the interactions within the emitting regions, or between these regions and the environment.
Testing the distribution of these properties among long and short GRBs will reduce the
ambiguity implied by the partial overlap of these classes and further characterize the jets
produced in the two cases. In addition, the possibility to verify whether the early VHE
emission is dominated by smooth temporal evolution or irregular variability will improve
our understanding of the transition between the prompt stage and the afterglow emission,
providing invaluable information on the close GRB environment.

In our investigation, we used the HE data from GRBs detected during the first 10 years
of Fermi-LAT observations, to infer the expected properties of GRBs in the VHE domain.
Using the spectral and timing information of the LAT detected events, to estimate the
expected fluxes, with the aid of ancillary simulations to derive fiducial redshift distributions
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for most of the sources with unknown z, we extrapolated the predicted spectra up to the
TeV scale, taking into account the effects of EBL opacity. We then calculated the detection
prospects of the resulting GRB distributions for different performances of the experiment,
based on estimates of the SWGO potential. We found that a new monitoring facility, with
the characteristics investigated by the SWGO collaboration, could effectively monitor VHE
emission from GRBs, providing localization information at the level of a few square degrees
and reaching timescales of less than 10 s for the brightest events. This is a time domain that
is very hard to explore with IACT facilities, despite being critical to distinguish whether
the high-energy component is a spectral extension, characteristic of powerful bursts, or the
result of an additional process, dominated by some external contribution. With the ability
to trigger on VHE transient signals, the localization regions of Multi-Messenger source
candidates will further improve and the efficiency in the execution of follow-up campaigns
will subsequently increase.
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Abbreviation
The following abbreviations are used in this manuscript:

2FLGC 2nd Fermi-LAT Gamma-ray burst Catalogue
BH Black Hole
CTA Cherenkov Telescope Array
GRB Gamma-Ray Burst
GW Gravitational Wave
EAS Extensive Air Shower
FoV Field of View
H.E.S.S. High-Energy Stereoscopic System
HE High Energy
HAWC High-Altitude Water Cherenkov
IACT Imaging Atmospheric Cherenkov Telescope
LHAASO Large High-Altitude Air Shower Observatory
MAGIC Major Atmospheric Gamma-ray Imaging Cherenkov
NS Neutron Star
SWGO Southern Wide-field-of-view Gamma-ray Observatory
VHE Very High Energy
WCD Water Cherenkov Detector
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Abstract: Studies of Gamma-ray Burst (GRB) properties, such as duration and spectral hardness,
have found evidence for additional classes beyond the short-hard (merger) and long-soft (collapsar)
prototypes. Several clustering analyses of the duration-hardness plane identified a third, intermediate
duration, class. In this work, Gaussian Mixture Model-based (GMM) clustering is applied to the
Swift/BAT and Fermi/GBM samples of GRBs. The results obtained by the hierarchical combination
of Gaussian components (or clusters) based on an entropy criterion are presented. This method
counteracts possible overfitting arising from the application of Gaussian models to non-Gaussian
underlying data. While the initial GMM clustering of the hardness-duration plane identifies three
components (short/intermediate/long) for the Swift/BAT and Fermi/GBM samples, only two compo-
nents (short/long) remain once the entropy criterion is applied. The analysis presented here suggests
that the intermediate duration class may be the result of overfitting, rather than evidence of a distinct
underlying population.

Keywords: gamma-ray burst; clustering; statistical analysis

1. Introduction

The bimodal duration distribution of Gamma-ray Bursts (GRBs) suggests the separa-
tion of GRBs at T90 ≈ 2 s into short/hard and long/soft classes [1]. The association of long
GRBs with star forming galaxies [2] and Type Ic supernovae (Galama et al. [3], Woosley
and Bloom [4]; for a review, see Cano et al. [5]) provides an observational link between
long GRBs and the deaths of massive stars, supporting the collapsar scenario [6]. There
is substantial evidence to support compact object mergers (neutron star–neutron star or
neutron star–black hole) as the progenitors of short GRBs [7,8]. The location offsets of
short GRBs from their host galaxies [9,10], their proximity to elliptical galaxies [11], and the
association of GRB 170817A, an unusual short GRB, with the neutron star merger event
GW 170817 detected by aLIGO [12–14], all support the merger hypothesis for the origin of
short GRBs.

Other formation scenarios for short GRBs include the accretion-induced collapse of
a white dwarf, double white dwarf mergers, or neutron star–white dwarf mergers [15–17],
possibly leading to an unstable magnetar remnant. There are notable exceptions to the short-
merger/long-collapsar paradigm, such as the short-collapsar event GRB 200826A [18–20],
and GRB 060614, a long GRB without a supernova [21]. It has been suggested that many
of the short duration GRBs of high redshift arise from collapsars [22]. Consideration
of additional GRB characteristics, such as late X-ray flares in some short GRBs, and the
non-detection of a supernova associated with some long GRBs [23], led to the suggestion
of a new classification scheme [21], with Type I (massive star origin) and Type II (com-
pact object merger origin) GRBs defined by many multiple observational criteria beyond
the traditional duration and hardness [22,24]. Lü et al. [25] suggested a new parameter ε,
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based on the isotropic equivalent energy and peak energy, to classify bursts. Additionally,
Donaghy et al. [26] considered 10 observational criteria for HETE-2 bursts, concluding that
the best criteria to classify GRBs as ‘short population’ or ‘long population’ bursts are host
galaxy properties, spectral lag, and the presence of a long-soft bump or gravitational waves.

In view of the diversity in GRB phenomenology, a definitive classification of GRBs
based on duration alone is challenging. Several studies have found evidence for an ad-
ditional ‘intermediate’ duration class of GRBs, first identified through Gaussian fits to
the duration distribution of GRBs in the Third BATSE catalogue [27] and, subsequently,
in fits to the GRB duration distributions of BeppoSAX [28], RHESSI [29], and Swift [30–35].
This class appears as an additional Gaussian ‘component’ required for the best-fit solution.
However, the observed duration distribution can be recovered by modelling it as two
skewed distributions [31,36,37], without requiring a third component.

GRB catalogues provide a set of standard parameters measured for each GRB, includ-
ing duration (T90), hardness ratio (HR), fluence (S), peak flux (PF), peak energy (Epeak),
and spectral fit parameters, including the low and high energy spectral indices of the Band
function [38], which fits the keV-MeV GRB spectrum, typically denoted in the literature as α
and β, respectively. In the case of Fermi/GBM, the catalogue contains over 300 parameters
for each GRB [39,40]. The availability of such large GRB catalogues allows the application
of bivariate and multidimensional analyses to the data.

Table 1 summarises the previous studies, along with the resulting number of compo-
nents identified for different GRB datasets. Between two and five classes of GRBs are found,
depending on the sample, parameters, and methods used. Clustering of the duration-
hardness plane of the final BATSE GRB catalogue identified three [41–43] or five [44–46]
classes of GRBs separated by their duration, fluence, and hardness. Unsupervised neural
network analysis also revealed an intermediate class [47] or two classes [48,49]. However,
only two classes were found in the BATSE sample using self-organising maps [50] and fits
to the duration-hardness plane with skewed bivariate distributions [51,52].

The clustering of the duration and hardness of Swift/BAT GRBs [53,54] and the clustering
of light curve shape indicators [55] identified three classes of bursts. Gaussian Mixture Model-
based (GMM) clustering applied to the Fermi/GBM sample revealed that GRB 170817A fit
within the intermediate class in the duration-hardness plane [56], and that five classes could be
identified by clustering spectral fit parameters, fluences, and durations [57]. Principal Component
Analysis (PCA) also identified three classes in Fermi/GBM [58] and BATSE [59] samples.

Table 1. Methods and resulting components identified in clustering, fitting, and dimensionality
reduction techniques applied to GRB populations. HR denotes Hardness Ratio, PF denotes Peak
Flux, and S represents fluence. Studies which consider intrinsic properties such as redshift-corrected
duration and hardness are marked with a *.

Study Method Parameters Components

BATSE

Horváth [27] Fit (Gaussian) T90 3
Mukherjee et al. [41] Clustering (Hierarchical) T90, HR, PF, S 3
Hakkila et al. [48] Supervised pattern recognition T90, HR, PF, S, Epeak, α, β 2
Balastegui et al. [47] Clustering (Hierarchical), PCA, Neural Network T90, PF, S 3
Horváth [60] Fit (log-normal) T90 3
Rajaniemi and Mähönen [50] Self-Organising Maps T90, HR, S 2
Hakkila et al. [49] Clustering (k-means), Neural Network T90, HR, S 2
Chattopadhyay et al. [42] Clustering (k-means, Dirichlet mixture) T90, HR, PF, S 3
Zitouni et al. [32] Fit (Gaussian) T90 2
Zhang et al. [61] Fit (Gaussian) T90 2
Bhave et al. [54] Clustering (Gaussian Mixture-Model) T90, HR 2
Chattopadhyay and Maitra [44] Clustering (k-means, Gaussian Mixture-Model) T90, HR, PF, S 5
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Table 1. Cont.

Study Method Parameters Components

Swift

Kulkarni and Desai [35] Fit (log-normal) T90 2
Chattopadhyay and Maitra [45] Clustering (Ellipsoidal Gaussian, t-mixture) T90, PF, S 5
Tarnopolski [51] Fit (Skewed bi-variate) T90, HR 2
Tarnopolski [52] Fit (Skewed bi-variate) T90, HR 2
Tóth et al. [46] Clustering (Gaussian Mixture-Model) T90, HR, PF, S 5
Modak [43] Clustering (Fuzzy) T90, HR, PF, S 3
Horváth et al. [62] Fit (log-normal) T90 3
Zhang and Choi [63] Fit (log-normal) T90 2
Zhang and Choi [63] * Fit (log-normal) T90,rest 2
Huja et al. [30] Fit (Gaussian) T90 3
Huja et al. [30] * Fit (Gaussian) T90,rest 1
Horváth et al. [64] Fit (Gaussian) T90, HR 3
Veres et al. [53] Clustering (Hierarchical, k-means) T90, HR 3
Koen and Bere [31] Clustering (Gaussian) T90, HR 3
Tsutsui and Shigeyama [55] Clustering (Gaussian) Light curve shape indicators 3
Zitouni et al. [32] Fit (Gaussian) T90 3
Zitouni et al. [32] * Fit (Gaussian) T90,rest 3
Horváth and Tóth [33] Fit (log-normal) T90 3
Tarnopolski [34] Fit (Skew-normal) T90 3
Tarnopolski [34] * Fit (Skew-normal) T90,rest 1
Yang et al. [65] * Clustering (Gaussian Mixture-Model) T90,rest, HR 2
Zhang et al. [61] Fit (Gaussian) T90 3
Zhang et al. [61] * Fit (Gaussian) T90,rest 2
Bhave et al. [54] Clustering (Gaussian Mixture-Model) T90, HR 3
Bhave et al. [54] * Clustering (Gaussian Mixture-Model) T90,rest, HR 3
Kulkarni and Desai [35] Fit (log-normal) T90 3
Kulkarni and Desai [35] * Fit (log-normal) T90,rest 2

Fermi

Zhang et al. [61] Fit (Gaussian) T90 2
Bhave et al. [54] Clustering (Gaussian Mixture-Model) T90, HR 2
Kulkarni and Desai [35] Fit (log-normal) T90 2
Acuner and Ryde [57] Clustering (Gaussian Mixture-Model) T90, S, Epeak, α, β 5
Horváth et al. [56] Clustering (Gaussian Mixture-Model) T90, HR 3
Zitouni et al. [66] Fit (Gaussian) T90 2
Zitouni et al. [66] * Fit (Gaussian) T90,rest 2
Horváth et al. [58] Principal Component Analysis T90, PF, S, Epeak, α, β 3
Tarnopolski [51] Fit (skewed bivariate) T90, HR 2

BeppoSAX

Horváth [28] Fit (log-normal) T90 3
Kulkarni and Desai [35] Fit (log-normal) T90 2

RHESSI

Řípa et al. [29] Fit (log-normal) T90 2
Řípa et al. [29] Fit (log-normal) T90, HR 3
Řípa et al. [67] Clustering (Gaussian Mixture-Model, k-means) T90, HR 3

INTEGRAL

Minaev et al. [68] Fit (log-normal) T90 2

Konus-Wind

Svinkin et al. [69] Fit (log-normal) T50 2
Svinkin et al. [69] Clustering (Gaussian Mixture Model) T50, HR 3

Multiple samples

Minaev and Pozanenko [70] * Fit (Skew-normal) T90,rest, Eiso, Epeak,rest 2
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Observational bias has been suggested as a possible origin of the putative intermediate
class. Bias caused by short temporal trigger windows favours short low-fluence bursts
(fluence-duration bias; Hakkila et al. [49]), while the low signal-to-noise ratios of long
faint bursts can cause them to be mistaken for short bursts (‘tip-of-the-iceberg’ effect;
Lü et al. [71]). However, neither of these effects have been able to reproduce the third class
in simulations. It has been shown that the third class can arise as a consequence of fitting
symmetrical models to the GRB duration distribution, which may be skewed rather than
symmetrical [31,36,37,51], possibly as a result of the GRB pulse shapes [72].

The significant number of GRBs with measured redshift in the Swift and Fermi samples
has allowed studies of intrinsic properties, which have pointed to the existence of two
classes in the Fermi/GBM sample [32]. For the Swift/BAT sample of bursts, one [30,34],
two [35,61,63,65], or three [32,54] classes have been identified. However, cosmological
time dilation applied to GRB durations has not been found to transform a rest-frame two-
component Gaussian duration distribution to the observed skewed one [73]. While there
are now more than 400 Swift GRBs with measured redshift, there are only 25 short duration
bursts with T90,obs < 2 s. The rest-frame studies outlined in Table 1 note that the short
duration sample is not statistically significant, and a larger sample is required [54,65].

This paper reports on an updated two-dimensional clustering analysis in the duration-
hardness plane of the large Fermi/GBM and Swift/BAT GRB samples. Advancing previous
studies, the analysis presented here makes use of an entropy criterion to identify ‘excess’
components that may be identified in the standard GMM clustering of data but which
arise from the application of Gaussian models to non-Gaussian underlying data [74].
This method has been applied in other astrophysical contexts, for example in the clustering
of stars [75]. As the number of short GRBs with redshift has not grown significantly
since previous studies, this paper focuses on GMM clustering using observed, rather than
intrinsic, properties.

Section 2 outlines the sample construction, while Section 3 provides details of the methods
applied to perform clustering. The results and discussion are presented in Sections 4 and 5
respectively, while the conclusions are outlined in Section 6.

2. Datasets and Data Preparation
2.1. Swift/BAT

The Third Swift/BAT Catalogue [76] contains 1388 bursts detected between
17 December 2004 and 28 August 2020 and provides the durations, spectral fit parameters,
fluxes, and fluences calculated in the simple Power-Law (PL) and Cut-off Power-Law (CPL)
models. The hardness ratio HR32 for each GRB was calculated as the ratio of the fluence
in energy range 3 (50–100 keV) to energy range 2 (25–50 keV), given by

HR32 =

∫ 100 keV
50 keV E f (E)dE
∫ 50 keV

25 keV E f (E)dE
, (1)

where f (E) is the photon flux at energy E. For the PL model, this is given by

f (E) = KPL
50

(
E

50 keV

)αPL

, (2)

where αPL is the PL index, and KPL
50 is the normalisation factor at 50 keV, with units of

photons cm−2 s−1 keV−1. The CPL model is described as

f (E) = KCPL
50

(
E

50 keV

)αCPL

exp
(−E(2 + αCPL)

Epeak

)
, (3)

where αCPL is the CPL index, KCPL
50 is the normalisation factor at 50 keV, with units of

photons cm−2 s−1 keV−1, and Epeak is the peak energy in keV of the νFν or E2 f (E) spectrum.
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This is the flux density integrated over the energy range, also known as the spectral
flux density.

The sample of 1388 bursts was filtered to remove 52 GRBs for which no duration
or best-fit model was documented. A further 20 GRBs with duration or hardness errors
in excess of 50% of their magnitude were removed, resulting in a final sample of 1316 GRBs
for clustering.

2.2. Fermi/GBM

The Fermi/GBM catalogue was accessed using the Fermi/GBM Data Tools [40] and
limited to the period between 10 August 2008 and 17 March 2021, which yielded a sample
of 3001 bursts. The hardness ratio was calculated by comparing the counts detected in the
8–50 keV band to the 50–300 keV band. Counts within the T90 interval were summed from
the 64 ms light curves, generated using Time-Tagged Event (TTE) data in the Fermi/GBM
Data Tools. Only triggered detectors were used, and the background subtraction was
performed using the background intervals defined in the Fermi/GBM catalogue. Bursts
with no documented duration or incorrect background subtraction were removed, resulting
in a sample of 2669 bursts. Prior to clustering, 36 outliers were identified by the R package
HDOutliers [77] and removed from the sample, leaving a final sample of 2633 bursts
for clustering.

3. Clustering Methods
3.1. GMM Clustering

GMM clustering was carried out in R using the MCLUST [78]. GMM clustering assumes
that the observed data are generated from a mixture of K components, where the density
of each component is described by a multivariate Gaussian distribution. MCLUST fit
14 different models to the data, parameterised by the shape (spherical or ellipsoidal) and
volume. In the case of ellipsoidal models, the alignment of the axes and the difference
in shape of the fitted ellipsoidals was specified. This is known as Volume-Shape-Orientation
(VSO) decomposition. For a given model, the volume, shape, and orientation can be
constrained to equal variance, denoted by ‘E’. If the variance is free to change, the model
is denoted ‘V’. Additionally, the orientation of the clusters relative to each other can be
constrained to Equal or Varying, or a model can have alignment limited to the coordinate
axis, and is labelled ‘I’. For example, ‘EVI’ denotes equal volume components, with variable
shapes (i.e., not spherical) and orientation aligned with the axes.

MCLUST makes use of the Bayesian Information Criterion (BIC; Schwarz et al. [79]) to
compare mixture models fitted on the data. The best-fit model and number of components
are chosen based on the largest BIC value. A difference in BIC value between models
of 6–10 is considered significant, while a difference of greater than 2 provides positive
evidence for a better fit [80]. This standard GMM fit method is the same as that employed
in some previous studies, for example Horváth et al. [56] and Bhave et al. [54].

3.2. Combination of Gaussian Components

In the case where Gaussian components were overlapping or components were sus-
pected to be non-Gaussian, as has been shown for the BATSE and Fermi/GBM GRB duration
distributions [51,52], the MCLUST function clustCombi was used to hierarchically com-
bine components using an entropy criterion [74]. Entropy is a measure of the uncertainty
of the observations belonging to a certain cluster or component. Thus, a large decrease
in entropy signifies a better fit with smaller uncertainty. For MCLUST, the final number
of components was chosen based on the observed ‘elbow’ in the entropy plot. The num-
ber of components at which the elbow occurred pointed to a large decrease in entropy
and, therefore, a model with smaller uncertainty.

There are several methods for joining Gaussian Mixture components. In comparison
to the entropy criterion, these methods have limitations, for example, requiring spherical
components [81] or one-dimensional data [82]. Other suggested methods assume the num-
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ber of clusters [83] or make use of hard clustering methods, which assigns points to one
cluster rather than applying a probabilistic method (e.g., Tantrum et al. [84]). The method
employed in this study was a soft-clustering probabilistic method, which is computation-
ally efficient and applicable to multiple dimensions. Hence, it was the chosen method to
achieve a robust clustering result for the complex GRB datasets.

4. Results

The results of the initial MCLUST fit and subsequent clustCombi method applied to
the Swift/BAT and Fermi/GBM samples are summarised in Table 2.

Table 2. Number of components (K), Bayesian Information Criterion (BIC) values, models, and
number of bursts (#) identified in the MCLUST and subsequent clustCombi fits to the Swift/BAT and
Fermi/GBM samples.

Initial MCLUST Fit clustCombi Fit

Model K BIC K # Short # Long

Swift/BAT VEI 3 −720 2 85 1231
Fermi/GBM VEI 3 −3970 2 295 2338

4.1. Swift/BAT

The BIC values for the top three models versus the number of components, resulting
from the application of MCLUST to the full Swift/BAT sample, are shown in Figure 1a.
The ‘VEI’ model with three components had the largest BIC value. The three compo-
nents were labelled ‘long’, ‘intermediate’, and ‘short’ according to their durations and
are projected onto the hardness-duration plane in Figure 1b. The clear round edge be-
tween the intermediate and long components suggests that a Gaussian was being fit to
a non-Gaussian component.
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Figure 1. Cont.
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Figure 1. (a) BIC values of the top three MCLUST models fit to the Swift/BAT sample and (b) the re-
sulting duration-hardness plane for the best-fit three-component model (VEI).

After clustCombi was applied, the ‘intermediate’ and ‘long’ components were com-
bined, producing a large decrease in entropy as shown in Figure 2. The two remaining
components or classes were labelled ‘long’ and ‘short’, as shown in Figure 3. Table 2
presents the sample size of the classes.
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Figure 2. Entropy plots returned by clustCombi depicting the entropy of the initial MCLUST

fits (three components) and the entropy after combination of the initial MCLUST components for
Swift/BAT (left) and Fermi/GBM (right). An inflection, or elbow, in the entropy plot signifies a model
with the optimal number of components.
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Figure 3. The results of clustCombi applied to the components identified by MCLUST in the duration-
hardness plane for Swift/BAT.

The distributions of the duration (T90) and hardness ratio (HR32) are depicted in the vi-
olin plot in Figure 4. The mean, standard deviation, and median values of these parameters
for the long and the short classes are presented in Table 3.
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log10(T90)
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Figure 4. Violin plots showing the distribution of the duration (T90) and hardness ratio (HR32) for
the Swift/BAT ‘short’ (red) and ‘long’ (blue) classes identified by clustCombi. The median of each
parameter is marked as a black line within the box, which represents the 1 σ interval (i.e., the 16th to
84th percentile).

Table 3. Mean (µ), standard deviation (σ), and median of the properties of the Swift/BAT ‘long’ and
‘short’ classes identified by clustCombi.

Short Long

µ σ Median µ σ Median

T90 (s) 0.39 0.29 0.30 79.8 101.0 47.7
HR32 2.02 0.46 1.96 1.31 0.32 1.28
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4.2. Fermi/GBM

For Fermi/GBM, the initial MCLUST fit indicated that a three-component fit to the data
was preferred. The BIC values of the top three models are shown in Figure 5a. The three
best-fit components are depicted in Figure 5b. The three-component ‘VEI’ model exhibited
a BIC value difference of ∼6 compared to the next best model; thus, it was considered
a significant result. The classification components were labelled ‘short’, ‘intermediate’,
and ‘long’, according to their duration. The boundary between the ‘intermediate’ and
‘long’ components exhibited a similar round-edge feature as identified in the results for
Swift/BAT.
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Figure 5. (a) BIC values of the top three MCLUST models fit to the Fermi/GBM sample and (b) the re-
sulting duration-hardness plane for the best-fit three-component model (VEI).

279



Galaxies 2022, 10, 77

The results obtained from applying clustCombi to this sample are shown in Figure 6,
indicating that a model consisting of two components or classes, rather than three, provided
a better fit to the data, based on a decrease in entropy depicted in the entropy plot in Figure 2.
The number of bursts in the ‘long’ and ‘short’ classes identified by clustCombi is presented
in Table 2.
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Figure 6. The results of clustCombi applied to the components identified by MCLUST in the duration-
hardness plane for Fermi/GBM.

The violin plot in Figure 7 for the Fermi/GBM sample demonstrates the distributions
of the duration and hardness ratio, while the summary statistics of these populations are
presented in Table 4.
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Figure 7. Violin plots showing the distribution of the duration (T90) and hardness ratio (HR32) for
the Fermi/GBM ‘short’ (red) and ‘long’ (blue) classes identified by clustCombi. The median of each
parameter is marked as a black line within the box, which represents the 1 σ interval (i.e., the 16th to
84th percentile).
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Table 4. Mean (µ), standard deviation (σ), and median of the properties of the Fermi/GBM ‘long’ and
‘short’ classes identified by clustCombi.

Short Long

µ σ Median µ σ Median

T90 (s) 0.64 0.65 0.45 38.6 23.4 45.4
HR32 1.99 1.53 1.96 0.78 1.49 0.77

5. Discussion
5.1. Swift/BAT

For Swift/BAT, the three components identified in Figure 1b had a similar size and
structure to those identified in the GMM clustering by Bhave et al. [54]. In this analy-
sis, the hardness ratio was computed using the best-fit model for Swift, consistent with
the method undertaken by Bhave et al. [54], enabling comparison of results. The clear-cut
round boundary between the intermediate and long components in Figure 1b was also
found by Bhave et al. [54] and is a signature of the application of a Gaussian model to
a non-Gaussian underlying distribution.

The result of applying clustCombi after the GMM clustering indicated that the in-
termediate duration component, combined with the long duration component, provided
a better fit to the sample of Swift/BAT bursts (Figure 3). Thus, the intermediate class was
likely identified by the overfitting resulting from GMM clustering applied to the complex
distribution of Swift/BAT bursts in duration-hardness space.

Figure 4 and Table 3 show that the mean duration of the short class identified by
clustCombi was T90 ≈ 0.3 s (1 σ standard deviation of 0.29 s), while the long class had
a mean T90 ≈ 70 s (1 σ standard deviation of 101 s). This is consistent with the peaks of
the Swift short (T90 < 2 s) and long (T90 > 2 s) duration distributions [85]. The shorter
duration class had a larger hardness ratio than the longer duration class, as expected from
the traditional short/long paradigm. The separation between the short and long classes
occurred at T90 ≈ 0.5–2 s. This is in agreement with the findings of Bromberg et al. [86],
whose modelling of the duration distribution of Swift/BAT bursts using the Collapsar
model suggested a separation at T90 ≈ 0.8 s.

5.2. Fermi/GBM

Prior to the removal of the 36 outlier bursts, MCLUST initially suggested a fit with four
components in the Fermi/GBM sample. The fit included one group of bursts with very
high or very low hardness ratios situated in a halo around the three groups in Figure 5b.
These outlier bursts were effectively removed using HDOutliers (Section 2), following
previous studies including Tóth et al. [46], Horváth et al. [56,58] and were likely the result of
unsuitable background subtraction. Upon removal of the outliers, MCLUST identified three
components, which were similar to the components obtained for Swift/BAT (Figure 5b).
The intermediate duration component contained more bursts than the class identified
by Horváth et al. [56], whose intermediate class only contained bursts with low spectral
hardness. This difference can be attributed to their smaller sample size of 1298 bursts.

A signature of a Gaussian component is visible at the sharp boundary between the in-
termediate and long duration components in Figure 5b, indicating an arbitrary Gaussian
component was identified. Consistent with the results obtained for Swift/BAT, the interme-
diate component was disregarded when clustCombi was applied, indicating that it was
likely an overfitting component identified by the GMM clustering procedure. Thus, a short
and long duration class remained.

In this analysis, the hardness ratio was computed using the background-subtracted
counts to be consistent with previous Fermi/GBM studies and to enable direct comparison
with those results. The short and long duration classes in Figure 6 were comparable to
the classes found in previous GMM clustering analyses by Bhave et al. [54], Bhat et al. [87],
and in skewed bi-variate fits carried out by Tarnopolski [51]. Table 4 and Figure 7 show
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that the short duration class was spectrally harder than the long duration class, as expected.
The mean duration of the classes were 0.64 s (1 σ standard deviation of 0.65 s) and 38.6 s
(1 σ standard deviation of 23.4 s) for the short and long classes, respectively. This result is
consistent with the mean durations of the short (0.82 s) and long (28.3 s) classes identified
in the GMM clustering of the third Fermi/GBM catalogue [87].

5.3. Comparison to GRB Subclasses

Groups 1 and 2 of the Swift/BAT and Fermi/GBM samples resemble the traditional
short/hard and long/soft prototypes. The groups can be compared to several subclasses
of GRBs, including those with associated supernovae, extended emission episodes, and
plateaus. The longer duration Group 2 contained all 49 bursts with an X-ray plateau from
the platinum sample identified by Dainotti et al. [88]. Similarly, all bursts in the sample
with an optical plateau [89] and those with an associated supernova and a plateau [90] lay
in Group 2. The Swift sample analysed also contained four ultra-long GRBs from the Gold
sample and five possible ultra-long GRBs from the Silver sample of Gendre et al. [91]. All of
these bursts resided in Group 2 as expected, given their duration.

Short GRBs with extended emission episodes have challenged the typical duration-
based classification scheme of GRBs. The population of Swift GRBs with extended emission
identified by Gibson et al. [92] contains bursts chosen from the sample in Kaneko et al. [93]
and Gompertz et al. [94,95]. The Gibson et al. [92] sample was found to only contain bursts
from Group 2 of our Swift/BAT results. This is understandable, given that the rebrightening
exhibited in their light curves can lead to an increase in the measured T90 [70], thus placing
them in Group 2. The extended emission episodes are typically softer than the initial spike,
dominating the overall detected fluence, thus resulting in a longer duration GRB.

Group 2 resembled the standard long-duration group for both the Swift and Fermi
samples. Thus, bursts with associated supernovae were expected to belong to this group.
The sample of supernova-associated GRBs from Cano et al. [5] was updated to include
more recent events GRB 161219B/SN 2016jca [96], GRB 171205A/SN 2017htp [97], GRB 180728A/
SN 2018fip [98,99], GRB 190114C/SN 2019jrj and GRB 190829A/AT2019oyw [100], and GRB
200826A [18–20]. There were 25 Swift and 15 Fermi GRB-SN cases within the sample
analysed, all of which resided in Group 2 as expected. The only confirmed GRB with
a kilonova, GRB 170817, was also in Group 1 of the Fermi sample.

5.4. Selection Effects

Svinkin et al. [69] suggested that T50, the time during which 50% of the counts above
background are recorded, is a more robust duration measure than T90, since it may be
less affected by detector energy ranges. To eliminate possible selection effects and to
verify the two-component solutions, the clustering analysis was repeated using T50 as
the duration parameter. For Swift/BAT, the initial MCLUST fit returned a three-component
solution similar to Figure 1b—the short duration group remained the same, while the two
long duration groups also exhibited the clear-cut spherical feature identified in the T90
analysis. When clustCombi was applied, a two group-solution was the best fit. Group 1
and Group 2 were identical to the groups found in the T90 analysis. Thus, for Swift/BAT,
this method did not favour T50 over T90 as a duration measure, and the results further
supported the two-group solution.

For Fermi/GBM, the initial MCLUST fit identified an extra long duration group in a four-
component solution. The long duration group in Figure 5b was split in two, with the
remaining structure matching the results of the T90 analysis. clustCombi resulted in a two-
component fit closely resembling the structure and makeup of Group 1 and Group 2 of
the T90 fit. However, Group 1 contained ≈ 100 more GRBs than the T90 fit. For Fermi/GBM,
the two-component fit was supported, and while the T50 parameter returned slightly
different proportions in each group, it did not demonstrate any clear advantage over T90
as a duration parameter.
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6. Conclusions

GMM clustering with MCLUST identified three Gaussian components of Swift/BAT
and Fermi/GBM bursts in the duration-hardness plane. The third component resembled
the intermediate duration group identified in previous studies. However, combining
components, based on an entropy criterion, identified a short and long duration class only
for both samples.

This study highlights the drawbacks of fitting GRB populations with model-based
methods. Similar model-based fitting methods, including the log-normal fit procedures
applied to GRB duration distributions, have exhibited components thought to be identified
incorrectly due to the inherently skewed distribution of long GRB durations [31,36]. Table 1
highlights the diversity of results from model-based studies.

The lack of consensus regarding a definitive number of GRB classes, both in the analy-
sis presented here and in previous studies of GRB catalogues, is a motivator for a model-
independent analysis of GRB light curves. The light curves may also contain more in-
formation than the summary data provided by the GRB catalogues. Fourier analysis of
the Swift/BAT GRB light curves by Jespersen et al. [101] identified two classes of bursts.
Following on from the analysis presented in this paper is a wavelet-based feature extraction
analysis of GRB light curves from Swift/BAT, BATSE and Fermi/GBM (Salmon et al. [102],
in preparation).
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Abstract: Studies of Gamma-Ray Burst (GRB) properties, such as duration and spectral hardness,
have found evidence for additional classes, beyond the short/hard and long/soft prototypes, using
model-dependent methods. In this paper, a model-independent approach was used to analyse the
gamma-ray light curves of large samples of GRBs detected by BATSE, Swift/BAT and Fermi/GBM.
All the features were extracted from the GRB time profiles in four energy bands using the Stationary
Wavelet Transform and Principal Component Analysis. t-distributed Stochastic Neighbourhood
Embedding (t-SNE) visualisation of the features revealed two distinct groups of Swift/BAT bursts
using the T100 interval with 64 ms resolution data. When the same analysis was applied to 4 ms
resolution data, two groups were seen to emerge within the first second (T1) post-trigger. These
two groups primarily consisted of short/hard (Group 1) and long/soft (Group 2) bursts, and were
95% consistent with the groups identified using the T100 64 ms resolution data. Kilonova candidates,
arising from compact object mergers, were found to belong to Group 1, while those events with
associated supernovae fell into Group 2. Differences in cumulative counts between the two groups in
the first second, and in the minimum variability timescale, identifiable only with the 4 ms resolution
data, may account for this result. Short GRBs have particular significance for multi-messenger science
as a distinctive EM signature of a binary merger, which may be discovered by its gravitational
wave emissions. Incorporating the T1 interval into classification algorithms may support the rapid
classification of GRBs, allowing for an improved prioritisation of targets for follow-up observations.

Keywords: gamma-ray burst; feature extraction; machine learning

1. Introduction

Gamma-Ray Bursts (GRBs) are traditionally classified based on their duration and
hardness as short/hard or long/soft bursts. These classes are separated at T90 ≈ 2 s, derived
from the duration distribution of the Third BATSE catalogue [1]. T90 is defined as the dura-
tion during which 5–95% of the counts above background are detected. The properties of
these classes suggest different progenitors—long GRBs often lie in star-forming galaxies [2]
and some long GRBs are associated with Type Ic supernovae [3–6] linking them to the
deaths of massive stars [7]. Short GRBs are linked to compact object mergers [8,9], as some
short GRBs have been identified near elliptical galaxies [10], and many are offset from
their hosts [11,12]. The detection of GRB 170817A [13,14], associated with the neutron star
merger GW170817, detected in gravitational waves by LIGO [15], lends further weight to
this progenitor theory.

The classification of GRBs based on their duration is affected by the significant overlap
between the duration distributions of the long and short groups, and is further complicated
by a possible ‘intermediate’ class of GRBs, first identified through Gaussian fits to the
duration distribution of GRBs in the third BATSE catalogue [16]. Clustering of the duration–
hardness plane and multi-dimensional analyses of GRB samples from different satellites
have also revealed evidence of more than two classes of bursts.
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Salmon et al. [17] presents a review of previous studies and reports on an updated
clustering analysis of Swift/BAT and Fermi/GBM bursts which finds that Gaussian models
applied to Swift/BAT and Fermi/GBM GRB samples recover three clusters, including
an intermediate-duration one. However, the latter is identified as an excess Gaussian
component when an entropy criterion is used and the resulting best-fit solution contains
two classes, which are broadly consistent with the typical short- and long-duration groups.
A key conclusion of the analysis is that model-based methods may identify spurious
components in one-, two- and multi-dimensional analyses of GRB samples and that model-
independent analyses of GRBs should be conducted, for example, using GRB light curves.

Short GRBs with extended emissions have been detected, which may form an addi-
tional sub-class [18–20] and are possibly associated with a magnetar central engine [21].
These episodes, combined with the late X-ray flares in some short GRBs, and the non-
detection of supernovae associated with some long GRBs, led to the suggestion of a new
classification scheme by Zhang et al. [22]. Type I (massive star/collapsar origin) and Type
II (compact-object merger origin) bursts are defined by multiple observational criteria
beyond duration and hardness [23]. Other classification methods, based on afterglow and
host galaxy properties [24], minimum variability timescales [25] and prompt emission
and energetics, have been defined [26–30]. The instrument, sample size and classification
method used can lead to different results [31], and the collapsar/merger fractions for each
instrument’s sample cannot simply be defined by a T90 = 2 s threshold [32].

Analysis of GRB light curves in several bands does not rely on summary statistics,
such as parameters derived from spectral fits, which could be poorly fit or incorrect.
Jespersen et al. [33] extracted features from 64 ms-resolution Swift/BAT light curves using
Discrete Fourier Transforms and found two groups using t-distributed Stochastic Neigh-
bourhood Embedding (t-SNE). This approach does not assume the underlying distribution
of the variables, unlike model-based clustering and distribution fitting.

An alternative to Fourier analysis is wavelet analysis, which has been used to study
non-stationary time-series [34]. Wavelet analysis has the advantage of extracting both
frequency and temporal information, and for this reason it has been used to compress
and de-noise GRB light curves for the study of their time evolution [35–37], to identify
peaks [38–41], and to quantify the minimum variability timescale of GRBs [42–46]. Wavelet
decomposition has been used to reduce the dimensionality of supernova light curves for
classification [47], and has been combined with Principal Component Analysis (PCA) and
t-SNE for classification [48,49]. Lochner et al. [48] found that classifiers performed better
when supplied with wavelet coefficients of supernova light curves, in contrast to feature
extraction using parametric models.

GRB pulses exhibit spectral evolution, including hard-to-soft [50] or intensity-tracking [51]
behaviour. Other common features of all GRB pulses include longer-observed durations
at lower energies [52] and asymmetric shapes [53,54]. These commonalities suggest that a
similar emission mechanism creates GRB pulses, regardless of the progenitor [55,56].

However, pulses in short and long bursts also exhibit some differences. Long GRB
pulses are observed to peak earlier at higher energies, but these spectral lags are not typi-
cally significant in short GRBs [18,54,57–63]. The minimum variability timescales [44–46]
retrieved from wavelet analysis of long and short GRBs are ∼200 ms and ∼10 ms respec-
tively. Hakkila and Preece [64] found that pulses in short GRBs are shorter and harder than
long GRBs, and exhibit more spectral evolution. Coupled with the observation that shorter
pulses have a higher peak flux and ∼90% of short GRBs consist of a single pulse, compared
to 25–40% for long GRBs, the pulse properties are likely to be a distinguishing feature in
the first seconds of a burst. In particular, spectral evolution is evident at early times in
previous studies of bursts from BATSE [65–70], Swift [71] and Fermi/GBM [72–74].

Redshift effects have not been observed in GRB light curves, as the standard time
dilation of GRB pulses is thought to be masked by a contrasting effect whereby only the
shorter, brightest portion of the burst is observed [75]. Therefore, analysis of GRB light
curves is unlikely to be strongly affected by cosmological effects [76].
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In this work, the light curves of GRBs in four energy bands from three different
instruments are analysed, using wavelets as a feature-extraction method. The T100 burst
intervals, during which 100% of the counts above background is recorded, are studied at
64-ms resolution, and the early phase of GRB emission (first few seconds) at 4-ms resolution.
Wavelet coefficients are extracted and reduced and then visualised using PCA and t-SNE.
Section 2 outlines the sample construction, while Section 3 provides details of the methods
applied to perform feature extraction. Results are presented in Section 4 and consistency
checks with other studies and between instrument samples are discussed in Section 5.
The classification of notable GRBs is presented in Section 6. Possible signatures in the first
second are discussed in Section 7, while conclusions are outlined in Section 8.

2. GRB Light Curves

The analysed GRB samples include bursts detected by the BATSE instrument on the
Compton Gamma-Ray Observatory [77], the Burst Alert Telescope (BAT) on the Neil Gehrels
Swift Observatory (hereafter Swift/BAT; Gehrels et al. [78]) and the Gamma-ray Burst Moni-
tor (GBM) on the Fermi Gamma-ray Space Telescope (hereafter Fermi/GBM; Meegan et al. [79]).

2.1. BATSE

The BATSE 64 ms-binned light curves were stored as ascii files on the BATSE Pub-
lic Data Archive (https://heasarc.gsfc.nasa.gov/FTP/compton/data/batse/trigger/, ac-
cessed on 17 February 2021). There were 2704 bursts in the final BATSE catalogue from
21 April 1991 to 17 August 2000, and 1956 light curves at 64 ms resolution were available.
Background subtraction was applied via polynomial fits to the 64 ms light curves pre- and
post-burst. The BATSE 4 ms-binned light curves were generated using the TTE files for indi-
vidual bursts in the BATSE Public Data Archive, which stores 1732 TTE files, 1721 of which
have successful background subtraction. The count rate was divided by the number of
triggered detectors to obtain light curves measured in counts s−1 det−1. The resulting light
curves were stored in the four standard BATSE bands (20–50 keV, 50–100 keV, 100–300 keV
and >300 keV).

2.2. Swift/BAT

The Swift/BAT Gamma-Ray Burst Catalogue (https://swift.gsfc.nasa.gov/results/
batgrbcat/, accessed on 29 January 2021) hosts ascii files containing the 64 ms- and 4 ms-
binned background-subtracted light curves. There were 1388 GRBs detected between 17
December 2004 and 28 August 2020 in this catalogue, which was extended from the Third
Swift BAT Catalogue [80]. 1273 light curve files were available at 4 ms resolution, con-
taining four background-subtracted light curves, corresponding to four bands (15–25 keV,
25–50 keV, 50–100 keV and 100–350 keV) in units of counts s−1 det−1. Twenty-two bursts
with no documented duration (T90) were removed from the sample. At 64 ms resolution,
light curves were available for the same set of bursts, with three additional GRBs added to
the sample.

2.3. Fermi/GBM

Fermi/GBM light curves were generated from TTE data in 64 ms and 4 ms bins using
the Fermi-GBM Data Tools [81]. A total of 3000 bursts from 10 August 2008 to 17 March
2021 were included, with 2678 successful background subtracted light curves created. Only
triggered detectors were used, and the background intervals defined in the Fermi/GBM
catalogue were used for background subtraction. Count rates were transformed to counts
s−1 det−1 by normalising according to the number of triggered detectors. Unlike Swift and
BATSE, Fermi/GBM does not have defined light curve bands. Thus, they were chosen to
capture the energy ranges of the NaI and BGO detectors, and the bands were considered
in hardness ratio calculations. Four energy bands were considered: the Fermi trigger
band (50–300 keV), the lower energy band used in hardness ratio calculations (8–50 keV),
the energy range of the NaI detectors (8–1000 keV) and the higher energy range of the BGO

291



Galaxies 2022, 10, 78

detectors (>1000 keV). The effect of the choice of these bands was studied by repeating
the analysis of light curves within the four Swift bands, which was shown to produce
similar results.

3. Feature Extraction

The feature extraction algorithm consists of multiple steps, which are outlined in
Figure 1 for the analysis of light curves in the T100 interval at 64 ms resolution. Light curves
were first pre-processed, before Stationary Wavelet Transform was applied. PCA was
used to reduce the dimensionality of the resulting coefficients before visualisation with
a t-SNE map. Figure 2 depicts the steps that were followed for the analysis of the first
second of prompt emission. This section outlines the details of each step in the feature
extraction algorithm.

Preprocess light 
curves

Stationary Wavelet 
Transform 

Principal Component 
Analysis

Choose top n 
Principal 

Components

Concatenate 
coefficients

Limit light curve to 
T0-T100

4 wavelet 
coefficients per 

GRB

PCA transform

Gaussian Process 
Regression

Resample light curve 
onto identical grid 

n points per GRB

t-SNE visualisation

Transform to 2D

GMM clustering

Identify clusters
Concatenate 4 bands

Figure 1. Flowchart of the feature extraction and clustering algorithm for analysis of 64 ms-binned
light curves in the interval T0 to T100.
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Figure 2. Flowchart of the feature extraction and clustering algorithm for analysis of light curves in
the interval T0 to T0 + 1.004 s.

3.1. Light Curve Pre-Processing
3.1.1. 64 ms Light Curves

To obtain counts recorded at identical times relative to the trigger time for each light
curve, BATSE and Swift/BAT light curves were modelled and resampled onto an identical
grid using Gaussian Process Regression (GPR), a machine learning method that uses the
input data to infer the function and explain the observations [82]. Gaussian processes
model observations function as joint multivariate normal distributions, which can be fully
specified by a mean function and covariance matrix. GPR determines the mean function
and the entries of the covariance matrix using a user-specified covariance function (kernel).
Hyperparameters of the kernel were optimised to maximise the marginal likelihood of the
data under the Gaussian process prior.

The Gaussian Process model was implemented using the GPFlow library in Python [83],
which originates from GPy but is built on TensorFlow [84]. A heteroscedastic regression
model was used, which incorporates uncertainty in each point into the interpolation pro-
cess by applying less weight to points with greater uncertainty. The radial-basis function
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kernel (also known as squared exponential kernel) was used, as it is infinitely differen-
tiable and produces smooth functions. The Adam and natural gradient optimisers were
used to converge to the best-fit hyperparameters. The resulting equally spaced, evenly
sampled 64 ms light curves were zero-padded beyond T100 to ensure noise was discarded.
The T100 interval was extracted from the GRB catalogues. The four-band light curves were
concatenated together and input to the feature extraction algorithm depicted in Figure 1.

3.1.2. 4 ms Light Curves

Wavelet decomposition requires a time series of equal and even lengths. At 4 ms
resolution, the light curves were restricted to even-length time intervals starting at T0,
the burst start time documented in the GRB catalogues. Light curves spanning different
intervals were created and extended in intervals of 0.1 s until T0 + 3 s. Many of the BATSE
TTE datasets did not extend past 3 s, and BATSE light curves were zero-padded if they did
not extend to the specified interval. For each GRB, the light curves in the four energy bands
were concatenated together to form one vector to be input to the feature extraction algo-
rithm, depicted in Figure 2 for the case in which light curves between T0 and T0 + 1.004 s
were studied.

3.2. Wavelet Decomposition

Fourier analysis is often used to examine the frequency composition of signals and
to extract features from time series (e.g., Jespersen et al. [33]). However, a drawback of
Fourier transforms is the loss of temporal information and the stringent sine and cosine
basis functions. Wavelets are more suited to the analysis of images, music and transient
events, as they overcome the limitations of Fourier analysis by encoding both time and
frequency information in the basis function [85]. The Stationary Wavelet Transform (SWT),
also known as the Á Trous algorithm [86], is a shift-invariant transform, which convolves a
signal with scaled and shifted versions of the basis wavelet function. The shift-invariance
feature of the SWT has made it a popular method for pattern recognition [87,88]. The SWT
returns two coefficients, known as Approximation and Detail coefficients, of equal length to
the input signal. The coefficients are computed using a filter-bank algorithm [34] with low-
and high-pass filters, which decomposes the input signal. Multiple levels of decomposition
can be performed, whereby the output of the low-pass filter is successively fed to the next
decomposition level.

The pywt.swt function of the PyWavelets package [89] was applied to the light curve
vectors using the symlet family of wavelets, which is a more symmetric version of the
Daubechies wavelet family [90], but other wavelet families produce similar results. A two-
level decomposition was performed, resulting in four components of equal length to the
vector containing the light curves in four bands (Figure 2). These were concatenated into
one vector for each GRB prior to dimensionality reduction.

3.3. Principal Component Analysis

After performing a two-level wavelet decomposition, the dataset for each GRB in-
creased in length by a factor of four. A dimensionality reduction technique was used to
extract only the most significant information encoded in the wavelet coefficients. PCA is a
form of decomposition, which extracts uncorrelated Principal Components from correlated
data via an orthogonal transformation [91,92]. PCA involves eigenvalue decomposition
of the covariance matrix of the input wavelet coefficient data. The eigenvectors are sorted
by the magnitude of their eigenvalues. The user must choose how many eigenvectors
to keep based on the percentage of variance explained by each eigenvector. The chosen
eigenvectors represent the original data in a new PCA reference frame and are known as the
Principal Components (PCs). The matrix of PCs is used to project the wavelet coefficients
onto the lower-dimensional PCA space.

In this work, PCA was carried out using the sklearn.decomposition.PCA function.
For Swift/BAT, the components whose cumulative variance reached >70% were chosen as
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the new representation of the dataset, as the number of components required to meet >90%
was large. For BATSE and Fermi/GBM, the number of retained components ensured that
>90% of the variance was captured.

3.4. t-SNE

The chosen PCA components require transformation to a 2D space so that features
can be visualised. Stochastic Neighbourhood Embedding (SNE; Hinton and Roweis [93])
provided a 2D visual representation of the components on arbitrary axes by computing the
probability that each point is a neighbour of another point. This used a Gaussian probability
density and Kullback–Leibler minimisation [94] to ensure that the low-dimensional space
adequately represented the high-dimensional space. A user-specified parameter called
Perplexity specified the importance of local or global structure. In general, the Perplexity
can be considered representative of the number of nearest neighbours of each point.

t-SNE (t-distributed SNE; Maaten and Hinton [95]) used a Student t-distribution
with a single degree of freedom, replacing the Gaussian comparison between points. The
sklearn.manifold.TSNE method was used with a Perplexity, which maximises the separa-
tion of clusters in the final representation. In this case, the smaller Swift/BAT sample was
analysed with a Perplexity of 40, while for the larger samples of BATSE and Fermi/GBM,
Perplexities of 50 and 70 were used, respectively. The result is a 2D representation of the
PCA feature space, in which similar light curves were grouped together.

3.5. GMM Clustering

Finally, Gaussian Mixture Model (GMM)-based clustering was applied to the t-SNE
plots to identify clusters using the MCLUST package in R [96,97]. GMM clustering assumes
that the observed data are generated from a mixture of K components, where the density
of each component is described by a multivariate Gaussian distribution. MCLUST applies
14 different models and chooses the best-fit model and number of clusters based on the
Bayesian Information Criterion (BIC; Schwarz et al. [98]). Since the underlying distributions
are non-Gaussian, clusters are combined using the clustCombi function to converge on the
optimum number of clusters, calculated via an entropy criterion [99].

4. Results

The results obtained by analysing GRB light curves, as described in Section 3 for
the T100 intervals at 64 ms resolution, and for the first three seconds post-trigger at 4 ms
resolution, are presented.

4.1. 64 ms Results

The t-SNE plots, coloured by burst duration (T90), are shown in Figure 3 for the T100
intervals of bursts from BATSE, Swift/BAT and Fermi/GBM. t-SNE plots produce a mapping
onto an arbitrary space, whereby the scale of the axes have no units or physical meaning.
Thus, the t-SNE plots presented in this paper do not label the X and Y axes, and the precise
position of points along the axes is not significant. However, the structure within the t-SNE
space is significant and is identified. A separate group of shorter-duration bursts is evident
in Figure 3b for Swift/BAT, while for BATSE and Fermi/GBM, the separation is not as clear.

GMM clustering, applied to the t-SNE map for Swift/BAT (Figure 3b), identified
four clusters of bursts. However, the distribution is complex and is likely unsuitable for
model-based clustering. When coloured by duration, it is clear that two groups of bursts
were identified within the T100 intervals of Swift/BAT light curves: one consisting primarily
of short bursts and a larger group of longer duration bursts.
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Figure 3. 2D t-SNE representation of the extracted wavelet and PCA features from the 64 ms
light curves from T0 to T100, coloured by burst duration T90, for (a) BATSE, (b) Swift/BAT and
(c) Fermi/GBM.

4.2. 4 ms Results

The t-SNE plots from the analysis of the 4 ms light curves are shown in the animations
in Figure 4, coloured by burst duration (T90). The video animations are available to
download in the Supplementary Materials. The intervals shown in each iteration of the
t-SNE plot increase by 0.1 s, starting from the burst trigger time, T0. For Swift/BAT, a small
group of shorter-duration bursts, begins to form and separate from the larger group of
longer bursts within T0 + 0.2 s. This shorter group of bursts grows and detaches from
the longer group by T0 to T0 + 1.004 s, remaining detached up to the first 3 s post-trigger,
which is the maximum interval available at 4 ms resolution. For BATSE and Fermi/GBM,
the distinction between groups is not as clear, but a similar pattern is observed—a group
of shorter bursts begins to form at ∼T0 + 0.2 s and grows, separating itself from the larger,
longer-duration group. We conclude that the time at which the two clusters of bursts
become clearly separated is T0 + 1.004 s.

T0 to T0+0.108 s

−1 0 1 2 3
log10(T90) (s)

T0 to T0+0.108 s

−1 0 1 2
log10(T90) (s)

(a) (b) (c)

Figure 4. Animation of t-SNE projections for different GRB light-curve time-intervals at 4 ms res-
olution for (a) BATSE (b) Swift/BAT and (c) Fermi/GBM, coloured by their T90 duration. The title
indicated on the top axis of each figure denotes the analysed time interval, since the burst trigger.
The video files are available in the Supplementary Materials.

4.3. Properties of GRB Clusters Identified in the First Second Post-Trigger

2D t-SNE representation of the extracted wavelet and PCA features from the first second
(T0 to T0 + 1.004 s) of GRB light curves, coloured by burst duration T90 and hardness ratio
HR32 for BATSE, Swift/BAT and Fermi/GBM, are shown in Figure 5. The projections indicate
the presence of two groups of bursts, which can be seen clearly in Figure 5b for Swift/BAT.
For BATSE (Figure 5a) and Fermi/GBM (Figure 5c), this separation is less well-defined.
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Figure 5. 2D t-SNE representation of the extracted wavelet and PCA features from the first second
(T0 to T0 + 1.004 s) of burst light curves, coloured by burst duration T90 (top row) and hardness ratio
HR32 (bottom row) for (a) BATSE, (b) Swift/BAT and (c) Fermi/GBM. Hardness ratios (HR32) for
Swift/BAT and BATSE are calculated as the ratio of fluence in Band 3 and Band 2. The hardness
ratio of Fermi/GBM bursts is defined as the ratio of fluence in the 50–300 keV and 10–50 keV bands,
calculated using the best-fit spectral parameters.

GMM clustering applied to the Swift/BAT projection identifies two separate groups,
shown in Figure 6a. The group consisting of mostly short/hard bursts is labelled Group 1,
and the larger, longer-duration group is denoted Group 2. The groups are shown projected
onto the duration-hardness plane in Figure 6b.

Group 1

Group 2

(a)

Figure 6. Cont.
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Figure 6. (a) The t-SNE map of Swift/BAT bursts derived from the T0 to T0 + 1.004 s interval at 4 ms
resolution showing 2 clearly separated groups and (b) their projection onto the duration-hardness
plane. Histograms indicate the distribution of duration and hardness for each group.

Two-dimensional Kolmogorov–Smirnov (KS) tests applied to Group 1 and Group 2
verify that there are statistically significant differences in GRB properties such as the dura-
tion (T90), hardness (HR32), peak energy (Epeak) and fluence (S) of the two clusters. Table 1
presents the results of the KS test. The probability (p-value) presented in Table 1 indicates
the probability that Groups 1 and 2 are drawn from the same distribution. This hypothesis
is rejected, as all probabilities are below 1%. Figure 7 demonstrates the distribution of the
GRB properties for Group 1 and Group 2.

Table 1. Results of the 2D KS test comparing Group 1 and Group 2 identified within the first second
of prompt emission of Swift/BAT bursts.

Parameter p-Value

T90 4.3 × 10−42

HR32 1.7 × 10−19

Epeak 1.9 × 10−3

Fluence (15–350 keV) 2.9 × 10−22
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log10(HR32)
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Figure 7. Violin plots showing the distribution of GRB properties for Group 1 (red) and Group 2
(blue) Swift/BAT bursts identified in the T0 to T0 + 1.004 s light curve interval. The white box plots
represent the 1σ interval (i.e., the 16th to 84th percentile), with the median of each parameter marked
as a black line.

Table 2 lists the cluster memberships of a subset of the Swift GRBs for both the analysis
of the T100 interval at 64 ms resolution, and the interval from T0 to T0 + 1.004 s at 4 ms
resolution. The full table is available to download from the Supplementary Materials.
When the first 1 s of prompt emission is considered, Group 1 contains 107 bursts, 73 of
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which are short-duration (T90 < 2 s). There are 1144 bursts in Group 2, containing 1112
long-duration bursts (T90 > 2 s). The composition of each group and the properties of GRBs
in Groups 1 and 2 are further discussed in Section 5.

Table 2. Group membership of Swift GRBs, based on the analysis of the first second of prompt
emission at 4 ms resolution (T1) and the T100 interval at 64 ms resolution. The full table is provided in
the Supplementary Materials.

GRB T1 Group T100 Group T90 (s) HR32

GRB041220 2 2 5.6 1.3
GRB041223 2 2 109.1 1.8
GRB041224 2 2 177.6 1.2

· · · · · · · · · · · · · · ·
GRB200809B · · · 1 2 4.2 1.8
GRB200819A 2 2 26.9 1.0
GRB200829A · · · 1 2 13.1 1.9

1 No 4 ms light-curve file available.

As with the T100 analysis (Section 4.1), the results obtained for the T0 to T0 + 1.004 s
interval at 4 ms resolution for BATSE and Fermi/GBM GRBs are not as clear-cut as they are
for Swift/BAT. In the case of BATSE, GMM clustering with MCLUST identifies six clusters
within the t-SNE projection in Figure 5a. However, we can tentatively identify two clusters
of bursts for BATSE by eye. These two groups resemble the short/hard and long/soft
groups identified for Swift/BAT. Similarly to Swift/BAT, a KS test applied to the two BATSE
groups reveals significant differences in their duration, hardness, peak energy and peak flux.
BATSE has a harder energy range than Swift/BAT; thus, the BATSE population contains
more short/hard bursts. Therefore for BATSE, the short-duration Group 1 contains a larger
proportion of bursts compared to Swift/BAT.

For Fermi/GBM, the projection in Figure 5c indicates two groups, primarily consisting
of short/hard and long/soft bursts, but their clustering is not dense enough to allow for a
clean separation between them. MCLUST identifies five clusters. This may indicate that the
application of a Gaussian model does not adequately represent the underlying complex
distributions [17].

5. Consistency Checks

The analysis of the first second of prompt emission (T1) identifies two groups of bursts
within the BATSE, Swift/BAT and Fermi/GBM samples. We focus this discussion on the
more clear-cut results obtained with Swift/BAT.

5.1. T100 vs. T1 Analysis

For Swift/BAT, two groups are identified using both the T100 and T1 intervals.
Table 2 provides the classification results obtained with each interval. The sample sizes of
the two groups are shown in Table 3, separated into long- (T90 > 2 s) and short- (T90 < 2 s)
duration bursts.

Table 3. Sample sizes of short-duration (T90 < 2 s) and long-duration (T90 > 2 s) bursts in the Swift/BAT
sample, and Groups 1 and 2, based on the analysis of the T1 and the T100 intervals.

Sample
Number of Bursts

T90 < 2 s T90 > 2 s
T1 T100 T1 T100

Swift/BAT
sample 107 107 1144 1147

Group 1 73 91 32 14
Group 2 34 16 1112 1133
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A total of 95% (1185 of the 1251 bursts) of the classifications of Swift/BAT bursts
determined using the T1 interval at 4 ms resolution are consistent with those derived using
the T100 intervals at 64 ms resolution. There are 21 short-duration bursts, which are classified
as Group 2 bursts when the T1 interval is considered, but move to Group 1 when the T100
interval is used for the analysis. There are 28 long-duration bursts, which move from
Group 1 in the T1 analysis to Group 2 when the T100 interval is considered. These include
five bursts in the list of Swift/BAT bursts with extended emission episodes compiled by
Gibson et al. [100]. The long-duration supernova-accompanied burst GRB 101219B moves
to Group 2 in the T100 analysis, correctly placing it amongst the other bursts with associated
supernovae. The inclusion of the full light-curve data in these cases is important for correct
classification. The classification of bursts with associated supernovae is further discussed
in Section 6. Some of the movement between groups may reflect the different temporal
resolutions used for the T1 (4 ms) and T100 (64 ms) analyses. The minimum variability
timescale with short GRBs of order 10 ms would not necessarily be captured by the T100
analysis. There may also be cases where there are pre-trigger emissions that are not captured
in the current approach, which starts at the trigger time.

5.2. Inter-Comparison of Swift/BAT and Fermi/GBM Results

In all three GRB samples, clear evidence of a separation into two groups by the end
of the first second was observed. The clean separation of bursts in the Swift/BAT sample
indicates that the T1 interval could potentially be used to classify GRBs independently of
their T90 duration. The less clear-cut cluster separation found in the BATSE and Fermi/GBM
samples most likely arose from instrumental differences (e.g., energy ranges, triggering
methods and sensitivities). Of the three instruments, Swift/BAT has the largest effective
area, and detects more spectrally softer, long-duration GRBs [101], and fewer short GRBs,
than BATSE or Fermi/GBM [80,102].

A total of 293 bursts were analysed, which were detected by both Fermi/GBM and
Swift/BAT. There is excellent (274/293) agreement between the two instruments in the
cluster membership of these GRBs using the T1 interval at 4 ms resolution. Differences in
classification can primarily be attributed to the lack of clear separation between groups
in the Fermi/GBM sample, which makes cluster identification less definitive than it is for
Swift/BAT. In 6 of the 19 cases where cluster membership is found to disagree between the
two detectors, significantly different (>50%) T90 durations are recorded by the instruments.

5.3. Time Intervals

The analysis was repeated for different intervals within the bursts to investigate the
intervals in which classes may be identified in the Swift/BAT sample.

First, the feature extraction analysis with 4 ms resolution light curves was performed
for the interval of T0 − 1 s to T0 + 1 s (Figure 8a). The addition of pre-trigger data is shown to
produce almost identical results to those obtained by starting at T0. However, the analysis
requires additional Principal Components to explain the variance, indicating that including
1 s of data before the trigger adds more noise than information. Secondly, when the selected
interval is between T0 + 1.004 s and T0 + 2.008 s, the separation disappears, as shown in
Figure 8b, indicating that the early prompt emission in the first second post-trigger is the
key interval for separating the two classes.
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Figure 8. 2D t-SNE representation of the wavelet feature extraction applied to Swift/BAT light curves
covering time intervals (a) T0 − 1 s to T0 + 1 s and (b) T0 + 1 s to T0 + 2 s. The plots are coloured by
burst duration T90.

5.4. Light Curve Classifications

In Salmon et al. [17], Gaussian Mixture Model-based clustering of the hardness-T90
plane identified two classes of bursts in the Swift/BAT and Fermi/GBM samples. The re-
sults suggest that the intermediate duration class may be an artefact of the application
of unsuitable models, as was also suggested by Tarnopolski [25], Koen and Bere [103],
Tarnopolski [104], Tarnopolski [105]. The results of the model-independent analysis of
light curves presented in this paper and by Jespersen et al. [33] lend further support to
this conclusion.

Jespersen et al. [33] found two distinct groups of bursts in their t-SNE map obtained
from Fourier decomposition of full Swift/BAT light curves. The composition of the ‘type-
S’ and ‘type-L’ groups from Jespersen et al. [33] are compared to the clusters found in
this work. For the T100 interval, there is an agreement in classification for 96% of bursts,
after removing bursts for which no light curve files are available. Although the same
burst intervals are considered, Jespersen et al. [33] input flux-normalised light curves into
a Fourier-based analysis, potentially leading to small differences in the resulting burst
memberships compared to the wavelet-based analysis presented here. The light curves
in this study were not flux-normalised, as the resulting t-SNE maps did not separate
the groups.

More than 96% of the bursts classified using wavelets and the T1 interval were found
to match the membership assigned by Jespersen et al. [33] based on Fourier decomposition
in the T100 interval. Eight of the 20 bursts found to be within Group 1 in this study, classified
as type-L by Jespersen et al. [33], have extended emission episodes, which are not captured
within the first second.

5.5. Collapsar ‘Contamination’

The fraction of Swift/BAT bursts within Groups 1 and 2 can be compared to the
expected distributions that are specific to the Swift/BAT detector.

Bromberg et al. [32] quantified the contamination of short GRB samples by collapsar
bursts by fitting the duration distribution of Swift bursts with a function representing the
merger and collapsar duration distributions. The model is based on the plateau in the
duration distribution for shorter durations than the jet breakout time, which is predicted
by the collapsar model [106]. According to this model ∼40% of Swift/BAT bursts with
durations <2 s are collapsar bursts. Swift/BAT is more sensitive to soft GRBs, meaning that
low-fluence long GRBs contaminate the short GRB population to a greater extent than they
do for BATSE (∼10%) and Fermi/GBM (∼15%).

There are 27 bursts for which Bromberg et al. [32] assigns a probability of being a
non-Collapsar of >90%. The majority (23) of these are classified as Group 1 in this analysis,
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indicating that Group 1 primarily consists of bursts arising from mergers. The collapsar
(Group 2) contamination of Swift/BAT bursts with durations <2 s from our analysis of
the first 1 s of prompt emission is 31.8%, or 34/107 bursts (Table 3), consistent within 1σ
with the predictions in Bromberg et al. [32]. The collapsar contamination of short-duration
bursts for the T100 analysis is significantly lower, at ∼15%. These results suggest that
classification based on the T1 interval may be useful for identifying collapsar ‘imposters’ in
short GRB samples.

6. Notable GRBs

We discuss cluster membership for some notable GRBs. As a default, the discussion
relates to the results obtained with the T1 interval at 4 ms resolution unless otherwise
indicated. We identify cluster membership for GRBs in any of the three analysed samples,
which have associated kilonovae or supernovae. We note that cluster membership for the
BATSE and Fermi samples is not as clear-cut as it is for the Swift sample, and the cut in
t-SNE space is made by eye.

6.1. GRBs with Associated Supernovae

As discussed in Section 5.5, Group 2 is associated with collapsar bursts. Thus, it is
expected that GRBs with associated supernovae will lie within Group 2. The list of 31 Swift
and 10 Fermi Supernova (SN)-GRBs provided in Cano et al. [107] is extended to include
additional SN-GRB events GRB 161219B/SN 2016jca [108], GRB 171205A/SN 2017htp [109],
GRB 180728A/SN 2018fip [110,111], GRB 190114C/SN 2019jrj and GRB 190829A/AT2019
oyw [112] and the peculiar short GRB 200826A [113–115]. Figure 9 indicates the lo-
cation of these bursts within the t-SNE plot. The 25 SN-GRBs for which light curve
files are available lie in Group 2 of Swift/BAT and Fermi/GBM, as expected, with the
exception of GRB 101219B, which is an outlier to Swift/BAT Group 1 but lies within
Group 2 of Fermi/GBM bursts. The analysis using the T100 interval correctly places
GRB 101219B in Group 2 for Swift/BAT. The shortest collapsar burst detected to date,
GRB 200826A, lies within Group 2 of the Fermi/GBM sample despite its observed duration
of T90 ≈ 0.96 s [115].

GRB/SN

GRB/KN

GRB/SN

GRB/KN

GRB 170817A

(a) (b)

Figure 9. Locations of GRBs with associated Supernovae (GRB/SN) and possible Kilonovae
(GRB/KN) within the t-SNE projections of the T1 interval for (a) Swift/BAT and (b) Fermi/GBM.
The location of the only confirmed kilonova, associated with GRB 170817A, is indicated with a
black star.

The remaining bursts are identified in Group 2, with their classifications unchanged by
the interval used in analysis, with the exception of GRB 050824, which migrates to Group 1
when the T100 interval is used for analysis.

6.2. GRBs with Possible Kilonovae

The only confirmed kilonova is associated with GRB 170817A, which is in the
Fermi/GBM sample (Figure 9b) and does not clearly belong to either group. However,
GRB 170817A was not a standard ‘short’ GRB, and would probably have been unremarked
on if not for the associated gravitational wave source [13,14]. Near-infrared excesses, similar
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to kilonova signatures, have been found in the afterglows of a handful of nearby short
GRBs. Following detection in GRB 130603B [116,117], reanalysis of GRB 060614 [118,119],
GRB 080503 [120] and GRB 050709 [121] revealed similar near-IR components. Since then,
GRB 150101B [122], GRB 160821B [123–126] and GRB 200522A [127] have all been suggested
as kilonova candidates.

Figure 9 shows that all the kilonova candidate bursts lie within Group 1 of Swift and
Fermi GRBs, except for GRB 050709, for which no light curve file is available, and GRB 060614,
which is in Group 2. GRB 060614 is an anomalous GRB with a short pulse followed by
a longer period of soft flaring emission. Some properties of this burst are typical of
the long GRB population [128], but the lack of supernova detection for this close burst
(z = 0.125 Price et al. [129], Fugazza et al. [130]) and possible near-infrared excess led
to the suggestion that this burst originates from a merger [22], or is within its own sub-
class [131–135]. Our results agree with the classification by Jespersen et al. [33], who place
this burst in the longer-duration, collapsar group. When the T100 light-curve interval is
considered, the classifications remain unchanged for the kilonova candidates, with the
exception of GRB 080503, which moves to Group 2. This is an example of a GRB with a
short initial spike and extended emission, which may be the result of a merger rather than
a collapsar [120]. The T1 interval appears to return the more appropriate classification in
this case.

7. Discussion

Studies of GRB pulses at early times have revealed that the dominant radiation pro-
cess is usually photospheric emission [136–141]. These thermal pulses exhibit significant
spectral evolution, with bursts usually evolving to be dominated by synchrotron emis-
sion [137,139,142]. If this is the case, the first second of all GRBs should be dominated by
thermal pulses; therefore, the radiation process is unlikely to be the driver of the observed
differences in light curves that appear at early times.

The feature extraction algorithm may identify differences in the spectral evolution and
pulse shapes of the two burst groups. The spectral lags of long and short bursts are different,
with many short bursts exhibiting zero lag [18,63]. The minimum variability timescales for
short and long bursts have also been found to be different [44–46]. For example Golkhou
et al. [46] found median minimum variability timescales of 10 ms and 45 ms for short and
long bursts, respectively. Hakkila and Preece [64] found that pulses in short GRBs are
shorter and harder than those in long GRBs, and exhibit more rapid spectral evolution.
Coupled with the observation that shorter pulses have a higher peak flux and ∼90% of
short GRBs consist of a single pulse, compared to 25–40% for long GRBs, pulse properties
are likely to be a distinguishing feature in the first pulses and first seconds of a burst.
Short GRBs have shorter pulse durations and their triple peaked substructure shows
more intense precursor and decay peaks (on either side of the central peak) than long
GRBs Hakkila et al. [56].

The magnitude of the PCA components in the different Swift/BAT energy bands
indicate that Bands 2 and 3 contain the most variance; therefore, they are the most impor-
tant for the 4 ms light curves. Figure 10 shows that the results of the feature extraction
algorithm only applied to Band 3 data, showing that some segregation of the bursts into
two groups is evident using light curves in one energy band. Thus, energy-dependent
pulse characteristics are not the sole driver of the classification.
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−1 0 1 2
log10(T90) (s)

Figure 10. 2D t-SNE representation of the wavelet coefficients and PCA features extracted
from the light curves measured in Band 3 for Swift/BAT (50–100 keV). The plot is coloured by
burst duration T90.

Cumulative Counts

Figure 6 shows that, for the Swift/BAT sample, Group 1 and Group 2 GRBs, identified
within the T1 interval, mostly consist of bursts from the classical short-duration (T90 < 2 s)
and long-duration (T90 > 2 s) samples, respectively. However, there are some ‘strays’,
as shown in Table 3 and discussed in Section 5.

The counts measured in Band 3 (50–100 keV) of the first second of Swift/BAT 4 ms light
curves are summed and normalised by the number of light curves, to obtain an average
cumulative counts measure for bursts in each group in Table 3 (Figure 11). The cumulative
counts of Group 1 and Group 2 bursts track those of short and long GRBs, respectively,
during the first second.
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Figure 11. Normalised cumulative counts of Band 3 (50–100 keV) Swift/BAT 4 ms light curves. Short
(T90 < 2 s) and long (T90 > 2 s) duration bursts, and those within the Groups 1 and 2 identified from
the first 1 s of prompt emission, are shown.

The results of this analysis suggest that the behaviour of GRB pulses in the first second
carries essential information, which is needed to classify GRBs in the vast majority of cases,
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independent of their duration. The characteristics of the ‘long’ Group 1 and ‘short’ Group 2
bursts suggests that they have not been misclassified, but are duration outliers of their
identified class. Group 1 and Group 2 bursts evolve in a similar way to the traditional short
and long classes, respectively.

Previous studies have interpreted the cumulative GRB light-curves slope as a measure
of the cumulative power output of the central engine [143]. Combined with the association
of Group 1 and 2 bursts with kilonovae and supernovae, respectively (Section 6), the cumu-
lative counts behaviour in the first second suggests that Group 1 and 2 represent distinct
progenitors, namely, the merger and collapsar populations.

8. Conclusions

Wavelet decomposition, combined with PCA and t-SNE, provides an effective method
for extracting the similarities between gamma-ray light curves from BATSE, Swift/BAT and
Fermi/GBM. The features extracted from the T100 interval of light curves in four energy
bands at 64 ms resolution reveal a separation between two groups of bursts. These groups
are labelled Group 1 and Group 2. Two groups have also been identified through feature
extraction from high resolution (4 ms) light curves within the first seconds of prompt
emission. The shortest timescale at which this separation is clear is one second (T1 interval).

The separation between groups is clearest for Swift/BAT and is less distinct for the
BATSE and Fermi/GBM samples of bursts, perhaps due to instrumental effects. Despite the
different timescales and resolutions that were studied, there is >95% agreement between
the groups identified within the T100 and T1 interval for Swift/BAT. The T100 interval is
shown to produce different and more classical classifications for some bursts, especially
those with long emission episodes. There is also >95% agreement between the results of
the T1 analysis with the results of the Fourier-based feature extraction of Swift/BAT light
curves by Jespersen et al. [33]. The separation between Swift/BAT groups is clearest when
all four energy bands are considered. However, energy-dependent characteristics are not
the sole effect that drives the classification, as some separation can only be seen when
one energy band is considered. Pulse shape and evolution may be important, and the
accumulation of counts within the first second is found to be distinct between groups.

Group 1 mostly consists of short-duration, spectrally hard bursts. Group 2 mostly
consists of spectrally soft, long-duration bursts. When segmented at T90 = 2 s, the traditional
dividing line between long and short GRBs, we found that 99% (97%) of Swift/BAT Group 2
bursts have durations >2 s when the T100 (T1) interval is used. A total of 32% of the
107 GRBs with T90 < 2 s are identified as Group 2 bursts when the T1 interval is used,
consistent (within 1σ) with a model in which the duration distribution of Swift bursts is fit
with a function representing the merger and collapsar distributions, possibly reflecting the
amount of collapsar ‘contamination’ in the short GRB sample. The observed contamination
fraction is significantly lower (16%) when the T100 interval is used. Thus, the groups can be
associated with distinct progenitors, namely, mergers and collapsars. GRBs with associated
supernovae are within Group 2, while GRBs with suspected kilonovae lie in Group 1.

Previous studies found that the pulse and spectral properties of the early seconds of
long GRBs are similar to those of short GRBs. In this analysis, no significant differences
can be identified in pulse or spectral properties to account for Group 1 and Group 2 GRBs
being distinguishable in the T1 interval. Differences in minimum variability timescale,
identifiable only when the 4 ms resolution data are used, may account for some of the
observed behaviour. However, the two groups in subsequent 1 s intervals should also be
evident, which is not the case. The observed different slopes in the first second between
the two groups in the combined cumulative counts may point towards differences in the
central engine.

The presented results indicate that the nature of a burst may be inferred from the
earliest prompt emission, without considering the full burst duration. Prompt classification
will be helpful in the era of ‘big data’ in time-domain astronomy. Gravitational wave
detectors will detect mergers at increased rates in the near- and longer-term [144]. State-of-
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the-art optical surveys such as the Vera Rubin Observatory will deliver an increased number
of transient targets in the crowded optical sky [145]. While many optical transients are false
positives, the rare gamma-ray transients can pinpoint the unambiguous target of interest.
The early detection and classification of these gamma-ray transients will help to prioritise
counterpart follow-up for optical telescopes and spectroscopic observations. Classification
schemes and triggering algorithms could incorporate a wavelet-based analysis, such as
that presented here, to prioritise targets for follow-up observations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/galaxies10040078/s1. The electronic version of this article showcases Figure 4 as three mp4
animations of the t-SNE plots for BATSE, Swift and Fermi. We provide the full version of Table 2
which includes the classification of Swift/BAT GRBs using the first second of prompt emission.
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Abstract: Precursor emissions are found in some short gamma-ray bursts (SGRBs). In this paper, we
review the theories and observations of the SGRB precursor and discuss its prospect as an electro-
magnetic counterpart of the gravitational wave event produced by neutron star (NS) mergers. The
observed luminosity, spectrum, and duration of precursors are explained by the magnetospheric
interaction model during the inspiral or the cocoon/jet shock breakout model during the jet propa-
gation. In general, these two models predict that the precursor will be weaker than the main GRB,
but will be of a larger opening angle, which makes it an advantageous gamma-ray counterpart
for NS mergers in the local Universe, especially for NS - black hole mergers with very low mass
ratios, in which the main GRBs are not expected. The joint observation of the precursor, SGRB, and
gravitational wave will help to reveal the jet launch mechanism and post-merger remnant.

Keywords: gamma-ray burst; gravitational wave; neutron stars; magnetosphere; shock breakout

1. Introduction

On 17 August 2017, the Fermi/gamma-ray burst monitor (GBM) was triggered by a
short gamma-ray burst (SGRB)-GRB 170817A [1–3]. Independently, the gravitational-wave
(GW) event GW170817 produced by the double neutron star (NS) merger was detected
by the advanced LIGO and Virgo detectors [4,5]. The joint detection of GW170817/GRB
170817A confirms that at least some SGRBs originate from NS mergers, and herald the
multi-messenger astronomy [1–5]. It also enables better localization, which benefited the
multi-wavelength follow-up observations. The detection of the associated kilonova, AT
2017gfo, led to the discovery of the host-galaxy NGC 4993 at a distance of ∼40 Mpc, which
shed light on the physics of nucleosynthesis [1,6–11].

Joint detection can provide abundant information to study some fundamental physics.
Using the GW data alone, constraints on the NS equation of state can be obtained (e.g., [4]).
Combining with the electromagnetic (EM) observations, (1) the GW event can be treated
as a standard siren to study cosmology [12]; (2) one can also constrain the difference
between the speed of gravity and the light speed, test the violation of Lorentz invariance
and the equivalence principle [5,13]. It can also be used to study the launching mechanism,
structure, composition, and radiation mechanism of GRB jets (e.g., [3,14–23]).

Since the discovery of GW170817/GRB 170817A, many efforts have been put into
the follow-up observations of GW events to search for their EM counterparts. No new
confident joint detection is observed, except for a sub-threshold event: the sub-threshold
GRB (GBM-190816) [20,24] was found to be possibly associated with a sub-threshold NS
merger event GW190425 [25]. But in the archived Fermi/GBM data, a small sample of
GRB 170817A-like events has been found [26]. In theory, many EM signals are expected
for the NS merger. The observation and theory of SGRBs, afterglows, and kilonova were
summarized in many reviews [27–32]. However, little attention has been placed on the
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pre-merger EM radiation. As a complement, we focused on the precursor emissions of
SGRB in this review.

Precursors were initially identified as weak signals in long GRBs (e.g., [33–39]). Later
precursors of SGRBs were found in the Swift/Burst Alert Telescope (BAT) data [40]. Within
the standard fireball scenario, precursors are suggested to be associated with the transition
of the fireball from optically thick to optically thin, leading to photospheric blackbody
emissions [29,41–44]. This applies to both long and short GRBs. It is also suggested that
a precursor can be generated by the shock breakout (SBO) of a jet or a cocoon. For long
GRBs, this links to the SBO from the stellar surface [32,45–50], some research proposed
that breakout of a radiation mediated shocks train can naturally generate a band-like
spectrum [51,52]. For SGRB, this relates to the SBO from the ejecta produced during the
NS merger [32,50,53,54]. Besides, there are two more scenarios proposed only for SGRB
precursors. During the inspiral phase of the NS–NS/black hole (BH) binary, the mag-
netospheric interaction of the binary [55–63], or the crust crack of the NS [64–66] may
also generate gamma-ray emissions. As such, precursors of SGRBs may shed light on the
physical processes right before or shortly after the merger.

Moreover, the magnetospheric interaction model [62] and the SBO model [32,53,54]
predict the precursor, although fainter than the main GRB, would have a much larger
opening angle, as the radiation is generated by a mild relativistic component. In this case,
the precursor can serve as an independent EM counterpart for GWs, even though the
prompt GRB points away from the line of sight. It has been suggested that GRB 170817A
can be such a case [32,53,54]. This feature would be greatly appreciated for follow-up
observations. Thus, research on precursors is important for multi-messenger astronomy.
This review aims to summarize the current understanding of SGRB precursors and discuss
the possibility for future observations. In the next section, we review the feasible precursor
models. Observations are summarized in Section 3. In Section 4, the discussion and
prospects are presented.

2. Precursor Models

Various research studies have shown that a gamma-ray precursor event can be pro-
duced prior to the main GRB event. Here, we divide the precursor models into two
categories based on their relative time to the merger: pre-merger models and post-merger
models. More specifically, in the pre-merger phase, magnetospheric interaction in the
NS binary and the crustal failure triggered by tidal interactions could lead to precursor
emissions. While during the post-merger phase, it is suggested that the photospheric
emission from the fireball and the SBO can also result in precursors.

We summarize the luminosity, spectrum, duration, and opening angle of these pre-
cursor models below, which relate to their detectability. To make sure the precursor is
detectable at an extra-galactic distance, its luminosity should satisfy L > 4πD2S, where S is
the sensitivity of the detector, and D is the distance. Recently, researchers have searched for
SGRBs in the local Universe in the Swift catalog and found that the four closest SGRBs could
locate at D ∼ 100–200 Mpc [67]. Thus we adopt D > 100 Mpc. For sensitivity, we use the
gravitational wave high-energy electromagnetic counterpart all-sky monitor (GECAM) as
an example, which has S ≈ 2× 10−8 erg cm−2 s−1 in 8− 2000 keV [68]. The corresponding
lower limit on luminosity is then

L & 2.4× 1046 erg s−1. (1)

2.1. Pre-Merger Models
2.1.1. Magnetospheric Interactions of NS–NS/BH Binaries

It has long been suggested that the magnetospheric interactions in compact star
binaries can lead to energy dissipation (e.g., [55]). Following [62,69], three cases are
considered in this review as shown in Figure 1: case 0 with Bc < µ∗a−3, case 1 with
µ∗ ∼ −µc, and case 2 with µ∗ ∼ µc, where the subscripts (∗, c) represent the NS and its
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companion, respectively. The magnetic dipole moment is µ = BR3, where B is the surface
magnetic field and R is the radius. We consider the binary to be of a separation a, a mass
ratio q = Mc/M∗, and an orbital angular velocity Ω = [GM∗(1 + q)/a3]1/2. Within this
framework, the energy dissipation rate of the NS binary system can be well formulated.

Case 0 can be well understood within the unipolar induction directcurrent (DC) circuit
model, i.e., the weakly magnetized NS or non-magnetic BH is moving across the magnetic
field lines inside the magnetosphere of the NS. This generates an electromotive force (EMF)
E ' 2Rc|E| on the two poles of the companion, where E = v× Bc/c, v = (Ω−Ω∗)× a,
and Ω∗ is the spin of the NS. This EMF can drive currents along the magnetic field lines,
which makes a closed DC circuit. Note this DC circuit may not always be stable [56].
The resistance of the magnetosphere is R = 4π/c [70]. The luminosity can then be
estimated as [56],

LUI ≈ 1.2× 1042M∗(1 + q)µ2
∗,30(Rc/10km)2(a/30km)−7 erg/s, (2)

where the mass M∗ is in units of solar mass M�. Note that, here and below, we adopt the
approximation of Ω� Ω∗, this is appropriate, as we are considering the last few seconds
before the merger. Simulations of inspiraling NS–NS/BH binaries indicate that the main
features are well captured by this model (e.g., [58,59,61,63,71,72]).

Reconnection 
zone

EMF

Magnetic field 
compressing 
and relaxing 

zone

Case 2

Case 0

Case 1

EMF

Figure 1. We show the schematics of three typical magnetic field configurations in inspiraling NS
binaries: case 0 with Bc < µ∗a−3, case 1 with µ∗ ∼ −µc, and case 2 with µ∗ ∼ µc. The red winding
arrows represent the emitted photons.

The other cases are more complicated. During the shrinking of the orbit, the mag-
netospheres of NSs would interact with each other, dissipating the orbital kinetic energy.
The location of the interaction is around ri = a/(1 + ε1/3), where µ∗r−3

i = µc(a− ri)
−3
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and ε = µc/µ∗. If the magnetic field lines from two stars are anti-parallel with each other
(Case 1), magnetic reconnection is expected. After the reconnection, the magnetic field
lines would connect the two stars directly, leading to the formation of a DC circuit, such
as in Case 0 driven by the EMF with an electric field E ≈ aΩBcc−1. We find that the
energy dissipation rate from the DC circuit is generally larger than that in the magnetic
reconnection in the last few seconds before the merger, and it can be formulated as [62],

La,UI ≈ 3.8× 1044(Rc/10km)−3(ε5/3 + ε2)µ2
∗,30(a/30km)−2 erg/s . (3)

If the magnetic field lines are parallel with each other (Case 2), the field lines would
experience compressing at ri, and the compression location would rotate around the
main star at an angular speed Ω − Ω∗. When the compression location moves away,
the compressed field lines will relax. This alternate compression and relaxation would lead
to an electric field E ∼ µ∗r−2

i Ωc−1 and an energy dissipation rate [62],

Lp ≈ 1.8× 1043(0.19/η − 0.08)(1 + ε1/3)3(1 + ε)µ2
∗,30(a/30km)−9/2 erg/s , (4)

where ηri is the width of the compression region.
It can be found that the energy dissipation rate increases non-linearly with time.

Comparing with Equation (1), we found that it would be detectable only in the last few
milliseconds to seconds depending on the magnetic field and distance to the observer. In
general, Case 1 would have the highest energy dissipation rate, while Case 0 would have
the lowest. We noticed that, for real cases, the magnetic axis may have an inclination angle
with respect to the orbital axis, and in these cases, the energy dissipation rate would lie in
between the above scenarios. As the poloidal field is the dominant component, we ignored
the contribution of the toroidal magnetic field, which are caused by the revolution of the
binary system and are observed in many simulations (e.g., [58,59,61,63,71,72]).

The opening angle of the radiation depends on the actual magnetic configuration and
the orbital phase. In all cases, the generated acceleration electric field is not parallel to the
B field. The radiation process would then be dominated by the synchrotron radiation [62].
Based on the threshold (Equation (1)), the magnetic field should be B > 1013 G. While
in such a high magnetic field, the high-energy photon will be absorbed, leading to a
synchrotron-pair cascade. Using Monte-Carlo simulations, we find the spectral energy
distribution (SED) can be well described by a cutoff-power law, with a photon index around
−2/3 and peak energy at <MeV [62,73]. This could be understood as the synchrotron
radiation by the mildly relativistic electrons with γ . 10, as high-energy photons emitted
by higher-energy electrons will be absorbed to produce pairs. Therefore, the radiation cone
will be of half opening-angle ∼ 1/γ = O(0.1), and this radiation cone is rotating with an
angular speed at Ω−Ω∗. Note that the magnetospheric interaction can create more open
field lines than the isolated NSs, we would expect the outer gap acceleration to operate
at around ri, and so the curvature radiation may dominate after the electrons/positrons,
losing their perpendicular moment. Overall, in these cases, the radiation opening angle
will be much larger than that of jetted GRBs [62]. This can also be seen from the Poynting
flux direction from magneto-hydrodynamics simulations (e.g., [57,58]).

2.1.2. NS Crust Crack Model

During the inspiral of the NS binary, tidal interactions can distort the NS, inducing
ellipticities. Once the ellipticity becomes large enough that after the crystalline structure of
the NS crust cannot respond linearly, a crust failure may be induced [40,64]. It has been
suggested that the crust breaking strain is around 0.1 [74], which corresponds to a critical
ellipticity of εc ≈ δR/R ≈ 4× 10−6, where R + δR is the elongated NS radius. This can
be easily reached by the tidally-induced f-mode oscillation in the last seconds before the
merger [65] (see also Figure 3 of Reference [75]). Recent works show that the g-mode can
also lead to the breaking of the NS crust [66].
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If the energy is dissipated into heat, the crust can be heated up to Tc = Ecc/C ≈
27.2E1/2

cc,46 keV with C ≈ 1029Tc erg/K [76] and Ecc = Ecc,461046 erg. The corresponding
thermal luminosity from the crust surface with R∗ ≈ 106 cm is then [69],

Lcc ≈ 4πR2
∗aST4

c ∼ 4.5× 1042E2
cc,46 erg s−1, (5)

where aS is the Stefan–Boltzmann constant. This is too faint to be observed at an extra-
galactic distance.

It has also been proposed that, if the NS is highly magnetized, i.e., being a magnetar
with B� 1013 G, the crust failure may trigger a violent reconstruction of magnetic fields,
leading to a magnetar-giant-flare-like event (e.g., [40,66]). However, it should be noted
that for magnetar giant flares, the crust failure is believed to be caused by the sudden
rearrangement of magnetic field [77]. It is unclear whether a crust failure could lead to the
amplification and rearrangement of magnetar magnetic field. Nevertheless, in this case,
the luminosity may be estimated as

LFlare = Ecc/t f = 1046Ecc,46/t f erg s−1, (6)

where t f is the duration of the flare. The SED and opening angle in this case would be
similar to observed giant flares.

2.2. Post-Merger Models

Within the standard fireball model for GRBs, a photospheric blackbody precursor can
be produced when the fireball changes from optically thick regime to optically thin (see
Section 7.3.3 of Reference [29], and references therein). The luminosity is determined by the
transition radius. However, it has been found that, to fit the observation, the fireball Lorentz
factor should be ∼30, much smaller than the expected value (>100) [40,69]. Therefore, this
is unlikely to be responsible for the precursors, and we mainly focus on the SBO model for
post-merger models.

SBO Model

Both NS–NS and NS–BH mergers can launch relativistic jets. As the relativistic jet
propagates through the sub-relativistic expanding merger ejecta, a high-pressure bubble
would be generated, which engulfs the jet and affects its propagation. This will lead to
the formation of a jet-cocoon system, which is a structured relativistic outflow with a
wide-angle. A successful SGRB jet is expected to penetrate through this ejecta and produce
gamma-rays by the internal dissipation processes within the jet. It has been proposed that
when the shock driven by a mildly relativistic cocoon breaks out of the ejecta, gamma-ray
emission would also be produced [53,54]. This process differs significantly from what
occurs in ordinary SGRBs.

For a low-power and short-duration jet, it may not penetrate through the ejecta, and
the jet is choked. Both successful jet and chocked jet can drive an at least mildly relativistic
SBO from the expanding merger ejecta [53]. The SBO of the relativistic jet or the mildly
relativistic cocoon from the sub-relativistic expanding merger ejecta could release a tiny
fraction, e.g., ∼ 10−4, of the total kinetic energy of the outflow into gamma-ray.

Two key physical parameters, the final Lorentz factor of the breakout layer ΓSBO and
the radius of the SBO RSBO, determine the main properties of the observed emissions. The
SBO occurring in a sub-relativistic expanding ejecta is very different from that occurring in
a static stellar envelope. The shock velocity in the lab frame would determine the boost of
the emission to the observer, and the shock velocity in the ejecta frame would determine
the strength of the shock. The SBO from the breakout layer would have an optical depth
τ ∼ c/v′sh, where v′sh is the shock velocity seen in the ejecta frame. The shock quantities
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seen in the unshocked merger ejecta frame are marked with a prime. The mass of the
breakout layer can be estimated to be

MSBO ∼
4πR2

SBO
κβ′SBO

= 4× 10−8M�β′−1
SBO

(
RSBO

1012 cm

)2( κ

0.16 cm2 g−1

)−1
, (7)

where the opacity κ = 0.16 cm2 g−1 is expected for fully ionized heavy elements, β′SBO = v′sh/c.
If the shock is fast enough (e.g., v′sh > 0.5c), the radiation temperature behind the

shock reaches ∼50 keV at which pair production becomes important [49]. In this case,
the mean photon energy is in the γ-ray regime. The observed energy from the breakout
layer ESBO can be roughly estimated by the internal energy of the shocked breakout layer
and boosted to the observer frame as [32,50]

ESBO ∼ MSBOc2ΓSBO
(
Γ′SBO − 1

)
' 7× 1046 erg

(
RSBO

1012 cm

)2 ΓSBO
(
Γ′SBO − 1

)

β′SBO
. (8)

In the case of a spherical breakout, the difference between the light travel time of
photons emitted along the line of sight determines the duration of the breakout signal

τSBO ∼
RSBO

2cΓ2
SBO

= 0.67 s
(

RSBO

1012 cm

)(
ΓSBO

5

)−2
. (9)

The bolometric luminosity of an SBO could then be roughly estimated as [69]

LSBO ∼
ESBO

tSBO
= ζEK,isot−1

SBO. (10)

where EK,iso is the total kinetic energy of the outflow, and ζ is the fraction of the total
explosion energy emitted in γ-rays.

In the framework of the SBO scenario, three SBO parameters: the breakout radius
RSBO, the ejecta Lorentz factor γej,SBO, and the shock Lorentz factor γSBO, are related with
three main observables: the total observed isotropic equivalent energy ESBO, the duration
τSBO, and the breakout temperature TSBO. The SBO temperature TSBO is roughly the
immediate downstream temperature of the breakout layer, as observed in the observer
frame. The rest-frame temperature at the time that the photons are released is ∼50 keV,
the observed temperature of SBO can be estimated as

TSBO ∼ 50ΓSBO keV. (11)

The three breakout observed quantities, τSBO, ESBO, and TSBO, satisfy a closure rela-
tion [32,49]

τSBO ∼ 20 s
(

ESBO

1046 erg

)1/2( TSBO

50 keV

)− 9+
√

3
4

, (12)

This closure relation can be used to see if the detected γ-ray flash is consistent with
a relativistic SBO origin. It is worth noting that this relation is strongly dependent on
the breakout temperature TSBO, which is difficult to determine precisely because the SBO
spectrum could deviate from a blackbody spectrum.

There are three generic properties of a relativistic SBO from a moving ejecta: (1) the
light curve is smooth; (2) only a tiny fraction of the total energy would be emitted at the
SBO stage; (3) the spectrum shows a hard to soft evolution [49,53]. Thus for precursors
produced by SBO, the observed energies could be orders of magnitude lower, but depend
on the viewing angle of the jet. Note, interestingly, all of these properties are observed in
GRB 170817A. Therefore, a mildly relativistic cocoon shock breaking out from the merger
ejecta provides a natural explanation of the observational properties of GRB 170817A.

316



Galaxies 2021, 9, 104

3. Observational Results

Searching SGRB precursors has been performed in various space observatories, such
as INTEGRAL [78], Swift [40,79], and Fermi/GBM [69,79]. Detecting weak signals before
SGRBs will be subject to instrumental biases (the energy range and sensitivity). For example,
although Fermi/GBM covers a broad energy range (∼8 keV–40 MeV), Swift/BAT has a
higher sensitive in the 15–150 keV band. Thus Swift will be stronger to detect soft weak
precursors, consistent with observations.

In the pioneer research, precursors are searched by visual inspection in binned light
curves with a certain fixed bin width (e.g., [33]). Later, wavelet analysis is introduced to an-
alyze such binned light curves [34,40]. Recently, the Bayesian block algorithm [80] has been
widely applied in both the binned light curve and the time-tagged event data [69,79,81].
Yet in the Bayesian block algorithm, the false alarm probability is adopted; thus, additional
analysis is required to obtain the significance of the precursor [69,79]. By applying these
methods, precursors are found in both long GRBs and SGRBs, and the detection rate of
precursor is higher in long GRBs (e.g., [35,81]).

For SGRBs, the fraction of precursor events is less than 0.4% for INTEGRAL [78], and is
∼8–10% for Swift/BAT [40]. For the combined Swift and Fermi/GBM sample, the fraction
is found to be 2.7% [79]. Applying the Bayesian block algorithm in the Fermi/GBM sample
alone, we found a fraction of 3.0% SGRBs are associated with precursor activities [69], while
only a fraction of 1.2% is found in Reference [81]. The major difference in the detection
fraction may arise from the selection criteria for the precursors. The precursor events
provided in Reference [69] are found of the signal-to-noise ratio (SNR) & 4.5σ, where the
SNR is obtained in the optimized energy range for the precursor. Thus, we adopt this
precursor sample for Fermi/GBM in the following analysis. In Table 1, we list the SGRBs
with precursors detected by Fermi/GBM [69] and/or Swift/BAT [40,79], where we show
the duration of the precursor (τpre), waiting time (τwt), and the main SGRB (τGRB). For the
Fermi/GBM sample [69], the duration is provided following the common definition of T90,
during which 90% of the total counts have been detected. However, for the Swift/BAT
sample, the duration is directly provided by the wavelet analysis or Bayesian block analysis
following References [40,79].

Precursors of SGRBs are usually too faint to perform spectral analysis. Therefore,
the hardness ratio is often used to indicate the spectral properties [35,40,69,79]. Previous
research found that there is no significant spectral difference between the precursors and the
main GRBs for Swift/BAT events [35,40], while for Fermi/GBM events, a slight difference is
found [79]. There could be two possibilities for precursor events having similar spectra to
the main GRBs. On the observational side, this might be caused by the narrow bandpass of
Swift/BAT and the lack of photon counts [40]. On the theoretical side, there is a possibility
that the precursor and the main GRB are mimicked by two episodes of activities produced
by collapsars with only the “tip-of-the-iceberg” of the light curve being observed, which
makes them have similar spectral shapes [36,82–85]. However, the latter possibility is
disfavored by the f -factor analysis [85] for most of the events in Table 1; thus, we focus
here on the scenario that precursors have different origins from the main GRBs.

For the Fermi/GBM events, there are several events that have enough photon counts to
do spectral analyses as shown in Table 1 of Reference [69]. The precursors of GRB111117A
and GRB160804180 are found to be in favor of non-thermal spectra and can be well
explained by the magnetospheric interaction model; the precursors of GRB081216 and
GRB141102A favor thermal spectra and can be explained by the SBO model [69]. For the
magnetospheric interaction model, the precursor duration relates to the chirp signal time
of GW radiation. For the SBO model, this relates to the radius and Lorentz factor of the
shock. Note that for GRB090510, there are two precursors, and the second one may be
described by the thermal SBO model [69], while the first one could then originate from
magnetospheric interactions.

The GRB duration is usually described as τGRB ≈ RGRB(1 + z)/(2Γ2c), where RGRB
is the jet dissipation radius, Γ is the bulk Lorentz factor at RGRB, and z is the redshift of
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the source. For the magnetospheric interaction model, the waiting time consists of the
jet launch time (∆tjet) and the jet propagation time (∆tGRB ∼ τGRB). For the SBO model,
the waiting time relates to the jet propagation from the SBO radius to the jet dissipation
radius, i.e., τwt = (RGRB − RSBO)(1 + z)/(2Γ2c). For the cases with ∆tjet � τGRB and
RSBO � RGRB, we would expect τwt ∼ τGRB. Yet there is an exception case for magneto-
spheric interaction model, in which the NS merger remnant is a stable NS (SNS) formed
after the spin-down of the initially-formed uniform-rotation-supported supramassive NS
with ∆tjet > τGRB [19,86]. Note that for the SBO model, one can constrain the ratio of the
radii RSBO/RGRB ≈ 1− τwt/τGRB from observations.

Previous results based on Fermi/GBM events have indicated that τwt ∼ τGRB can be
generally satisfied [69]; here, in Figure 2, we show the updated τwt − τGRB diagram, which
includes both Fermi/GBM and Swift/BAT events. The fitting of the data (red line) shows
that τwt ≈ 1.9τGRB, largely consistent with theories and previous results [69]. However,
note here that the fitting errors are not provided, as the errors of the data points are not
available for the Swift events [40,79]. However, there are two outliers, GRB090510 (the first
precursor event) and GRB191221802, with τwt � τGRB. This might suggest that SNSs are
formed in these two events.

Table 1. The durations of the precursor (τpre), waiting time (τwt), and the main SGRB (τGRB) are taken
from [69] for Fermi/GBM detected bursts, and from [40,79] for Swift detected bursts (marked with
‘+’). a For the events only detected by Fermi/GBM, their names are provided following the Fermi
GBM Burst Catalog. The redshift is 0.287 for GRB060502B, and GRB090510 for 0.903.

Name a τpre (s) τwt (s) τGRB (s)

GRB060502B +,a 0.09 0.32 0.24

GRB071112B + 0.01 0.59 0.27

GRB080702A + 0.31 0.13 0.64

GRB100213A + 0.44 0.68 1.04

GRB081024A + 0.06 0.91 0.94

GRB081216 0.15+0.05
−0.03 0.53+0.04

−0.05 0.24+0.02
−0.02

GRB090510 +,a 0.4 12.9 -

GRB090510 a 0.05+0.07
−0.03 0.52+0.04

−0.08 0.30+0.01
−0.01

GRB100223110 0.02+0.03
−0.01 0.08+0.02

−0.03 0.12+0.01
−0.01

GRB100827455 0.11+0.05
−0.04 0.34+0.06

−0.06 0.09+0.02
−0.01

GRB101208498 0.17+0.12
−0.08 1.17+0.10

−0.14 1.03+0.03
−0.04

GRB111117A 0.18+0.05
−0.03 0.22+0.03

−0.06 0.09+0.01
−0.01

GRB140209A 0.61+0.08
−0.08 1.10+0.08

−0.08 1.03+0.04
−0.06

GRB141102A 0.06+0.10
−0.06 1.26+0.11

−0.15 0.48+0.04
−0.04

GRB150604434 0.17+0.25
−0.01 0.64+0.02

−0.29 0.21+0.03
−0.02

GRB150922A 0.05+0.01
−0.01 0.03+0.01

−0.01 0.08+0.01
−0.01

GRB160804180 0.16+0.02
−0.02 0.17+0.02

−0.02 0.26+0.02
−0.02

GRB170709334 0.46+0.01
−0.27 0.17+0.30

−0.07 0.15+0.07
−0.04

GRB170802638 0.15+0.17
−0.11 1.85+0.14

−0.21 0.33+0.04
−0.04

GRB180511437 2.80+1.38
−1.69 12.72+1.80

−1.57 3.33+0.18
−0.24

GRB181126A 0.72+0.18
−0.27 0.85+0.40

−0.29 0.46+0.11
−0.13

GRB191221802 0.03+0.59
−0.03 19.36+1.24

−3.19 0.37+0.26
−0.13
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Figure 2. The waiting time and GRB duration are taken from [69] for Fermi detected bursts,
and from [40,79] for Swift detected bursts. The black is the τwt = τGRB line, and the red line is
the fitting of the data.

4. Discussion and Prospects

Precursors have been detected for a small fraction of SGRBs. Here, we briefly review
the models for precursors, mainly focusing on the magnetospheric interaction model
and the SBO model, while the crust crack model and the fireball photospheric radiation
model are found to be less likely based on current observations [69]. We focused on the
explanation of the major physical processes in these models. To directly compare with
observations, we estimated the luminosity, spectrum, duration, and opening angle for
these models.

For the magnetospheric interaction model, the precursor will be produced simultane-
ously with GWs. A cutoff-power-law spectrum is expected with a photon index ∼−2/3
and a cutoff at MeV. Moreover, fast radio bursts (FRBs) are suggested to be produced
during the magnetospheric interaction (e.g., [60,63]). It should be noted that for NS–BH
binaries with mass ratio <0.2, the NS would be swallowed by the BH without producing a
GRB and, thus, only the precursor is available.

While for the SBO model, the precursor is produced after the merger, but before the
main GRB. Although GRB 170817A was classified as an SGRB, with a duration≈0.5 s, it was
fainter than the faintest SGRB previously detected by roughly three orders of magnitude,
with the isotropic equivalent energy of Eγ,iso = 3× 1046 erg. The delay time between the
GW signal and the γ-rays, τGW,γ = 1.7 s. The peak energy of the observed integrated
spectrum is Ep = 185± 62 eV [2,3]. The breakout layer parameter that could produce
the observables of GRB 170817A are RSBO ≈ 6× 1011 cm and ΓSBO ≈ 4. SBO emissions
from the jet-cocoon system seems to provide a natural explanation for this observed event
because of the low radiation efficiency and the wide emission angle. However, the event
rate for cocoon-SBO-induced GRBs should be very small, considering that most GRBs are
observed at cosmological distances [87].

Compared with the main GRBs, we found that precursors are usually much weaker,
but with a larger opening angle. Thus, for the NS mergers that occurred within several
hundred Mpc, the detection of precursors is very likely. This will greatly benefit the search
for gamma-ray counterparts of GW events and FRBs, which can be well tested by the cur-
rent and near-future observatories, e.g., Fermi/GBM and Swift/BAT, GECAM [68], and the
space-based multi-band astronomical variable objects monitor (SVOM) [88]. Furthermore,
the time delay between precursors and GRBs or GW can be used to constrain the jet launch
mechanism and post-merger remnant [19,69]. For the magnetospheric interaction model,
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photon splitting could be important, and it might significantly change the polarization state
of emitted photons [89,90]. This can also be tested by the future gamma-ray polarimeter
detector POLAR-2 [91].
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Abstract: We review the current scenario of long-duration Gamma-ray burst (LGRB) progenitors,
and in addition, present models of massive stars for a mass range of 10–150 M� with ∆M = 10 M�
and rotation rate v/vcrit = 0 to 0.6 with a velocity resolution ∆v/vcrit = 0.1. We further discuss
possible metallicity and rotation rate distribution from our models that might be preferable for the
creation of successful LGRB candidates given the observed LGRB rates and their metallicity evolution.
In the current understanding, LGRBs are associated with Type-Ic supernovae (SNe). To establish
LGRB-SN correlation, we discuss three observational paths: (i) space-time coincidence, (ii) evidence
from photometric light curves of LGRB afterglows and SN Type-Ic, (iii) spectroscopic study of both
LGRB afterglow and SN. Superluminous SNe are also believed to have the same origin as LGRBs.
Therefore, we discuss constraints on the progenitor parameters that can possibly dissociate these two
events from a theoretical perspective. We further discuss the scenario of single star versus binary
star as a more probable pathway to create LGRBs. Given the limited parameter space in the mass,
mass ratio and separation between the two components in a binary, binary channel is less likely to
create LGRBs to match the observed LGRB rate. Despite effectively-single massive stars are fewer in
number compared to interacting binaries, their chemically homogeneous evolution (CHE) might be
the major channel for LGRB production.

Keywords: Gamma-ray bursts; massive stars; supernova; spectroscopy; binary stars; metallicity;
rotation rate

1. Introduction

Gamma-ray bursts (GRBs) are intense flashes of high energy electromagnetic radiation
of ∼a few 100 keV with a very brief duration of 1 s to a few minutes reaching Earth
isotropically from unpredictable directions. GRBs are observationally classified in two
groups: short-duration hard (∼1 s, 350 keV) and long-duration soft (∼a few 10 s of seconds
to ∼1 min, ∼200 keV). These two classes are assumed to have different physical origins. In
general, a small amount of matter is required to be accelerated to ultra-relativistic speeds
and beamed at a small solid angle to produce GRBs. After their discovery in 1973 [1],
understanding the origin of GRBs has been of utmost importance to comprehend the
cosmic evolution of the early universe. Given the association of GRBs with the death of
massive stars and them being observable in high redshift, in principle as high as z ∼ 20 [2],
GRBs are often considered to probe the star formation histories over cosmic time [3].

Massive stars (&10 M�) enter the Wolf-Rayet (WR) phase towards the end of or after
the main-sequence [4]. Depending on the spectroscopic identification of heavy elements,
such as helium, nitrogen, carbon, oxygen [4,5], and their excitation states, WR stars are
primarily classified in three categories: WN, WC, and WO (see Table 4 of [5]). Theoretically,
WN and WC stars are believed to be progenitors of Type Ib and Ic core-collapse supernovae
(SNe), respectively, given their pre-SN He-/CO- core masses and the absence of surface
H and H/He [6]. However, there is no direct evidence that suggests single WR stars as
Type Ib/Ic SNe progenitors. Given the WR lifetimes of a few 105 years, one would need to
observe ∼104 single WR stars to draw a firm connection between them and core-collapse
SNe (CCSNe), in a timescale of a few 10s of years. This considerably high number means
these are not field stars; rather they are in clusters. Given that more than 70% of massive
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stars are in binaries, the lower mass interacting binaries might be alternative progenitors of
SN Type Ib/Ic [7].

Energetically, long-duration GRB (LGRB) and CCSNe both fall under the same cat-
egory. In many long-duration GRBs (LGRB), the beaming-corrected total Gamma-ray
energy is estimated to be ∼1051 erg. In addition, the total kinetic energy of the core collapse
SN is ∼1051 erg, comparable to that of GRB jets. This naturally makes one consider the
possibility of finding the connection between these two extreme phenomena. To confirm
this hypothesis, there are three primary approaches available. Firstly, one can find the
causal connection—whether both SN and GRB are coincident in space and time. Secondly,
one can study photometry to obtain any overlap in the SN and GRB afterglow light curves.
Finally, one can study spectroscopy to establish the SN-GRB connection.

Another class of SNe, Type I superluminous supernovae (henceforth SLSNe), is also
believed to have a similar origin as LGRBs. SLSNe are characterized by luminosities
10–100 times larger than “typical” SNe [8–10], and their 56Ni mass of ∼20–30 M� is much
higher compared to 1 M� for “typical” SNe ([11] and references therein). Their spectra
show the absence of H and He, same as Type-Ic SN, and they are bare carbon and oxygen
cores [12]. This indicates that SLSNe progenitors have gone through intense mass-loss
and/or mixing of chemical elements that made their envelopes depleted of H and He.
However, the nature of SLSNe progenitors is yet unknown. Although the most commonly
believed theory for their progenitors, based on the observed properties of SLSNe, is the
magnetar model—where the newly formed millisecond magnetar, i.e., rapidly rotating,
highly magnetized neutron stars (NS), deposits continuous energy to the SN ejecta. LGRBs,
on the other hand, are formed in the framework of collapsar model [13]—where the rapidly
rotating stellar core of a massive star collapses into a black hole (BH). Determining the final
fate of a massive star that forms a NS or a BH is a complex and poorly understood astro-
physical problem. Several recent theoretical models invoke a few diagnostic parameters of
the progenitors at the pre-SN or pre-collapse phase that determine the final fates [14–17].
For example, one such diagnostic parameter is the “so-called” core compactness parameter,
ξM [14]. We discuss these criteria later in this paper.

This paper aims to review the possible progenitors of LGRBs, find the connection
between CCSNe and GRB, and dissociate progenitors of LGRB and SLSN based on several
theoretical constraints on the pre-SN cores. Finally, we present a set of models of massive
stars for varying mass, rotation rate and metallicity to narrow down a range of values
that are favoured by the observed LGRB rate and its metallicity evolution. This paper is
organized as follows: in Section 2, we discuss the existing observations that associate SNe
with LGRBs; in Section 3, we present the leading models for the progenitors of SLSNe
and LGRBs; in Section 4, we illustrate whether single or binary stars are more suitable
candidates for LGRB progenitors; in Section 5, we describe the properties of WR stars that
are required to form LGRB progenitors, and in Section 6, we summarise the salient points
of this review article and pose the open questions that will be the focus of research for
LGRB astrophysics in the coming years.

2. SN-GRB Connection

Space-time coincidence: Despite the striking similarity in kinetic energy of SNe and
Gamma-ray in GRBs, astronomers did not consider any relation between them [18,19] for
decades, only because it was difficult to find out the exact location and thus luminosity of
GRBs until the late 1990s. After the confirmation of cosmological length scales and the local-
ization of long-wavelength counterparts, it became more evident that GRBs are associated
with young star-forming regions of distant galaxies [20,21], rather than being part of the
old galaxies as was previously hypothesized by merger theories ([6] and references therein).
The strong connection of SN-GRB was first established after the discovery of GRB980425
in conjunction with the most unusually bright SN 1998bw [22], both SN and GRB were
coincident in space and time. Another SN 2003dh was also found to be correlated with
GRB 030329. Unfortunately, it is difficult to associate each GRB with active star-forming
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regions in high-redshiftgiven the current instrumental limitations of not resolving .100 pc
at ∼100 Mpc, although the statistical studies reveal a strong correlation between GRBs and
blue active star-forming regions of galaxies ([6] and references therein).

Evidence from photometric light curves: Observation of GRB 980326 [23] at redshift unity
showed red-emission bump in the optical afterglow [24,25]. This bump in optical was
hypothesized to be caused by a consecutive SN followed by the GRB event. The data of
red-emission were also consistent with dust re-radiation [26] from the surrounding material
of GRB980326, which again supports the hypothesis of a consecutive SN event. Also, a
reanalysis of the GRB970228 afterglow showed the signature of “bump” rising at a similar
time as GRB 980326 [27–29]. It was difficult to confirm the absolute magnitude of the peak
and the type of SN without the spectroscopic redshift of GRB and multi-band photometry
of the bump. Future multi-epoch ground- and space- based observations of several GRBs
confirmed that the red-emission bump is indeed associated with SNe [30,31] followed by a
GRB event.

The brightness of the GRB 980326 “bump” matched with typical Type Ic supernova SN
1998bw. Most of the long-soft GRBs are accompanied by Type Ic SNe [6]. Studies of these
SNe show high velocity ejecta causing broad emission lines, and therefore these SNe are
classified as “Type Ic-BL” 1. However, there are a few exceptions. For example, GRB 060614
is a LGRB with a duration of 102 s, but it has no SN counterpart [32–34]. Instead, the re-
analysis of its optical afterglow was identified as “so-called” kilonova emission associated
with the compact object merger origin [35,36]. Despite the few exceptions, in most cases,
LGRBs are found to be associated with Type Ic-BL SNe. Nonetheless, even though most
LGRBs are associated with Type Ic SNe, not all Type Ic SNe are correlated with LGRBs. The
reason for different stars to follow different paths is rotation, mass, and metallicity. GRBs
are produced by rapidly rotating massive stars that end up with sufficiently rotating pre-SN
cores that can create an accretion disk while collapsing into BHs. To retain enough rotation
until the pre-SN phase, these stars must not have strong mass loss, and that can easily be
achieved at low-metallicity environments. Therefore, metal-poor stars are favoured for the
creation of LGRBs. On the other hand, ∼66% core-collapse SNe originate from massive
stars irrespective of their rotation rates and therefore can happen at both low and high
metallicity [6].

Spectroscopy: GRB host galaxies have higher star-formation rate ∼a few 10 s of M� yr−1,
larger than typical field galaxies, as determined by sub-mm observations [37] and by
[Ne III] to [OII] line ratio [38]. At high redshift (z), GRBs track the global star-formation
rate [39–41]. The observations of GRBs on a large scale (high-z) confirms predictions
of star-formation on small scales. Hence, GRBs, in general, are considered to be good
tracers of active star-forming regions. Moreover, the absorption-line spectroscopies give
the metallicity estimates of the GRB host galaxies, or in general, the regions through which
GRB afterglows are viewed.

Even though there were several GRBs observed whose “bumps” showed characteris-
tics of Type Ic SN, the solid SN-GRB connection was made after the discovery of the low
redshift, z ∼0.169, GRB 030329 [42] and the accompanied SN 2003dh. Detailed spectroscopy
of this GRB afterglow [43,44] showed the deviation from a pure power-law and also a
broad SN spectral feature. SN 2003dh spectroscopy was studied in detail as the afterglow
faded, and it showed striking similarity with SN 1998bw. Broad spectral lines indicating
high velocities ∼25,000 km s−1 were observed along with the absence of hydrogen, helium
and Si II 6355 absorption lines confirming this SN as Type Ic-BL. There were a few other
spectroscopic SN-GRB association: for example, at redshift z = 0.1055 GRB 031203 [45]
accompanied with SN 2003lw [46], SN associated with GRB021211 at z = 1.006 [47], SN
with Swift burst GRB050525a [48].
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3. Models for LGRB and SLSNe

Several observations and theoretical predictions lead to similar origins for both LGRB
and SLSNe, given the similarities in their environments, spectra, and energetics [11]. For
LGRB, one needs a central engine that can drive a collimated relativistic jet that produces
beamed emission [49–51] of energetic γ-rays. The jet typically has a power of ∼1050 erg s−1

within a narrow opening angle of 0.1 radian. Therefore, models should provide &1052 ergs
of energy in a wider angle of ∼1 radian for LGRB to be accompanied with SN like SN
1998bw and SN 2003dh [52] along with the jet emission. This energy is &10 times the
“typical” SN energy. The jet head generally travels at subrelativistic speed with power
∼3 × 1048 erg s−1 inside the star, and it takes 8–25 s to reach the surface with power
∼3× 1050 erg s−1 [53]. If the jet is interrupted (there are several interruption scenarios,
for example, [54]) or its direction changes in that timespan, then the flow will remain
subrelativistic, and therefore will not make a LGRB. Hence, theoretical models suitable for
LGRB production need to provide &1050 erg s−1 of relativistic, beamed power for &10 s.
Considering these constraints, the most acceptable model for LGRB production is the
“collapsar” model [13]2, where a rapidly rotating stellar core collapses to a BH. The suitable
progenitor for LGRB is the metal-poor, rapidly rotating either single massive star [6,57]
that undergoes quasi chemically homogeneous evolution due to rotational mixing, or, a
massive star in a closely interacting binary [58,59].

SLSNe progenitors are also not yet understood completely, there are several lead-
ing theories: (i) continuous energy injection to the SN ejecta by the spin-down of the
newly-formed central millisecond magnetar [60–62], (ii) accretion of surrounding ejecta
onto the central compact object [63], (iii) SN ejecta-circumstellar medium interaction [64],
(iv) radioactive decay of large amount of 56Ni (20–30 M�) produced by pair-instability
explosion in very massive stars [12]. Amongst them, the widely accepted theory for SLSNe
is the “magnetar” model (for details, see [11] and references therein). In the spirit of the
magnetar model, a large number of SLSNe light curves have been analyzed to obtain
the distribution of ejecta mass, magnetar spin period and the strength of the magnetic
field to reproduce the observables [62,65–67]. The ejecta masses of SLSNe are estimated
to be 3.6–40 M� that is significantly different from Type Ib/Ic ejecta masses, i.e., strictly
>10 M� [11]. Estimated magnetar spin period and magnetic fields are 1 to 8 ms and 0.3 to
10× 1014 G, respectively [11]. Ref. [11] found that even the SLSNe progenitors are rapidly
rotating, metal-poor massive stars.

Therefore, it is difficult to theoretically predict which stars will explode as SLSNe with
NS remnant and which ones will collapse as BH. There are five commonly used parameters
to determine a star’s explodability criteria. Stellar core compactness is one such parameter,
as mentioned in Section 1, is defined as,

ξM =
M/M�

R(Mbaryon = M)/1000 km
, (1)

where R(Mbaryon = M) is the radius where the progenitor’s core baryon mass Mbaryon = M.
ξM is the collapse indicator in non-rotating star. [15] found that ξM is well determined
at the Lagrangian mass coordinate of 2.5 M� at the core collapse, where the infall ve-
locity in the core reaches 1000 km/s. Thus ξM is typically denoted as ξ2.5. Stellar cores
with ξ2.5 . 3.0–4.5 explode as SLSNe (neutrino winds being the cause of the explosion)
leaving behind NS and higher values o f ξ2.5 produce BHs [11,16,68]. The other four param-
eters [11,68] are:

M4 = m(s = 4)/M� , (2)

m is the Lagrangian mass at specific entropy (in the units of kB) s = 4;

µ4 =
dm/M�

dr/1000 km

∣∣∣∣
s=4

, (3)
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where dm is calculated at M4, in practice, it is set as dm = 0.3 M�, and dr is the change in
radius between M4 and M4 + dm; the dynamo-generated magnetic field strength averaged
within the innermost 1.5 M�,

〈Bφ〉 =
∫ 1.5 M�

0 Bφ(m)dm
∫ 1.5 M�

0 dm
; (4)

the mass averaged specific angular momentum within the innermost mass M,

j̄M =

∫M
0 jMdm
∫M

0 dm
. (5)

Typical values of 〈Bφ〉 are ∼1014–1015 G for NS and an order of magnitude higher
for collapsars [11]. The average specific angular momentum are j̄1.5 M� ∼1015 (within the
innermost 1.5 M�) and j̄5 M� ∼1016 cm2 s−1 (within the innermost 5 M�) for NS and BH
progenitors, respectively [11].

4. Single Stars versus Binary Stars as LGRB Progenitors

Having discussed the connection between LGRB and Type Ic BL SNe, and the physical
models that differentiate the formation of SLSNe and LGRBs, in this section, we discuss
scenarios where a single and/or a binary system is a likely progenitor of LGRB. For the
LGRB association with Type-Ic SN, the star needs to lose the hydrogen and helium en-
velopes3 and have a large production of 56Ni. The mass loss of a massive star is dependent
on its mass, metallicity and rotation rate. The higher the rotation rate, the larger the mass
loss [4,5,69]. With mass loss, the angular momentum transported from the core to the
surface eventually gets lost to the interstellar medium. This loss in angular momentum
reduces the massive star’s rotation rate. Although the star will still have to be sufficiently
rotating even after the mass loss to produce the accretion disk around the central BH, which
is required for the GRB production. Therefore, the right combination of metallicity and
rotation rate needs to be satisfied to create LGRB progenitors. For a detailed discussion of
the effect of both rotation rate and metallicity, see Section 5.

Single stars: Both single and binary channels are possible for LGRB production. For
counting as a single star, it might be born “single” or can be a part of a wide binary with
no/minimal interaction between the binary components. In the non-rotating massive
stars, heavier elements produced by nucleosynthesis in the core are quasi- chemically
homogeneously mixed within the inner convective regions. There are outer layers of
lighter elements with gradual decline in atomic masses in the radiative outer zones. In
most non-rotating stars, the surface abundance does not evolve much from its initial
abundance during the MS [4]. In rotating stars, chemical mixing due to several rotational
instabilities (see Section 5 for details) dredges up the elements from the inner convective
core to the surface, crossing the radiative barrier. Therefore, a rapidly rotating massive
star can be quasi- chemically homogeneously mixed [4–6,57,70] without a clear chemical
boundary between the inner convective core and the radiative envelope. The chemically
homogeneous evolution (CHE) supplies hydrogen to the core for a longer time producing a
larger He-rich core compared to the non-rotating star, leaving little or no hydrogen [57,71].
Therefore, rotating stars form relatively massive cores from modest initial masses [57].
Chemically homogeneous massive stars are observed in the Milky Way [71], even though
smaller in number compared to the Magellanic clouds [72]. The major problem with CHE
is that these stars lose their angular momentum while shedding off the outer H- and He-
layers via line-driven wind mass loss. This channel helps to create Type Ic SNe at the
expense of reduced rotation rate that might make it difficult to produce a rotating BH at the
centre. Rapid rotators with v/vcrit & 0.4 might satisfy the criteria for both Type-Ic SN and
centrally rotating BHs that can produce an accretion disk around it. Thus, we conclude that
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a sufficiently rotating massive single star can be a legitimate channel for the production of
LGRB progenitor.

Binary stars: Binary channel is important for both short and long GRBs [71]. Binary stars
are abundant both at solar and subsolar metallicities. For example, ∼60–80% MS stars in
our Milky Way are in binaries [73–77]. Given the bias towards metal-poor environments
for the production of GRBs, it is of particular interest to study the Large Magellanic Cloud
(LMC) stellar populations. Observations of compact star-clusters NGC 1818, NGC 1805,
NGC 1831 and NGC 1868 in the LMC show that almost 55–100% stars are in binaries [71].
Given the majority of the massive stars residing in binaries, it is worth investigating the
physical mechanisms for gaining or retaining angular momentum in binary systems.

Similar to single stars, binary routes also transfer angular momentum to the stellar
core during the MS. The star can be spun up via mass transfer from the companion star, or
it can also be spun down if the star itself loses mass. It is observed that an older star in the
binary gets rejuvenated by the mass transfer from its much younger companion [78,79]. In
the context of the binary mass transfer, if the more massive companion loses mass, then
it again becomes challenging to produce a sufficiently rotating central BH, similar to the
issues faced by single stars. If the mass ratio of the primary and secondary is significantly
high, then the massive component (secondary) transfers mass on to the less massive one
while on the MS and core He burning phase, and in this scenario, a further little amount
of mass transfer from the secondary (after its core He exhaustion) to the CO core of the
primary makes the less massive primary companion to spin up and explode energetically
to eject the common envelope [71,80].

An alternative channel to obtain the necessary angular momentum is the merger of
two companions in a binary. The proposed mechanisms for this channel are either the
merger of two He cores or a NS/BH with a He core. The latter channel is thought to be
the possible cause of the Christmas-day burst, GRB 101225A [81]. In a merger event, the
orbital angular momentum of the two components of the binary is combined in a single
merged object. In the case of He core-He core merging, there is a little time lapse between
the merging event and SN. In the other scenario of BH-He core merger, BH, in principle,
can immediately produce the LGRB via mass accretion from the He-core [71].

Although there are several channels to produce LGRBs via binary evolution, it is
yet not certain if they can produce LGRBs at the necessary rate to match the observed
LGRB populations. In each of these binary channels, obtaining the required angular
momentum is a major issue, and there is a limited parameter space in initial mass, mass
ratio and separation between the two components that can produce the necessary angular
momentum (as discussed above) in order to create LGRBs, and therefore, each of these
routes contributes to only moderate LGRB-production rates. Hence, even though the
majority of the massive stars are in binaries, the binary route of LGRB production is less
favoured compared to CHE of single stars to match the observed LGRB production rate,
especially at sub-solar metallicity [71].

5. Properties of WR Stars Required for LGRB Candidates

Following the discussion in Sections 2 and 3, it is clear that we need sufficiently rotating
massive stars for simultaneous production of LGRBs and Type-Ic SNe. The star should
rotate at a speed that helps the stellar core retain enough angular momentum to create an
accretion disk when collapsing into a BH, and also produce H- and He- depleted SN. Wind
mass loss plays a vital role in determining the end phase angular momentum. Metallicity,
being the significant determinant of wind mass loss, along with rotation, decides the final
fate of a massive star. Therefore, in this section, we discuss the importance of rotation and
metallicity in evolving a massive star into a WN star that eventually might become WC
star later in its evolution. The eventual transition to the WC phase is essential because
WC stars are believed to be the progenitors of Type-Ic SNe [7,82] from the theoretical
perspective. In this section, we do not directly study the properties of LGRB progenitors
and their dependence on mass, rotation rate, and metallicity. We rather follow an indirect
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approach—we study the mass, rotation rate, and metallicity dependence of massive stars
that evolve into WN, and subsequently to WC stars which are SN Type-Ic progenitors. We
follow this indirect method because Type-Ic SNe are proxies for LGRB association given
their observed correlation.

Rotation rate: In this section, we investigate the minimum rotation rate required for an O
star to evolve into WN phase. To do that, we study the evolution of surface helium and
nitrogen mass fractions for varying mass, metallicity and rotation rate because a certain
surface enhancement in He and N makes the transition from O to WN stars. Requirements
of He- and N- surface enrichments that determine the WN Late-type (L) phase is given
in Table 1.

Table 1. Taken from [5]. Criteria to classify stars as O, WNL, WNE, WC, and WO based on the surface enhancement of
various elements and core burning status. Surface state and core state refer to conditions at the stellar surface and the centre
of the star, respectively; XQ is the mass fraction of element Q. See [5] for detail.

Classification Surface State Central State

O stars XHe < 0.4 XH > 10−4

WNL XHe = 0.4–0.9 XC/XN < 10 -
WNE XHe > 0.9 XC/XN < 10 -
WC 0.1 < XC < 0.6 XO < 0.1 XC/XN > 10 XH < 10−4 XHe > 0.1
WO XC > 0.1 XO > 0.1 (XC + XO)/XHe > 1 XH < 10−4 XHe < 0.1

Figure 1 shows the surface He mass fraction contours as a function of time and v/vcrit
for a range of mass and metallicity. We notice that all masses show WNL features with
surface 4He mass fraction &40% quite early on the MS, t . 0.5× tMS, if they are moderately
or rapidly rotating with v/vcrit & 0.4 irrespective of metallicity. This value of v/vcrit is also
supported by the theory of massive star formation [83]. Therefore, we use v/vcrit = 0.4 as
our fiducial case. At solar metallicity, stars show surface enhancement of He when they
have lost .50% of their initial masses on the MS irrespective of rotation rate. However, at
low metallicities, [Fe/H] . −1.0, we see the surface He enrichment only for v/vcrit & 0.4.
In these metal-poor moderately or rapidly rotating stars, the rotational mixing of chemical
elements dredges up the heavy nucleosynthetic by-products from the core to the surface,
even though weak mass loss does not strip off much of their outer layers.

We show the evolution of surface nitrogen mass fraction in Figure 2, similar to Figure 1.
The surface N enrichment is consistent with the values inferred for WNL stars. For metal
rich stars with [Fe/H] = 0.0, the surface enrichment is ∼17 times the initial N abundance
(6.73× 10−3). This results in surface N mass fraction of 0.011, a factor of 2 less than that is
observed in WNL stars in Arches cluster [84]. For metal-poor stars, the surface enrichment
is a factor to 28–30 compared to their initial abundances of 6.97× 10−4, and 7.024× 10−5

for [Fe/H] = −1.0 and −2.0, respectively.
Metallicity: Having discussed the required rotation rate that is favourable for WN and
eventual WC production, in this section, we discuss the metallicity range that might
be optimum for the production of Type-Ic SN. To study this, we run our models for a
mass grid of 10 M� to 150 M� with a mass resolution ∆M = 5 M� until the end of core
12C exhaustion (tC) for our fiducial rotation rate, v/vcrit = 0.4, for three metallicities,
[Fe/H] = 0, −1.0, −2.0, similar to Figure 1 of [5]. We use the 1-D stellar evolution code
MESA [85–87] Isochrone Stellar Tracks-II (MIST-II [4,5], Dotter et al., 2021, in prep.). For
details of mass-grid and the simulation setup, see [4,5].
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Figure 1. 4He surface mass fraction, as denoted by the colorbar, as a function of time and rota-
tion rate, v/vcrit for three metallicities, [Fe/H] = 0.0 (leftmost panels), −1.0 (middle panels), and
−2.0 (rightmost panels), and for three masses, 80 M� (top panels), 100 M� (middle panels), 150 M�
(bottom panels). We normalize the time by the main-sequence (MS) lifetime, tMS. The orange dotted
lines show the points where 20% and 50% of the initial mass are lost. For details, see the discussion
of Figure 1 of [4].

Figure 2. Same as Figure 1, except for the N color contour denoting the 14N mass-fraction compared to
the initial 14N (14Nini) abundance. 14Nini are 6.73× 10−3, 6.97× 10−4, and 7.024× 10−5, respectively,
for [Fe/H] = 0.0, −1.0, −2.0, respectively. For details, see the discussion of Figure 2 of [4].
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Definitions of massive star classifications, such as O, WNL, WN Early-type (E), WC,
WO, based on surface elemental mass fraction and central burning state, are given in Table 1.
For a detailed discussion of our classifications, see [5]. Here, we briefly summarize them:

• O stars. Stars that are core H burning with mass fraction XH, core > 10−4. Nucle-
osynthetic products do not yet contaminate surfaces of these stars, and therefore, the
surface He mass fraction is low, XHe, surf < 0.4.

• WNL and WNE stars. Stars whose surfaces are enriched with He and N due to
the mixing of chemical elements driven by various rotational instabilities, and loss
of outer envelopes by line-driven wind mass-loss during and after the MS. WNL
and WNE stars are defined based on surface abundances of He, N, and C, such as
XHe, surf = 0.4− 0.9 & XC, surf/XN, surf < 10 and XHe, surf > 0.9 & XC, surf/XN, surf < 10
for WNL and WNE, respectively.

• WC and WO stars. Massive stars for which surfaces are contaminated by significant
amount of C, later in their evolutions during the late core He burning phase, due to
both rotational dredge-up and loss of outer envelopes. These stars might eventually
evolve into WO stars given their surfaces have significant amount of O as well.
Requirements for surface elemental abundances for the classification of WC and WO
are 0.1 < XC, surf < 0.6 & XO, surf < 0.1 & XC, surf/XN, surf > 10, and XC, surf > 0.1 &
XO, surf > 0.1 & (XC, surf + XO, surf)/XHe, surf > 1, respectively. The core H-, He- mass
fractions for both these classes are XH, core < 10−4, XHe, core < 0.1.

Having discussed definitions of different classifications of massive stars, we show the
fraction of time a star of a given initial mass spends in these individual phases in Figure 3.
We find that stars <45 M� spend their entire lives as O stars, and beyond this mass,
they spend a significant fraction of their lifetimes in the WNL phase for solar metallicity.
They enter WNL phase for even lower mass stars ∼20 M�–25 M� for subsolar metallicities,
[Fe/H] . −1.0, independent of metallicity, as can be seen also in Figures 1 and 2. Nonethe-
less, there is a peculiar metallicity evolution of the stars that show WC and WO features.
At solar metallicity, WC and WO features appear for masses &55 M�. At subsolar metal-
licities; however, the minimum mass (Mmin) for showing up WC and WO features takes
an anomalous turn. It shifts to a larger mass &115 M� for [Fe/H] = −1.0, and then again
comes down to a lower mass ∼50 M�–55 M� for [Fe/H] = −2.0. Metal-rich stars un-
dergo strong mass loss, and the mass loss rate decreases with decreasing metallicities.
Along with the mass-loss, stars lose angular momentum and therefore slow down, causing
less rotational dredge-up at later epochs of their evolutions. Therefore, on the one hand,
metal-rich stars, such as solar metallicity stars in our model grid, show heavy metals,
such as C and O, on their surfaces when significant mass-loss exposes the metal-rich inner
cores [4] for Mmin ∼ 55 M�. On the other hand, significantly metal-poor stars, for example
[Fe/H] = −2.0 in our models, can retain sufficient angular momentum due to weaker
mass loss, and therefore might have surfaces enriched with C and O for Mmin ∼ 50 M�
because of rotational dredge-up, even though they do not expose their metal-rich inner
cores. At intermediate metallicity, however, mass loss rates are too weak to expose the
metal-rich inner cores but strong enough to lose the angular momentum and therefore to
inhibit the chemical mixing driven by rotational dredge-up. This might be the reason why
only the most massive stars &115 M� show WC- WO- features at intermediate metallicity
[Fe/H] = −1.0. This, however, needs to be speculated in detail, and we plan to address
this issue in our future paper Roy et al., 2021, in prep. Note that this result may depend
strongly on the adopted mass-loss schemes and their metallicity dependance, and we will
explore that in our follow-up paper Roy et al., 2021, in prep.
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Figure 3. The fraction of time each star with a specific intial mass (horizontal-axis) spends in a
particular phase classified as O, WNL, WNE, WC, WO, until we stop our simulations at the end of
core 12C exhaustion (tC), similar to Figure 1 of [5]. These different phases of massive stars are shown
by different colors indicated in the figure legend. The definitions for these claasifications of different
phases are given in Table 1. Models shown here are for our fiducial rotation rate, v/vcrit = 0.4, and
the three panels refer to three metallicities, as indicated.

Having discussed the metallicity evolution of Mmin, we expect to have a larger number
of WC and WO stars at solar metallicity, and the number to decrease at [Fe/H] = −1.0 and
to increase again at [Fe/H] = −2.0. Theoretically, WC and WO stars should be progenitors
of Type-Ic SN as they lose their H and He envelopes [7,82]. Therefore, we expect to see
a larger number of Type-Ic SNe at solar metallicity decreasing at intermediate subsolar
metallicity and increasing again at significantly lower metallicity of [Fe/H]∼ −2.0. In
addition, there is a one-to-one correlation between LGRB and Type-Ic SNe. We conclude
that LGRB numbers starting from solar metallicity might reduce initially with decreasing
metallicity and then increase again for significantly metal-poor stars at [Fe/H] = −2.0.
In metal-poor environments, the LGRB production rate is also favourable because at low
metallicities, stellar cores can retain enough angular momentum to form an accretion disk
around the collapsing core that creates the central BH. Observations of LGRB also agree
with this theoretical prediction that the LGRB rate increases with decreasing metallicities,
however, not at excessively low metallicity (e.g., [88–90]). In fact, most observations show
that there is a rapid drop-off in the LGRB rate somewhere between solar [90,91] and 1/3
solar [92], i.e., between the Milky Way (almost solar) and the Small Magellanic Cloud
(≈half solar). However, to draw a tight constraint on the metallicity evolution of LGRB
rate from both theoretical and observational perspectives, one needs to have observations
at metallicities much lower than SMC, and also models with finer metallicity resolutions at
these low metallicities. We plan to study this in detail in a follow-up paper Roy et al., 2021,
in prep.
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Even though most LGRBs are observed to be associated with SN Type-Ic, there are a
few exceptions as discussed in Section 2. Therefore, for a conclusive study of LGRB pro-
genitors and their possible connection to SN Type-Ic, we need to investigate the properties
of stellar cores and their explodability criteria as given in Equations (1)–(5), and also their
dependence on mass, rotation rate, and metallicity in detail. We plan to study all these
detailed theoretical aspects in a follow-up paper Roy et al., 2021, in prep.

6. Summary and Discussion

It is almost five decades after the first GRB was discovered in the 1960s, and since then,
there are observations of ∼ 1000 GRBs at different redshifts. These observations have made
progress over the years in detecting GRB luminosity and the light curve of the afterglow
more accurately, and in advanced spectra aiming to decisively determine the nature of the
GRB progenitor and progenitor-circumstellar medium (CSM) interaction. This progenitor-
CSM interaction provides hints to the ISM compositions of the host galaxies, and thereby
has enriched our understanding of the high-redshift universe. Moreover, the precision to
pinpoint the GRB location has also enhanced our knowledge of the host galaxies. A strong
correlation between LGRB and Type-Ic SN has broadened our understanding of LGRB
progenitors as well.

Even though all these advances have made a clearer picture of GRB production, there
are still several open questions yet to be answered:

• What fraction of O stars really produce GRBs? What does it say about the evolution
of their progenitors?

• How does the rate of GRB production vary with metallicity and redshift?
• What is the binary fraction that produces LGRBs? How does this fraction vary

with metallicity?
• How do we obtain a stronger constraints differentiating LGRB and SLSNe produc-

tion pathways?
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Notes
1 ‘BL’ stands for broad line. The subclassification of “Type Ic-BL” is purely based on observations, there is no model to predict its

progenitor [6].
2 Contrary to the “collapsar” model, [55,56] proposed a different origin for GRBs. They argued that when a massive star explodes

as SN and the stellar core collapses as a neutron star (NS), the NS acquires high velocity (∼500 km/s) due to a substantial “kick”
at birth, and as a result, a recoiling ultra-relativistic outflow can be launched in the opposite direction. This outflow can be
energetic enough (∼1052 erg) to produce a long GRB.

3 However, in Type-Ic SN, some He may still be present, but just not visible.
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Abstract: Gamma-ray bursts are the most powerful explosions in the universe and are mainly placed
at very large redshifts, up to z ' 9. In this short review, we first discuss gamma-ray burst classification
and morphological properties. We then report the likely relations between gamma-ray bursts and
other astronomical objects, such as black holes, supernovae, neutron stars, etc., discussing in detail
gamma-ray burst progenitors. We classify long and short gamma-ray bursts, working out their
timescales, and introduce the standard fireball model. Afterwards, we focus on direct applications of
gamma-ray bursts to cosmology and underline under which conditions such sources would act as
perfect standard candles if correlations between photometric and spectroscopic properties were not
jeopardized by the circularity problem. In this respect, we underline how the shortage of low-z gamma-
ray bursts prevents anchor gamma-ray bursts with primary distance indicators. Moreover, we
analyze in detail the most adopted gamma-ray burst correlations, highlighting their main differences.
We therefore show calibration techniques, comparing such treatments with non-calibration scenarios.
For completeness, we discuss the physical properties of the correlation scatters and systematics
occurring during experimental computations. Finally, we develop the most recent statistical methods,
star formation rate, and high-redshift gamma-ray burst excess and show the most recent constraints
obtained from experimental analyses.

Keywords: gamma ray bursts; fireball model; circularity problem; standard candles; calibration; dark
energy; dark matter; cosmography; cosmological parameters

1. Introduction

Gamma-ray bursts (GRBs) represent powerful extra-galactic transient that emit in
γ-rays [1,2]. They are commonly associated with the death of massive stars or with
binary compact object mergers. As expected, due to their enormous luminosity, after the
aforementioned processes, there would be the presence a newborn stellar mass black
hole (BH) that provides particle accelerations and emits a relativistic collimated outflow,
in the form of jets. At the same time, this new system furnishes non-thermal emissions at
almost all wavelengths. The above picture lies on the standard model describing GRBs and
requires isotropic energies in the range 1044–1047 J, or 1051–1054 erg, mostly larger than the
brightest supernova (SN) emission, lying on 1042 J, or 1049 erg [3,4]. Thereby, the need of
singling out GRB progenitors is essential to disclose their fundamental properties as well
as the physical conditions that permit relativistic jets to form and accelerate. Even though a
clear landscape for GRB progenitor is still unclear, in view of their duration, it is plausible
to classify GRBs into long and short ones.
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Clearly, in our Precision Cosmology, epoch GRBs could open new windows1 toward
the universe description at intermediate redshifts2 [5–7], i.e., much larger than SN ones [8].
Thus, several new observations have been developed, with always better accuracy, trying
to standardize GRBs and to handle their emissions in analogy to SNe. In general, the most
tricky challenge for cosmology is measuring distances and arguing luminosity in the
cosmic scenario, understanding from astronomical emission at which distance the emitter
is placed [9].

Unfortunately, this is not exactly the case of GRBs that are not standard candles,
i.e., they do not provide the above requirement on distance and luminosity [10,11]. In fact,
their highly variable γ-ray emission, mostly evident during the prompt phase, is thought
to be associated with jet internal energy dissipation. However, the jet kinematics, among all
its speed, collimation, energy, magnetization, etc., are all properties not well clarified,
as well as energy dissipation mechanisms and/or shock acceleration efficiency. Hence, it is
hard to relate luminosity to GRB distances as their microphysics is not well understood.
Although the above caveats plague the overall GRB scenario, both short and long GRBs
have relativistic outflows and share analogous properties3 and many attempts have been
spent to standardize GRBs for both clarifying their nature, internal structure, and origin
together with employing these objects for cosmological purposes [12,13].

In this review, we first introduce the concept of GRB and their main observable
quantities. As stated above, according to time duration, we introduce the role of the t90
duration to classify GRBs following the standard guidelines and underline the issues
related to such a classification, e.g., ultra-long GRBs and X-ray flashes. To this end, we
introduce the concepts of GRB progenitor, showing quantitatively the physical reasons
that limit GRBs to be fully considered as genuine standard candles. However, we also
emphasize how using luminosity correlations found in prompt and afterglow phases
would be useful to characterize some sort of standardization technique. In this respect,
we portray the main observable quantities coming from GRBs and deeply introduce the
standard picture of GRB formation and evolution, dubbed the fireball model.

From all the above aspects, we expect GRBs to able to reconcile the cosmic expansion
history at small and intermediate redshifts, connecting de facto late with early times, trying
to open new windows toward the comprehension of cosmology. We therefore explain how
GRBs serve as complementary probes to frame DE and cosmic expansion throughout the
universe evolution, together with other standard candles, e.g., type Ia SN (SNeIa), baryonic
acoustic oscillation (BAO), cosmic microwave background (CMB), Hubble differential
data, etc. We show how to combine such data sets with GRBs and write the main features
of experimental analysis for cosmological purposes. Great emphasis will be devoted to
the circularity problem that essentially plagues cosmology with GRBs. Once introduced,
we also underline strategies that do not take into account its role for fitting cosmological
models with GRBs.

Hence, we provide how to challenge the standard cosmological model, namely the
ΛCDM paradigm, with GRBs. To do so, we provide the main and evident features of
cosmology with GRBs by showing how to perform error analyses, Bayesian treatments,
and how to handle systematics for several GRB correlations. We therefore develop model
dependent and independent techniques of calibrations and report a few numerical out-
comes related to GRBs, showing the most recent cosmological bounds, found with dis-
tinct procedures.

The review is split as follows. After this short introduction, in Section 2, we classify
GRBs and we report the most interesting properties, among all the classification, the pro-
genitors, and the main observable quantities coming from GRBs. In Section 3, we work
out the standard GRB model, namely the fireball paradigm. Here, we also discuss about
particle and radiative processes, giving emphasis to the possible emissions coming from
GRBs. In Section 4, we start introducing the concept of cosmology with GRBs. We thus
highlight distance indicators and the concept of standard candles. In Section 5, we explain
in detail the experimental tools useful for getting Bayesian analysis with GRBs. Finally,
in Section 6, we provocatively report the concept of standardizing GRBs to permit those
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objects to be used in the same manner as other probes. Several issues have been raised
in Section 7, although likely the most serious one, the circularity problem, is described in
detail in Section 8, where we also stress the opposite view in which one can also avoid
calibration. Last but not least, we report the most recent developments of cosmology with
GRBs in Section 9, while we conclude our journey in Section 10 with our final outlooks and
perspectives of this work.

2. GRB Classification and Properties

To achieve a recognized GRB classification, the strategy is to take into account the
most relevant astronomical properties of such objects. Thus, as the most prominent GRB
component is represented by the prompt γ-ray emission, it is straightforward to use it to
define GRB classes based on similarity criteria.

The prompt γ-ray emission is characterized by highly-variable and multi-peaked
light curves composed of either overlapping or distinct pulses with variable duration. The
duration of these pulses spreads within a wide time range. Since the duration is not fixed a
priori, it is natural to wonder whether one can arbitrarily define a time in which the above
measures can be obtained. Hence, it is a consolidated convention to take the total burst
duration in a time interval, dubbed t90, evaluated in the observer frame over which the 90%,
from 5% to 95%, of the total background-subtracted counts are experimentally detectable.

In view of such a property, one gets a plausible classification, as we report below.

2.1. Classification: Short and Long GRBs

The light curve analysis of the first BATSE GRB catalogue showed a clear bimodal
distribution of the t90 duration, separated at roughly 2 s, and in the hardness ratio (HR),
namely the ratio of the total counts of the hard 100–300 keV energy band over the softer
50–100 keV band [3,14,15].

This leads to the widely-adopted classification into

• short–hard (t90 . 2 s) GRBs, hereafter SGRBs,
• long–soft (t90 & 2 s) GRBs, hereafter LGRBs.

The significance of such a classification scheme has been strengthened with the full
2704 GRBs detected by BATSE and later GRB missions, providing strong evidence for two
GRB progenitor channels (see, e.g., Figure 1).

Figure 1. GRB distribution provided by the first BATSE catalog, lying on the t90–HR plane. The solid
HR histogram shows LGRBs, whereas the dotted one is for SGRBs. The dashed horizontal lines mark
mean HRs for both classes. The solid t90 histogram represents the raw data whilst the dotted one
shows the error-convolved data, credit from Ref. [3].
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However, a significant overlap in the distributions of SGRBs and LGRBs suggests that
a more robust classification scheme based on physical properties is still missing.

2.2. Intermediate GRBs?

We ended the previous subsection with asserting the need of a more robust classifica-
tion order. This scheme is veritably challenged by the existence of an intermediate class
of SGRBs with extended emission (SGRBEEs), characterized by an initial short duration
and spectrally-hard γ-ray pulse, followed by a softer emission lasting up to tens of sec-
onds [15,16]. Depending on the sensitivity and energy range of the GRB alert instrument
and, based on the above classification scheme, a SGRBEE could be classified as short or
long. A GRB detector with low sensitivity at low-energy ranges in γ-ray could detect only
the initial hard part of the burst (resulting in an SGRB), whereas a GRB detector with a
higher sensitivity extending down to lower energies could also detect the softer extended
emission (falling in the LGRB class).

A possible explanation to the origin of this extended emission involves a highly magnetized
neutron star (NS) dipole spin-down emission (see Ref. [17] and Sections 2.4.2 and 3.1.3).

2.3. Ultra-Long GRBs and X-ray Flashes

Furthermore, the detection of rare events characterized by extremely long-lived
prompt emissions lasting & 103 s, named ultra-long GRBs (ULGRBs), represents an addi-
tional classification threat, since it is still unclear whether ULGRBs represent a distinct class
of LGRBs [18], or whether they are the high-end tail of the t90 distribution of LGRBs [19].

Finally, it has been reported the existence of extragalactic transient X-ray sources,
dubbed X-ray flashes (XRFs), with spatial distribution, spectral, and temporal characteris-
tics similar to LGRBs [20,21]. The distinguishing properties of XRFs are

(a) their observed prompt emission spectrum that peaks at energies which are an order
of magnitude lower than those of standard LGRBs;

(b) their time integrated flux in the 2–30 keV X-ray band greater than that in the 30–
400 keV γ-ray band.

In view of these hazy results, classifying GRBs through t90 and HR criteria only turns
out to be puzzling, since the measured t90 varies with energy range. Thus, the definition of
a novel GRB classification scheme requires multi-wavelength criteria to better understand
the physical properties behind the GRB emission.

In this respect, attempts to recategorize GRBs from the popular long/short classes
have been made in Ref. [22], introducing alternative classes of Type I and Type II GRBs.
According to this scheme, the Type I class includes short/hard GRBs and SGRBEEs with
no SN association, typically found in regions of their host galaxy with low star formation,
and very likely originating in compact star mergers (see details in the next Section 2.4). On
the other hand, the Type II class includes long and relatively soft GRBs with SN association,
usually found in star forming regions within irregular host galaxies, and thus associated
with young stellar populations and likely originating in the core-collapses of massive stars
(again, see details in the next Section 2.4).

Though the above scheme seems to be promising, further research on this issue is still
ongoing. Therefore, for historical reasons in Section 2.4, we pursue the description of the
progenitor systems keeping the bimodal classification in LGRBs and SGRBs.

2.4. Progenitors and Open Questions

Beside the above discussion, the working definition of LGRBs and SGRBs suggests
the existence of two different progenitor channels. In summary,

I: LGRBs could arise from the core-collapse of a massive star or collapsar [23],
II: SGRBs could originate from the binary neutron star-black hole (NS-BH) or NS-NS

mergers [24].

344



Galaxies 2021, 9, 77

The huge observed isotropic equivalent energy release of ∼1049–1055 erg implies
that: for LGRBs, up to ∼10 M� are converted into radiation during the prompt emission
duration of ∼100 s, whereas SGRBs up to ∼1 M� are converted into radiation within
∼1 s [25]. The energy reservoir and the efficiency of the involved physical processes in
producing the emitted energy represent a stringent requirement, especially for LGRBs4.

The commonly called jets substantially alleviate this issue by reducing the GRB energy
release by jet’s correction factor f = 1− cos θ. Jets can be thought of, in an oversimplified
picture, as outflows of relativistic matter ejected into a double-cone structure of opening
angle θ. In general, the jet correction is poorly constrained because it requires very chal-
lenging measurements of θ and the observer viewing angle relative to the jet axis. This
makes it troublesome to distinguish between geometric and dynamical effects. Indeed,
very soft GRBs could be bursts viewed off-axis, whereas low luminosity GRBs may be the
result of large jet opening angles [15].

Measurements of θ can be obtained by the predicted signature of the achromatic
jet breaks, observable in the afterglow light curve at all frequencies. This feature can be
explained by the dynamics of the GRB ejecta as follows. At the beginning, at high values
of the bulk Lorentz Γ factor5, the ejecta is narrowly beamed into the jets while its Lorentz
factor is Γ−1 < θ and, regardless of the hydrodynamic evolution, a GRB is observed only
from a small fraction of the ejecta [15]. As the ejecta decelerates, Γ decreases below θ−1,
the beaming angle becomes larger, and a larger portion of the ejecta becomes observable.
Continuous deceleration leads to the point that the entire surface of the jet is observable
and the jet begins to spread sideways, producing a break in the light curve across the entire
afterglow spectrum [27,28]. The sharpness of this break and the change in the afterglow
decay rate depend on how long the jet remains collimated and on the jet radial density
profile and energy distribution [29,30]. The time of the jet break is related to the jet opening
angle, the bulk Lorentz factor, and the density of the circumburst medium (CBM). The
above description has two effects:

• an “on-axis” observer detects the prompt emission and then, as the jet decelerates,
the afterglow emission and finally a jet-break due to the faster spreading of the emitted
radiation;

• an “off-axis” observer cannot detect the prompt emission but detects an orphan afterglow,
namely an afterglow without a preceding GRB.

In the pre-Swift era, simultaneous breaks in the optical and near-infrared (NIR) after-
glow light curves were frequently interpreted as jet breaks. Nevertheless, the improved
temporal and spectral coverage of GRB afterglows, especially in X-rays by Swift, have
revealed within the first few hours after the prompt emission a complex structure made
of flares, plateaus, and chromatic breaks [31–34]. The detected achromatic breaks are
observed in a few cases. The absence of jet-break signatures in most GRB afterglows has
been interpreted as due to the over-simplified assumption homogenous jets with sharp
edges, whereas more complex models now include structured jets that produce several
chromatic jet-breaks, or much smoother breaks, or jets that can keep their structure for
longer than previously thought making difficult to detect breaks without a wide temporal
coverage [30].

Besides the jet modeling issue, any GRB model has to deal with features like very
luminous X-ray flares occurring up to a few 104 s after the GRB trigger and with shape
and spectra similar to those flares observed during prompt emission and extended plateau
phases that last for a few hours during the early afterglow evolution [33,34]. Both features
imply an extended central-engine activity with a continuous source of energy injection
lasting the above 104 s. In the standard picture, such long-lived energy injection requires
the accretion of a significant mass onto the central BH via very large (∼ 1 M�) and low-
viscosity (α < 10−2) accretion disk formed at the core collapse time, or via fall-back material
continuously replenishing the accretion disk [35].
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2.4.1. The LGRB-Supernova Connection

The possible connection between LGRB and massive progenitor stars has been spec-
ulated long before the first afterglow detection [23,36]. The first observational evidence
came with the association between the broad line Type Ic (Ic-BL) SN 1998bw and the
low-luminous LGRB 980425 at z = 0.0085 and with lack of an optical afterglow [37]. Later
on, this association was also confirmed between the Type Ic-BL SN 2003dh, temporally
and spatially coincident with the standard more luminous long GRB 030329 at z = 0.1685,
with an optical afterglow light curve comparable with other cosmological GRBs [38].

The launch of Swift has increased the sample of GRB-SN pairs, both spectroscopic,
at z . 0.5 and most of them with isotropic-equivalent γ-ray energies Eiso < 1049 erg,
and photometric, in the form of SN bumps appearing in the optical afterglows 10–30 days6

after the GRB, at z & 0.5 and Eiso ≈ 1051 − 1052 erg [36]. Most of the GRB-SN pairs belong
to this second kind, very likely at the hand of a selection effect: the more common low-
luminosity LGRBs per unit volume are not detectable at high redshift, whereas luminous
LGRBs, with higher detectability at high redshift, are observed from a larger volumetric
area [39].

SNe Ic associated with some long GRBs are characterized by no hydrogen (H) and
no weak helium (He) lines [36]. Their occurrence close to star-forming regions offers very
strong evidence that long GRBs could be associated with massive star death [36]. In this
regard, the best progenitor candidates are the Wolf–Rayet stars, very massive stars with
a hydrogen envelope largely depleted, endowed with a fast rotation [23,40]. Within the
collapsar model, very massive stars are able to fuse material in their centers all the way
to iron (Fe). At this point, they cannot continue to generate energy through fusion and
collapse mechanisms forming a BH. Matter from the star around the core rains down
towards the center and swirls into a high-density accretion disk. In this picture, the core
carries high angular momentum to form a pair of relativistic jetsout along the rotational axis
where the matter density is much lower than in the accretion disk. Jets propagate through
the stellar envelope at velocities approaching the speed of light, creating a relativistic shock
wave at the front [15,41]. If the star is not surrounded by a thick, diffuse H envelope,
the leading shock accelerates as the stellar matter density decreases. Thus, by the time it
reaches the star surface, Γ ≥ 100 is attained and the energy is released in the form of γ-ray
photons [15,41].

The collapsar model attempts to explain the time structure of GRBs’ prompt emission,
through the modulation of the jets by their interaction with the surrounding medium,
which could produce the variable Lorentz factor needful for internal shock occurrence [23].
As the relativistic jet propagation through the stellar envelope of a collapsing star proceeds,
its collimation was shown to occur analytically and numerically [15]. Another prediction of
this model is the prolonged activity of the central engine which can potentially contribute
to the GRB afterglow [23,40,41]. This occurs because the jet and the disk are inefficient at
ejecting all the matter in the equatorial plane of the pre-collapse star and some continues to
fall back and accrete [23,40,41].

The SNe associated with LGRBs appear to belong to the bright tail of type Ic SNe and
can be considered as a “subclass” of SNe Ic, alternatively addressed as hypernovae, in order
to emphasize the extremely high energy involved in these explosions. Remarkably, the SNe
associated with both low- and high-luminous (XRFs and normal LGRBs, respectively)
share very similar spectra and their peak luminosities span only two orders of magnitude,
whereas the associated GRBs isotropic luminosities span six orders of magnitude [36].
Another distinctive feature of the GRB-SN pairs is the high photospheric expansion velocity,
up to 0.1c [36]. In this scenario, one has to also fit the class of ULGRBs. The spectroscopic
detection of the SN 2011kl coincident with the ULGRB 111209A [42] favors a common
core-collapse origin for LGRBs and ULGRBs. This SN exhibited a peculiar, very blue and
featureless spectral shape, which was unlike other SNe Ic associated with LGRBs, but more
like the newly discovered class of superluminous SNe [43]. Other ULGRBs have either
been too far or too dust-extinct to secure any detection of an underlying SN, whereas other
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cases proved the indicative flattening from a rising SN in their optical and NIR light curves
at 10–20 days after the GRB trigger [36].

In this picture, however, exceptions to the LGRB-SN association have been found
from deep optical observations in two nearby bursts, GRB 060505 and GRB 060614,
for which the hypothetical accompanying SN would have been a hundred times fainter
than SN 1998bw [44–46].

To conclude, ULGRBs and SNless LGRBs give proof for the existence of further
progenitor channels for LGRBs.

2.4.2. SGRBs, Macronovae, and Gravitational Waves

The Swift satellite has enabled rapid and precise localizations and an increase in the
number of X-ray and optical afterglow detection of both LGRBs and SGRBs. However,
SGRBs have less luminous afterglows than those of LGRBs and this fact makes difficult to
obtain optical spectra and a precise burst location to plan optical follow-up to search for
host galaxy associations. The lack of any associated core-collapse SNe, the typically large
offsets of the GRB position with respect to galaxy center, and the frequent association with
galaxies with no ongoing star formation, provide evidence in support of a compact binary
merger progenitor scenario [47].

The proposed progenitors for SGRBs are NS–NS and/or NS–BH binary mergers [24,48–50].
These mergers take place as binary orbits decay due to gravitational radiation emission [51].
A merger releases 5× 1053 erg, but most of this energy is due to low energy neutrinos and
gravitational waves. Thus, there is enough energy available to produce a GRB, notwithstanding
how a merger generates the relativistic wind required to power a burst is still the object of spec-
ulations and not well understood. It has been argued that about one out of thousand of these
neutrinos annihilates and produces pairs that in turn produces γ-rays via νν̄→ e+e− → γγ,
but it has been pointed out that a large fraction of the neutrinos would be swallowed by the
newly-born BH [15].

A further confirmation to the binary merger scenario consists of the detection of the
so-called macronova (MN). The MN emission originates in NS-BH or NS-NS mergers from a
fast-moving, rapidly-cooling ejected debris of neutron-rich radioactive species that decay to
form transient emission and create atomic nuclei heavier than iron through neutron capture
process, named the r-process [52]. The opacities of these produced heavy elements lead
to a dim MN emission, requiring deep follow-up observations down to NIR bands. The
first indication of a MN, in the form of a re-brightening, detected approximately nine days
after the GRB trigger, has been obtained by extensive follow-up of the SGRB 130603B,
one of the nearest and brightest SGRBs ever detected [53]. An MN emission accompanies
also the nearest SGRB ever detected, SGRB 160821B [54,55], and the recently detected
SGRB 200522A [56]. For a list of other MN emissions, see Ref. [57].

In the binary merger scenario, SGRBs are expected to be significant sources of gravita-
tional waves (GWs). The smoking gun occurred on 17 August 2017, when the Advanced
LIGO and Virgo detectors observed the event GW 170817, unambiguously detected in
spatial and temporal coincident with the SGRB 170817A independently measured by the
Fermi Gamma-ray Burst Monitor, and the Anti-Coincidence Shield for the Spectrometer for
the International Gamma-Ray Astrophysics Laboratory [58]7.

As a further confirmation on the nature of the progenitor system of SGRB 170817A,
an intense observing campaign from radio to X-ray wavelengths over the following days
and weeks after the trigger led to the spectroscopic identification of a MN emission, dubbed
AT 2017gfo [59].

The observation of SGRB, GW, and MN emission has improved our understanding of
the physical properties related to the binary merger, such as the mass of the compact object,
the ejected mass, and the details of the CBM surrounding the merger site.
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2.5. Observable Quantities from GRBs

Understanding GRB physics passes through the experimental evidence of the en-
ergy that can be collected from detectors. In particular, we can start discussing about
GRB prompt emission. It is typically observed in the hard-X (above ∼ 5 keV) and γ-ray
energy domain.

The operative duration of the prompt emission is due to the previously defined t90.
Within this time interval, and also within any sub-interval with enough photons to perform
a significant analysis8, the observed spectral energy distribution (SED) of GRBs is non-
thermal, and it is best fitted by a phenomenological model composed of a smoothly joined
broken power-law called Band model [60] (see Figure 2). Its functional form is

NE(E) = K
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)
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where typical power-law index values are −1.5 . α . 0 (with an average 〈α〉 ' −1) and
−2.5 ≤ β ≤ −1.5 (with an average 〈β〉 ' −2), while the peak energy at the maximum
of the of the E2NE (or EFE) spectrum lies within 100 keV ≤ Eobs

p . few MeV (with an
average of 〈Eobs

p 〉 ' 200 keV). Finally, K is the normalization constant with units of

photons cm−2s−1keV−1. In some cases, the SED is also best fitted by a power-law model9

composed of a power-law plus an exponential cutoff. However, these models are purely
mathematical, i.e., not yet physically linked to GRB intrinsic properties. Hence, fitting
data with them do not provide any insight about the emission physical origin but may be
useful for the classification scheme of GRBs and for comparing the fitted results with the
predictions of different theoretical models.

Figure 2. Band spectral model applied to the data of GRB 990123. In the upper panel, the photon
spectrum is shown; in the lower panel, the E2NE (or EFE) spectrum is shown. Courtesy from Ref. [60].

348



Galaxies 2021, 9, 77

In the recent years, with a much broader spectral coverage enabled by detectors
such as Fermi, evidence for more complicated broad band spectra fitted by a combined
Band+thermal model has been found in an increasing number of bursts [61–64], where the
peak of the thermal component is always observed below Eobs

p .
However, the search of the best-fit model in describing GRB prompt emission spectra

depends on the analysis method. Typically, a significant spectral analysis is performed
when enough photons are collected. For weak bursts, only time-integrated spectral analyses
can be done, and this implies that important time-dependent features may be lost or
averaged, leading to a wrong theoretical interpretation. Another issue is that the chosen
spectral model is convolved with the detector response and, because of the nonlinearity of
the detector response matrix, this procedure cannot be inverted. Therefore, two different
models can equally provide a similar minimal difference between the model and the
detected counts’ spectrum and lead to different theoretical interpretations.

From the fit of the time-integrated prompt emission spectrum, one can get the flux F
(in units of erg cm−2s−1) on a detector energy bandpass Emin–Emax as

F = κ
∫ Emax

Emin

ENE(E)dE , (2)

where κ is a constant, commonly used to convert the energy, expressed in keV, to erg.
To compute the total energy emitted by a GRB in all wavelengths, a bolometric

spectrum is needed. However, the GRB prompt emission triggers γ-rays detectors in a
given energy bandpass; therefore, a limited part of the spectrum is available, instead of
a bolometric one. Moreover, GRBs are cosmological sources spread over a wide redshift
range, so, for GRBs observed by the same detector, the measured energy range corresponds
to different energy bands in the cosmological rest frame of the sources.

To standardize all GRBs, fluxes are computed in the fixed rest-frame band 1–104 keV,
which is a range larger than that of most of the γ-ray detectors. The “bolometric” time-
integrated flux is then given by

Fbolo = F×
∫ 104/(1+z)

1/(1+z) ENE(E)dE
∫ Emax

Emin
ENE(E)dE

, (3)

and the total isotropically-emitted energy and luminosity are, respectively,

Eiso = 4πd2
LFbolot90(1 + z)−1 (4)

Liso = 4πd2
LFbolo (5)

where the factor (1 + z)−1 corrects the t90 duration from the observer frame to the GRB
cosmological rest-frame. In a similar way, the peak luminosity Lp, computed from the
observed peak flux Fp within the time interval of 1 s around the most intense peak of the
burst light curve and in the rest frame 30–104 keV energy band10, is given by

Lp = 4πd2
LFp . (6)

The luminosity distance dL depends upon the cosmological models adopted as back-
grounds and can be related to the continuity equation recast as

dρ

dz
= 3

(
P + ρ

1 + z

)
, (7)

which relates the total energy density ρ and pressure P to the barotropic factor ω(z) ≡ P/ρ
of a given cosmological model. For a two component flat background cosmology composed
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of standard pressure-less matter with ω = 0 and a generic DE component with ω(z)
(dubbed generically ωCDM), the luminosity distance is then given by11

dL(z) = (1 + z)
c

H0

∫ z

0

dz′√
Ωm(1 + z′)3 + Ωx fx(z′)

, (8)

where H0 is the Hubble constant, Ωm and Ωx are the cosmological density parameters of
matter and DE, respectively, and fx(z) is given by

fx(z′) = exp
[

3
∫ z′

0

1 + w(z̄)
1 + z̄

dz̄
]

. (9)

For the concordance paradigm, namely the ΛCDM model, the DE equation of state is
w(z) ≡ −1 corresponding to a cosmological constant Λ. Thus, fx ≡ 1 and Ωx ≡ ΩΛ. In
the following, the choice w(z) ≡ −1 is adopted, unless otherwise specified.

The above isotropic energy output can be corrected for the beaming (see Section 3),
once the jet opening angle θ is known, leading to beam corrected energy

Eγ = (1− cos θ)Eiso . (10)

It is important to stress that the prompt emission is not limited to the γ-rays and that,
differently from the afterglow emission starting ∼ 100 s after the GRB trigger, current
information in other energy bands is extremely difficult to observe without fast triggering.
Observations at lower energies (optical and X-rays) have been enabled only for GRBs
with a precursor or a very long prompt emission duration, which gave the possibility of
performing fast pointing to the source during the prompt phase [66].

Regarding the GeV energy domain, a delayed (with respect to the trigger), long lived
emission (& 102 s), and separate lightcurve [67] with a decaying luminosity as a power law
in time, LGeV ∝ t−1.2 has been observed [67]. These distinctive features point towards a
separate origin of the GeV with respect to the lower energy photons.

After∼ 100 s since the trigger, the prompt emission starts to decay in flux and, in many
cases, this feature is caught by X-ray detectors Swift-XRT within the 0.3–10 keV energy
band. In general, X-ray afterglow light curves show complex behaviors [15] consisting of
(see Figure 3):

(1) an early steep decay, interpreted as the tail of the prompt emission at large angles,
followed by a very shallow decay, called the plateau, usually accompanied by spectral
parameter variations, and

(2) a final decay, less steep than the first one.
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Figure 3. The X-ray afterglow of GRB 060729 with all the three power-law segments and an initial flare
clearly shown.
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The X-ray afterglow is also characterized by the presence of a flaring activity [15].
The observed behavior of these flares, the rapid rise, and exponential decay together with
a fluence comparable in some cases to the prompt emission, points out that the same
mechanism for the prompt emission is responsible for the flaring activity [15]. Concluding,
as already stressed above, these X-ray afterglow features are important to understand the
nature of GRB progenitors.

Timescales and Characteristic Energy as Observable Signature of GRBs

There are other GRB observable quantities often employed in the literature, e.g.,
to construct GRB correlations (see Section 6.1). They span from characteristic energies
to timescales measured in several wavelengths. More specifically, a selection of them is
summarized below:

• tb, the time at which the late X-ray afterglow power-law decline suddenly steepens
due to the slowing down of the jet until the relativistic beaming angle roughly equals
the jet opening angle θ.

• τlag, the time lag is computed as the difference of arrival times to the observer of the
high energy photons (100− 300 keV) and low energy photons (25–50 keV)12.

• tX, the rest-frame time, defined by a broken power-law fit of the X-ray afterglow light
curve, at which a late power-law decay after the plateau phase is established.

• τ, the rest-frame time marking the end of the plateau phase, defined from a fit of the
X-ray afterglow with a smooth function given in Ref. [68].

• FX and F0 are the observed X-ray fluxes respective to tX and τ, whereas the corre-
sponding rest-frame 0.3–10 keV luminosities LX and L0 are computed as follows:13

LX/0 = 4πd2
LFX/0

∫ 10/(1+z)
0.3/(1+z) ENX/0

E (E)dE
∫ 10

0.3 ENX/0
E (E)dE

= 4πd2
LFX/0(1 + z)γ−2 (11)

where we used the fact that X-ray data are observed by the Swift-XRT in the 0.3–10 keV
energy band and the SED is in general a power-law spectrum with NX/0

E (E) ∝ E−γ

and power-law index γ > 0.
• V, the variability of the GRB light curve. It is computed by taking the difference

between the observed light curve and its smoothed version, squaring this difference,
summing these squared differences over time intervals, and appropriately normalizing
the resulting sum.

3. Theory of GRB Progenitors

GRBs require progenitor systems able to guarantee enough energy for their powerful
explosions to occur and emission mechanisms that can explain the above discussed spectral
features. Although it is essential to better understand the physics of GRBs, neither clear
evidence for consolidated classes of suitable progenitors nor a definitive GRB model have
been yet established, as stressed above. However, observations, in the form of GRB spectra
and light curves (see Section 2.5) and correlations between observable quantities (see
Sections 6.1 and 7), enhanced our comprehension of these phenomena and led to a general
agreement on a few aspects listed below [69]:

- GRB progenitors harbor a BH14 which acts as a central engine powering the GRB emission.
- The burst energy must be gravitational, and it is released in a very short time and

from a compact region.
- Substantial part of this energy is converted into kinetic energy and a relativistic jetted

outflow is formed.
- The acceleration process and the role played by magnetic fields are still unclear.
- The dissipation of part of the kinetic energy produces the observed prompt emission.
- The thermal emission of the prompt emission may be the relic of the photons emitted

during the initial explosion, whose energy has not been converted into kinetic form.
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- Afterward, relativistic jets interact with the CBM, gradual energy conversion occurs,
and the afterglow (from X-ray down to radio) is produced.

The observed spectra have a considerable amount of γ-ray photons. Photons with high
energy E1 annihilate with those at a low energy E2 and produce e+e− pairs if

√
E1E2 & mec2

(up to an angular factor), where me is the electron mass. If GRBs were not relativistic sources,
the observed light curve variability time scale of δt ≈ 10 ms would imply that their emission
would originate from a very compact region not larger than R = cδt ≈ 3000 km. For typical
values of the luminosity distance dL ≈ 3Gpc ≈ 1022 cm and fluence S ≈ 10−7erg cm−2

(energy at the detector per unit area) of GRBs, the opacity for pair creation is enormous,
and it is given by [69]

τγγ = fe±
σTd2

l S
mec2(cδt)2 ≈ 1014 fe± (12)

where fe± is the fraction of photons with energies sufficient to produce pairs and σT is the
Thomson cross-section. Such a large optical depth would imply that that the source must
be optically thick leading to a thermal spectrum. On the contrary, observations indicate
that GRB spectra are typically non-thermal, pointing to the opposite conclusion that their
source must be optically thin. This issue is called the compactness problem [69].

However, the problem is only apparent, once relativistic effects are taken into account.
In fact, the causality limit of a source moving relativistically with bulk Lorentz factor Γ� 1
towards the observer is R ≤ Γ2cδt. Consequently, the observed photons are blue-shifted
and their energy at the source is lower by a factor ≈ 1/Γ, which may be insufficient for
pair production. This leads to a decrease in the opacity, by a factor Γ−2(β+1), where the β
is the high-energy power-law index of a photon spectrum of the burst. For Γ & 100, one
obtains the optically thin condition of the source. Ultra-relativistic expansion of GRBs is
unprecedented in astrophysics. There are indications that relativistic jets in active galactic
nuclei have Γ ∼ 2–10, but some GRBs have Γ & 100. These large expansion velocities in
GRB outflows find confirmations from the radio scintillation observed in their afterglows,
and also from the apparent observation of self-absorption in the radio spectrum of the
afterglow, where it is possible to obtain independent estimates of the dimensions of the
afterglow relic [15].

3.1. The Fireball Model

The GRB standard model considers a homogeneous fireball [69]. For a pure radiation
fireball, a large fraction of the initial energy released by the newly-formed BH is converted
directly into photons. Close to the BH, at a radius r0 larger than the Schwarzschild radius,
RS = 2GM/c2, the photon temperature is

T0 =

(
L

4π a c r2
0

)1/4

= 1.2 L1/4
52 r−1/2

0,7 MeV (13)

where a is the radiation constant, and the luminosity L and the radius r0 are expressed,
respectively, as L52 = L/1052 erg/s and r0,7 = r0/107 cm. In the following, to understand
the order of magnitude of the key physical parameters characterizing GRBs, we use the
notation Qx = Q/10x, where the quantity Q is given in cgs units. The temperature T0 is
above the threshold for pair production, hence a large number of e± pairs are created via
photon–photon interactions, leading to a fully thermalized pairs-photons plasma with the
opacity in Equation (12)15.

GRB luminosities are many orders of magnitude above the Eddington luminosity,
LE = 1.25× 1038(M/M�) erg s−1; therefore, the radiation pressure is much larger than
self gravity and the fireball expands under its own pressure up to Γ ≈ 102–103 [48,49].
Since the final kinetic energy cannot exceed the initial explosion energy Etot, the maximum
attainable Lorentz factor is defined as Γmax = Etot/Mc2 and depends upon the amount of
baryons (baryon load) of rest mass M within the fireball [69].
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3.1.1. Photon-Dominated Scenario

The simplest scenario considers a photon-dominated expanding shell of width δr′

“instantaneously” releasing its energy. From here on, prime symbols indicate quantities
measured in the comoving frame of the shell, namely from an observer within it. On the
other hand, r is the radial coordinate of the laboratory frame, a frame outside the shell
where the observer is sitting on the central engine.

Enforcing energy and entropy conservation laws, the shell keeps accelerating up to
Γmax ' η, which is attained at at the so-called dissipation radius rs ∼ ηr0; beyond it, most
of the internal energy of the shell has been converted into the kinetic one, so the flow no
longer accelerates and it coasts. Thus, the fireball obeys the following scaling laws of the
shell comoving temperature, Lorentz factor, and comoving volume, respectively

{
T′(r) ∝ r−1 , Γ(r) ∝ r , V′(r) ∝ r3 , r < rs
T′(r) ∝ r−2/3 , Γ(r) = η , V′(r) ∝ r2 , r & rs

. (14)

from which it follows that, as the shell accelerates (as Γ increases with r), its internal
energy drops (as T′ decreases with r). Finally, the evolution of the observed temperature is
given by

Tob(r) = Γ(r)T′(r) =
{

T0 , r < rs
T0(r/rs)−2/3 , r & rs

. (15)

3.1.2. Internal Shock Scenario and Photospheric Emission

In the case of LGRBs, the progenitor continuously emits energy at a rate L, over a
longer duration t� r0/c, and ejects mass at a rate Ṁ = L/(ηc2). In this case, the scaling
laws for the instantaneous release are still valid, provided that E is replaced by L and M by
Ṁ, and a further equation for the mass conservation of the baryons (within the spherical
symmetry assumption) is required [72]

n′p(r) =
Ṁ

4πr2mpcΓ(r)
=

L
4πr2mpc3ηΓ(r)

(16)

where n′p(r) is the comoving number density of baryons and mp is the proton mass.
For longer activity of the inner engine, fluctuations in the energy emission rate would

result in the propagation of independent shells, each of them with analogous thickness r0
and dynamics. For two consecutive shells with a difference in their Lorentz factors δΓ ∼ η
or velocities δv ≈ c/(2η2), collisions become possible after a typical time tcol = r0/δv and
an observer frame radius [73]

rcol = vtcol ' ctcol ' 2η2r0 . (17)

Above rcol , which is a factor η larger than rs, collisions occur, dissipate the kinetic
energy, and convert it into the observed radiation [74,75]. The advantages of the internal
shock scenario are listed below:

1. Light curve variability. The time delay between the photons produced by the colli-
sions and a photon emitted from the central engine towards the observer, i.e., δtob '
rcol/(2η2c) ∼ r0/c, is similar to the central engine variability and can explain the
observed variability (& 1 ms).

2. Particle acceleration. Shell collisions generate internal shock waves, which can accel-
erate particles to high energies via Fermi mechanism and produce γ-rays.

3. Thermal radiation. Equation (13) states the fireball is optically thick [48,49,76]. For
r > rs, an effective photosphere radius rph ' LσT/(8πmpc3Γη2) ' 2× 1011 L52 η−3

2.5 cm
can defined by requesting τ(rph) = 1 [77]. Internal shocks take place at rcol ∼ ηrs >
rph. In a more realistic picture, photons decouple the plasma on “photospheric sur-
face” [78] and the emerging emission is a convolution of different Doppler boosts
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and different adiabatic energy losses of photons [62,78]. This emission explains the
thermal-like emission embedded in the non-thermal spectra of some GRBs [62,79,80].

However, the internal shock scenario manifests some drawbacks.

1. Efficiency. From the energy and momentum conservation, the kinetic energy dissi-
pation is highly efficient only if two shells have masses m1 ' m2 and Lorentz factors
Γ1/Γ2 � 1. The average over several collisions leads to a low global efficiency of
1-10% [81,82], which contrasts with the much higher efficiency ∼ 50% inferred from
afterglow measurements [31,33]. Higher efficiency up to the ∼ 60% can be attained by
considering larger contrasts Γ1/Γ2 � 10 [82]. However, these Lorentz factor contrasts
unlikely occur within the traditional collapsar or the merger scenarios.

2. Observed spectra. This model does not explain the observed spectra and needs
further assumptions on how the dissipated energy produces photons (i.e., involving
standard radiative processes such as synchrotron emission or Compton scattering).

3.1.3. Magnetized (or Poynting-Flux Dominated) Outflows

The Poynting-flux dominated model speculates that the gravitational energy produces
very strong magnetic fields, which may be crucial in the jet formation of GRBs, similarly
to the Active Galactic Nuclei (AGN), where magnetic energy is converted into particle
acceleration via Blandford–Znajek [83] or Blandford–Payne [84] mechanisms. The idea
behind this model is that the collapse of a white dwarf (WD) induced by accretion from a
massive star, the core collapse of a massive star, or NS merger does not immediately form a
BH, but rather a rapidly-spinning (with a period of ∼ 1 ms) and highly-magnetized NS
(with a magnetic field B & 1015 G) NS, known as magnetar [70]. The maximum amount
of magnetic energy that can be stored is ∼ 2× 1052 erg, and it can be extracted in a short
timescale of ∼ 10 s and drives a jet along the polar axis of the NS powering the prompt
emission [71]. The decay of rotational or magnetic energy may continue to power late time
flaring or afterglow emission. The dipole radiation naturally produces a plateau phase up
to the dipole spin-down time scale [15].

In this model, the magnetic field is essentially toroidal (i.e., ~B ⊥ ~β) and its polarity
in the flow changes on small scale defined by the light cylinder in the central engine.
The total luminosity is given by L = Lk + LM, where Lk = ΓṀc2 is the kinetic part and
LM = 4πr2c[B2/(4π)] is the magnetic part [85,86]. The key parameter is the magnetization
σ ≡ LM/Lk = B2/(4πΓ2nmpc2), which plays a similar role to the baryon load in the
classical model and defines the maximum attainable Lorentz factor Γmax ≈ σ3/2, whereas,
during the acceleration phase, one gets Γ(r) ∝ r1/3 [85,86].

In this model, the rapid variability observed in GRBs and the low efficiency in dissipat-
ing the kinetic energy via shock waves in highly magnetized plasmas are still open issues.
Recent recipes suggest that central engine variability leads to the ejection of magnetized
plasma shells which expand due to internal magnetic pressure gradient and collide at a
distance rcol . The ordered magnetic field lines of the ejecta get distorted and fast reconnec-
tion occurs. The induced relativistic turbulence may be able to overcome the low efficiency
difficulty of the classical internal shock scenario [87].

3.1.4. Particle Acceleration

To produce the non-thermal GRB spectra, part of the kinetic energy needs to be dissi-
pated and used to increase the random motion of the outflow particles and/or accelerates
some fraction of them to a non-thermal distribution. Once accelerated, these high-energy
particles emit non-thermal photons.

The most widely proposed particle acceleration mechanism within the internal shock
scenario is the Fermi mechanism [88]. In this process, the accelerated particles cross the
shock fronts, and, during each crossing, their energy increases at a constant rate ∆E/E ∼ 1.
The accelerated particles have a power-law energy distribution N(E) ∝ E−δ with index
δ ≈ 2.0–2.4 [89].
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Dissipation mechanisms in magnetized outflows have been discussed at length (see
Ref. [90] and references therein). Furthermore, particles may also be accelerated via Fermi
mechanism in shock waves, but it has been pointed out that, in highly magnetized plasma,
this process may be inefficient [91].

3.1.5. Radiative Processes

After kinetic energy dissipation and particle acceleration, energy conversion is needed
to produce the non-thermal spectra observed in GRBs. The most discussed radiative model
in the literature is the optically thin synchrotron emission [74,92–95], accompanied by
synchrotron-self Compton (SSC) at high energies [96–98].

Recently, with mounting evidence of thermal components in GRB spectra [63,99],
the photospheric model has acquired growing relevance [61,100,101]. This model is not in
contrast with and has to be considered complementary to the synchrotron+SSC emission,
which originates from a different region of the outflow.

• Synchrotron Emission

The synchrotron emission has been extensively studied for first interpreting the non-
thermal emission in AGNs and then the GRB afterglow emission [102]. Regarding the
explanation of the GRB prompt emission spectra [74,93–95,103], the synchrotron emission
model has several advantages:

(1) requires energetic particles and strong magnetic fields, both expected in shock waves;
(2) has a broad-band spectrum with characteristic peak, associated with the observed

peak energy;
(3) for typical parameters, energetic electrons radiate nearly 100% of their energy.

A source at redshift z, expanding with Γ =
√

1− β2 and at an angle θ with respect to
the observer, emits photons which are seen with a Doppler boostD = [Γ(1− β cos θ)]−1. In
the comoving frame, electrons move in a magnetic field B and thus have random Lorentz
factor γe. Their typical energy is [102]

εob =
3qh̄Bγ2

e
2mec

D
(1 + z)

= 1.75× 10−19Bγ2
e
D

(1 + z)
erg . (18)

Typical GRB peak energies εob ≈ 200 keV require strong magnetic fields and very en-
ergetic electrons, both feasible for Poynting flux-dominated outflows or photon-dominated
outflows where strong magnetic fields may be generated via Weibel instabilities [104]16.

On the other hand, strong magnetic fields imply the comoving cooling time of the
electrons to be t′cool . t′d ∼ R/(Γc). Thus, the expected synchrotron spectrum below
the peak energy would be Fν ∝ ν−1/2 (or NE ∝ E−3/2) [106,107], which is inconsistent
with the average low energy spectral slope 〈α〉 = −1 (see Figure 2) and, hence, the value
α = −3/2 is called “synchrotron line of death”. To overcome this problem, electrons must
cool slowly, leading to a spectrum below the peak given by Fν ∝ ν1/3 (or NE ∝ E−2/3),
which is roughly consistent with the observations. However, the condition t′cool & t′d leads
to high values of γe, whereas B would be very low and, in order to explain the observed
flux, the electron energy would be several orders of magnitude higher than that stored in
the magnetic field [108]. To overcome this, the inverse Compton contribution has to be
significant, producing ∼ TeV emission. To avoid a substantial increase of the total energy
budget, the emission radius should be R & 1017 cm but cannot explain the rapid variability
observed [108].

Suggested modifications (and drawbacks) to the synchrotron scenario can be found in
the literature [25,98,109–113].

• Photospheric Emission

For rph � rs, a large fraction of the kinetic energy is dissipated below the photo-
sphere [114]. The produced non-thermal photons cannot directly escape and are advected
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with the flow until the transparency. Within the flow, multiple Compton scatterings occur
and modify the synchrotron spectrum of the heated electrons, which rapidly cool, mainly
by IC scattering. The electron distribution becomes quasi-Maxwellian, with a temperature
determined by the balance between heating (external and by direct Compton scattering of
energetic photons), and cooling (adiabatic and radiative) [115]. Finally, the photon field is
modified by the scattering from the quasi-Maxwellian electron distribution [114].

Furthermore, the thermal photons of the fireball contribute as seed for IC scattering,
hence the non-thermal electrons, heated by energy dissipation below the photosphere,
rapidly cool, and reach a quasi-steady state distribution [101]. The result is a two temperature
plasma, with electron temperature Te > Tph. If dissipation processes occur at intermediate
optical depth τ ∼few–few tens, the resulting spectrum is:

(1) similar to the Rayleigh–Jeans part of the thermal spectrum, for T < Tph;
(2) Fν ∝ ν−1 (or NE ∝ E−2) because of multiple Compton scattering, for Tph < T < Te;
(3) an exponential cutoff, for for T > Te.

The spectral slope obtained in the above 2) is similar to the high energy spectral
slope in GRB spectra, 〈β〉 ∼ −2; thus, it could be concluded that Ep is associated with
Tph. However, recently, Fermi data have shown thermal peaks at lower energies than Ep,
which points rather to the more natural interpretation that the thermal peak is associated
with Tph and suggests that Ep may be associated with Te or with the synchrotron emission.
Moreover, if dissipation occurs at τ & 102, the resulting spectra is thermal-like. On the
other hand, for τ ., a few more complex spectrum forms, with the main contribution
coming from synchrotron photons (emitted by the electrons) below the thermal peak and
above it from multiple IC scatterings (leading to a nearly flat energy spectrum) [115]. All of
the above discussions are viable for dissipation processes from highly magnetized plasma
as well [86,116].

However, the above model also suffers two major drawbacks, since it cannot explain

(1) low energy spectral slopes less steep than the Rayleigh—Jeans part of a Planck spectrum;
(2) the observed GeV emission, which may originate from some dissipation above the pho-

tosphere.

4. Reconciling Cosmological Indicators to GRBs

After the first part of this review, in which we faced the main properties of GRBs, their
possible theoretical background and progenitors, we are now in a condition to relate our
understanding directly to cosmology. In fact, for cosmological purposes, it is essential to
get the distance of astronomical objects and thus the use of GRBs would help in computing
such distances up to very large redshifts. In particular, source physical parameters mostly
depend on luminosity and size and then cosmic bounds can be inferred if there exists a
relation between distances and redshifts. This prerogative is intimately related to two
distinct concepts, i.e., distance indicators17 and standard candles18.

Below, we elucidate the main properties of such objects and the most important
consequences they have in observational cosmology.

4.1. Distance Indicators

At the beginning of our review, we emphasized how distances in cosmology are
relevant to compute GRB luminosity/energy. A further step consists of noticing the
distance measurements are classifiable by

• Absolute measures, as they are computed through previously known information,
e.g., trigonometric parallax.

• Relative measures, as they involve empirical relations based on indirect or direct
probes, e.g., Cepheids period–luminosity relation, for which the distance measures
are calibrated against an absolute method to enable those measurements to be some-
how anchored.
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Standard cosmology shows how to relate the redshift to metric distances in both of the
above cases. The machinery of dynamical distance indicators involves tightly packing all
the ingredients of cosmological physics. We thus require the cosmological principle to hold
in an expanding universe in the context of general relativity. Despite it being obvious, there
is no direct analogy to classical dynamical distance indicators, as the laboratory in which
measurements are obtained is moving as well. Precision cosmology would enrich data
during the incoming years, as future surveys will provide resources of data to constrain
and refine our understanding about distances and cosmological parameters.

Using current data catalogs, it appears evident that GRBs can be significantly in-
vestigated once the calibration of the correlation functions are deduced from absolute
confidence. Recently, techniques of non-calibration have been more often used, overcoming
the problem of standardizing GRBs that are, as known, not perfect standard candles for
cosmological distance tests. Later on, we confront the calibration and non-calibration
procedures, emphasizing how to single out the most promising treatment to handle GRBs
in cosmology.

4.2. Standard Candles

Above, we stated astrophysical distances are crucial for picturing the current universe.
Though essential, estimating cosmic distances mainly remains a complicated prerogative.
In view of the above classification, the distance estimation passes through the use of
standard candles. These objects hold the fundamental property of relating the intrinsic
luminosity, namely L, to some known property, enabling one to get constraints over it.
Once the luminosity is known, the distance can be computed accordingly.

A standard procedure is to get measures of the energy emitted from astrophysical
objects. The energy bounds are obtained in a precise time interval, say ∆t and by virtue of
E = L · ∆t, i.e., the relation between luminosity and energy, it is possible to get distances
from the energy itself, through a well-consolidated strategy, reported below.

Detectors are able to catch fractions Ed of the emitted energy E, which is proportional
to the ratio between the detector area A and the spherical shell 4πd2

L in which one defines
the cosmic distance dL, i.e.,

Ed =
E A

4πd2
L

. (19)

A general relation for dL(z) is written as

dL(z, θ) = c (1 + z)
∫ z

0

dz′

H(z′, θ)
(20)

where the set of free parameters to constrain is indicated by θ. Exploring a given cosmolog-
ical model is equivalent to obtaining θ.

Thereby, combining the aforementioned quantities, we obtain the energy per unit
detector area A and per unitary time ∆t, which defines the flux expressed by

F =
Ed

A ∆t
=

L
4πd2

L
. (21)

As we highlighted, the luminosity L is known for standard candles, thus one can
measure F in order to get a given astrophysical object distance.

4.3. Classifying Standard Candles

We above stressed that physical laws underlying a particular astronomical object
permit one to know the luminosity of standard candles. Clearly, such rules are essentially
based on thermodynamic or chemical processes of a given astrophysical object. Conse-
quently, one can classify standard candles by means of these physical laws and, according
to the simplest classification scheme, we can handle at least two kinds of standard candles
summarized below [117].
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• Standard candles as primary distance indicators, which can be calibrated within the Milky
Way galaxy.

• Standard candles as secondary distance indicators, which can be observed at larger dis-
tances than Milky Way scales. However, they require calibration, typically performed
using known primary distance indicators within distant galaxies.

4.3.1. Primary Distance Indicators

The above first typology mainly includes Variable stars, i.e., among which, Cepheids,
RR Lyrae, and Mira. Here, the variable star type is based on the possible correlation
between their period of variation, steadily measured, and their luminosity. Even though
this set of stars mainly constitutes the primary indicators, further typologies are main
sequence and red clump stars. Here, using the luminosity-temperature relations from the
standard Hertzsprung–Russell diagram, one deduces stellar luminosity within a fairly
narrow range. Last but not least, eclipsing binaries are also primary distance indicators,
since their luminosity is computed by the Stefan–Boltzmann law through a direct estimate
of their radius, by means of a Doppler measurement of orbital velocities combined with
the light–curve data, together with the temperature, deduced from the spectrum.

4.3.2. Secondary Distance Indicators

On the other hand, the second class of standard candles is essentially based on
very different indicators with respect to the first case. For instance, the prototypes of
such indicators are the properties of galaxies, among all, the Tully–Fisher relation. This
law matches spiral galaxy rotation speed and stellar luminosity. In particular, to argue
the spiral galaxy rotation speed, one can consider, for example, the spectral line width.
Another relation, widely adopted as an underlying second type of indicator, is the Faber–
Jackson relation. Here, it is possible to infer elliptical galaxy random stellar velocities
using the total luminosity. Again, the way to get these velocities consists of the use
of spectral line widths. Another quite relevant relation is the fundamental plane law,
i.e., a treatment that extends the Faber–Jackson one by including surface brightness as an
additional observable parameter.

Besides galaxy properties, another second typology of standard candles is represented
by SNe Ia, i.e., probably the most used cosmological standard candles to accredit the late
time cosmic speed up. The scenario in which they form is due to thermonuclear explosions
of WDs that exceed the Chandrasekhar’s limit, namely ∼ 1.4M�. For such objects, we
see a correlation between the time scale of the explosion and the peak luminosity. The
corresponding light curves follow given shapes, in agreement with the so-called Phillips
curve [118]. As stated, SNe Ia are the most fruitful standard candles. For each event,
even if the luminosity is clearly different for every SN, the Phillips curve relates the B
magnitude peak to the luminous decay after 15 days with an overall set of SNe distributed
in the range z = 0–2.5. These redshifts span between decelerating and accelerating phases
of universe’s evolution, corresponding to the matter and DE dominated epochs19. Last
but not least, these indicators are present in all galaxies, except in the arms of spiral
galaxies, but their physical internal processes are still the object of investigations as they
are not fully-interpreted.

5. Going Ahead with Standard Indicators: The χ2 Analysis

Using standard candles, it is possible to establish data catalogs that can be used and
matched with GRB data. Hence, to experimentally fit a given model with a given set of
free parameters, one requires the definition of a merit function that quantifies the overall
agreement between the working model with the aforementioned cosmic data. Equivalently,
it is of utmost importance to get best fit parameters and corresponding estimates of error
bars, together with a method to possibly measure the goodness of fit. The parameter fitting
treatment commonly makes use of least-squares analyses, based on the combination among
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data points, say Di, a model for these data, namely the y(x,~θ), function of θ. Naively,
the simplest approach to least squares for uncorrelated data becomes

χ2 = ∑
i

wi[Di − y(xi|~θ)]2 (22)

where the weights wi reach the maximum variance in case wi = 1/σ2
i , with σi the data

point errors. For correlated data, we have

χ2 = ∑
ij
(Di − y(xi|θ))Q−1

ij (Dj − y(xj|θ)) (23)

in which the inverse of covariance matrix, Q, has been introduced describing the degree
of correlations among data. Minimizing the χ2 is equivalent to getting suitable sets of
findings that represent the best fit for our procedure. Different χ2 values lead to probability
distribution around the minimum.

5.1. Probability Distribution

Analyzing the probability distribution, once the above treatment is worked out, be-
comes essential. In particular, probabilities p that the observed χ2 exceeds by chance a
value χ̂ for the correct model is clearly calculable and, in fact, Q provides a measure of the
goodness of fit, as one infers it at the minimum of χ2. Two limiting cases, unfortunately,
are possible, Q is too small or too large. The first occurrence leads to the fact that the
model is either wrong or errors are underestimated and/or they do not distribute Gaussian.
The second occurrence happens when either errors are overestimated or data are correlated
while rarely it could also happen that the distribution is non-Gaussian.

In general, the statistical procedure suggests that χ2 is roughly comparable with the
data number. Consequently, using the reduced chi square, as the ratio between the chi
square and the number of degrees of freedom, could be a useful trick to handle experimen-
tal workarounds.

5.2. The SNe Ia Measurements

SNe are widely-adopted in astrophysics as standard candles. Thereby, several SN
catalogs are often updated, furnishing today a large number of data points that combined
with other data sets enable one to fix tighter constraints over the universe expansion history
in terms of its constituents. In particular, SNe Ia are likely the most used objects that
constrain DE at late times. The standard procedure makes use of the luminosity distance
dL(z) and of apparent magnitude. A general relation for dL(z) has been previously written,
with θ the set of free parameters of a given model. Then, we can notice that exploring a
given cosmological model is equivalent to getting the whole set of parameters, θ.

In particular, when one adopts a given cosmological model, then an indirect require-
ment naturally holds: the underlying cosmological model is the most suitable one. This is
clearly a limitation because this hypothesis does not always coincide with the most feasible
statistical model. Thus, more than one scenario can lead to subtle bounds, indicating a
degeneracy problem among different models. This justifies the need of analyzing different
cosmological paradigms working out data set hierarchy, i.e., combining more than one
data catalog. In addition, statistical criteria are also crucial to check the goodness of a
given paradigm.

For SNe Ia, by virtue of Equation (20), it is possible to relate the brightness to fluxes to
get the distance modulus

µ(z) = 25 + 5 log
(

dL

Mpc

)
. (24)

359



Galaxies 2021, 9, 77

Neglecting error bars on z, we underline errors on µ, namely σµ, whereas the best fit is
determined by the standard maximization of the underlying likelihood function, or simply
minimizing the χ2, provided by

χ2(θmin) =
Ns

∑
i=1

[
µi(zi, θ)− µobs,i(zi)

σµ,i

]2

(25)

where the subscript min refers to the set of values that minimize the chi square function,
as requested above. Theoretical models can be therefore tested by χ2 statistics, leading
to probing DE by inferring dL in units of megaparsecs and using it by means of the
apparent magnitude.

Again, intertwining more than one data set with other surveys is quite essential to
determine the whole set of parameters, with refined accuracy. For instance, SNe alone,
as well as GRBs20, H0 cannot be arguable. In fact, expanding up to the first order the
luminosity distance, valid up to z . 0.001, one gets

dL(z, H0) '
cz
H0

(26)

that clearly vanishes at z = 0, implying that H0 cannot be constrained with SNe Ia alone.
In addition, a multiplicative degeneracy between H0 and the other free parameters occurs.

Once the chi square statistic is computed, the confidence regions are planes with fixed
χ2. For example, one can get ΩM − θi planes by marginalizing the likelihood functions
over H0. This procedure consists of integrating the probability density p ∝ exp(−χ2/2)
for all values of H0. Marginalization is a generic technique, clearly not limited to H0.
In fact, one who desires to simultaneously constrain a few parameters and in the meantime
wants to get the corresponding probability distribution regardless of the values of a given
parameter, say θ?, can proceed with marginalizing. Let us call θ? the parameter we do not
care about; the marginalized probability density, computed for example for Ωm, is given by
p(Ωm) =

∫
dθ? p(Ωm, θ?).

5.3. BAO Measurements

The BAO measurements are due to overdensity of baryonic matter due to acoustic
waves. These waves propagate in the early universe [119,120] and represent the standard
ruler for cosmological length scale. This signature, in the large-scale clustering of galaxies,
constrains cosmological parameters by detection of a peak in the correlation function [121],
by defining the A parameter as follows:

A =

√
Ωm

z1

[
z1

E(x, z1)

1
|Ωk|

sinn2
(√
|Ωk|

∫ z1

0

dz
E(x, z)

)] 1
3

(27)

where x is the set of cosmological density parameters, E(x, z) = H(x, z)/H0, and sinn(x) =
sinh(x) for the curvature parameter Ωk > 0, sinn(x) = x for Ωk = 0, and sinn(x) = sin(x)
for Ωk < 0. The A parameter has been measured from the SDSS data and reads to
be A = 0.469(0.95/0.98)−0.35 ± 0.017, with z1 = 0.35, so the χ2 in terms of A reads
χ2

BAO = (A− 0.469)2/0.0172. The BAO corresponding angular distance measures can be
defined by means of

dz(x, z) ≡ rs(zd)

[
c z

H(x, z)

]−1/3[dL(x, z)
1 + z

]−2/3

. (28)

The corresponding χ2 is given by

χ2
BAO =

NBAO

∑
i=1

[
dth

z (x, zi)− dobs
z,i

σdz,i

]2

. (29)
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It is clear that BAO measures are slightly model-dependent as they depend on the
comoving sound horizon rs(zd). In particular, in Equation (28), the sound horizon depends
upon the baryon drag redshift zd. This quantity requires calibration that typically is
performed with CMB data, adopting a given background model that commonly is the
ΛCDM scenario. Very often, the best expected values are given by zd = 1059.62± 0.31 and
rs(zd) = 147.41± 0.30 [122].

5.4. Differential Age and Hubble Measurements

Another intriguing treatment, widely used in observational cosmology and also
for calibrating GRB correlations, has been firstly proposed in Ref. [123]. The idea is to
measure the Hubble rate by using galaxies, in a quite model-independent way. In the
context of GRBs, the Hubble catalog has been widely explored. For example, in Ref. [123],
the core idea is to match the observational Hubble rate data (OHD) with model independent
expansion of H made by Bézier polynomials. At a first glance, this differential age method (see,
e.g., Refs. [124,125]) does not require any assumption over the form of H, although spatial
curvature can affect the overall treatment if it varies with time, instead of being fixed21.

To better introduce the method, we notice that it is well known that spectroscopic
measurements of the age difference ∆t and redshift difference ∆z of couples of passively
evolving galaxies lead to∆z/∆t ≡ dz/dt and so, if galaxies formed at the same time
(redshift z), the Hubble rate can be approximated by

H(z) = −(1 + z)−1∆z/∆t . (30)

Consequently, model-independent estimates may come from cosmic chronometers
based on the assumption that observable Hubble rates are given by the exact formula

Hobs = −
1

(1 + z)

(
dt
dz

)−1
(31)

if approximated as in Equation (30). The χ2 from the current 31 OHD measurements reads

χ2
OHD =

31

∑
i=1

[
Hth(x, zi)− Hobs(zi)

σH,i

]2

. (32)

This procedure has the great advantage of directly considering H without passing
through any cosmic distance.

5.5. TheR Parameter

The CMB represents a cosmic recombination epoch remnant and contains abundant
early universe information. Consequently, the acoustic peak positions [120,126] can be
used to characterize a given cosmological model by means of the shift parameter, defined
as [127]

R =

√
ΩM√
|Ωk|

sinn
(√
|Ωk|

∫ zls

0

dz
E(x, z)

)
= 1.70± 0.03 . (33)

The last scattering redshift, namely zls, is fixed to

zls = 1048[1 + 0.00124(Ωbh2)−0.738][1 + g1(ΩMh2)g2 ], (34)

where g1 = 0.078(Ωbh2)−0.238[1 + 39.5(Ωbh2)0.763]−1 and g2 = 0.56[1 + 21.1(Ωbh2)1.81]−1

[128] and the χ2 reads

χ2
CMB =

(R− 1.70)2

0.032 . (35)

In analogy with BAO measures, the shift parameter is not fully model-independent.
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5.6. Confidence Levels and Uncertainties

As one performs fits combining GRBs with other observable quantities, meaningful
information on the best-fit parameters is achieved by computing their confidence limits
or contour plots, which define the allowed parameter phase-space. These are essentially
regions constructed around a set of best fit parameters obtained from computation. One
does not mind about the number of dimensional parameter space, namely m, corresponding
de facto to the number of parameters, since, to make those regions compact, one holds
constant χ2 boundaries, fixing the chi squared values to specific numbers. Thus, one takes
m to be the number of parameters, n the number of data, and p to be the confidence limit
that one desires to reach. Assuming to shift by solving Q[n − m, min(χ2) + ∆χ2] = p,
and to find the parameter region where χ2 ≤ min(χ2) + ∆χ2, immediately one gets
the requested confidence region. Once the regions have been computed, it is necessary
to obtain uncertainties. To do so, expanding the log likelihood in Taylor series lnL =

lnL(θ0) +
1
2 ∑ij(θi − θi,0)

∂2 lnL
∂θi∂θj

∣∣∣
θ0
(θj − θj0) + ..., we define the Hessian matrix by

Hij = −
∂2 lnL
∂θi∂θj

. (36)

Since its non diagonal terms indicate correlated parameters, one can assume the errors
on a given i parameter to be 1/

√Hii. This naive representation of errors is a coarse-grained
approach, dubbed conditional error, not frequently adopted in the literature. On the other
hand, one can compute the Fisher information matrix, as a forecast expression for error bars

Fij = 〈H〉 = −
〈

∂2 lnL
∂θi∂θj

〉
, (37)

with the ensemble average over observational data. In analogy to conditional errors, we
write σ2

ij ≥ (F−1)ij, while the marginalized errors become σθi ≥ (F−1)1/2
ii .

We underlined above that the Fisher matrix is somehow related to error bars. In this
respect, we mean that the Fisher Information matrix enables to estimate the parameters
errors before the experiment is performed. Hence, it permits to explore different exper-
imental set ups that could optimize the experiment itself. For these reasons, the Fisher
matrix is largely adopted in the literature.

5.7. Binning Procedure

In several cases, it is useful to get constraints directly on the universe equation of state.
Thus, fitting it for the late-time universe constituents is extremely important to understand
the dark energy evolution. In particular, pointing out a possible variation of the equation of
state of dark energy is essential to disentangle the standard model predictions from possible
theoretical extensions and, in this respect, GRBs can be seen as intermediate redshift probes
to disclose such an evolution.

To do that, an intriguing strategy consists of binning the dark energy equation of state,
say w, in short intervals of z and then fit w in each bin, assuming it is constant in each bin.
Indicating with a generic function f (z) the dark energy evolution, we have

f (zn−1 < z ≤ zn) = (1 + z)3(1+wn)
n−1

∏
i=0

(1 + zi)
3(wi−wi+1), (38)

where wi is the barotropic factor within the ith redshift bin. The bin is built up by an upper
boundary at zi, whereas the zeroth bin is defined as z0 = 0.

Therefore, uncorrelated sub-equations of state in every bin can be experimentally
refined adding data points and, in particular, GRBs, being calibrated as we will discuss
later. Several indications have shown good agreement with the standard paradigm, up to
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z ' 9, albeit relevant deviations have been found, indicating that the situation is not
still clear.

6. Standardizing GRBs

Being successful in standardizing GRB data is of utmost importance to characterize
new data catalogs up to high redshifts. In particular, getting redshifts, or more generally
spectroscopic observations, is essential for GRB-related science, as we summarized below:

(1) Computing the luminosity function for GRBs, constructing it from the prompt emis-
sion as well as afterglows. This treatment is analogous to what we do for SNe Ia.

(2) Computing the redshift distribution of GRBs. This enables one to use GRBs as tracers
for the cosmic star-formation history. Consequently, spotting very high redshift GRBs
will shed light on their distribution at intermediate epochs of the universe evolution.

(3) Studying the host galaxies, in particular those faint, high-redshift galaxies that are un-
likely to be found and studied with other methods, characterizing the dust extinction
curves of high-z galaxies.

(4) Studying GRB-selected absorption line systems and probing cosmic chemical evolu-
tion with GRBs.

(5) Studying if and how much GRBs can be used for determining the cosmological
parameters of dark energy models and/or to rule out a few models. Analogously,
the use of GRBs can be tested in view of determining cosmographic parameters,
i.e., getting model independent bounds over the cosmic evolution.

6.1. GRB Correlations and Related Issues

Since the first discovery of GRBs independent groups has found different correlations
that represent a key to using GRBs for cosmological purposes, the basic idea is to intertwine
different quantities of such objects among them. The observable quantities of interest are in
relation with the cosmological model that lies on the background. This fact permits GRBs
to be distance indicators at a first glance but limits their use because it requires postulating
the underlying cosmological model, providing a circularity in the process itself, which is
known as the circularity problem.

The widest majority of GRB correlations prompts the same requirement: the GRB
standardization in terms of cosmological tools. Attempts for new correlations have been
severely investigated, relating different observable quantities with each other. The way in
which this is realized provides the theoretical interpretation behind the relation itself. In other
words, evidence for a given correlation leads to interpreting particular physical processes.
Thus, achieving the goal of standardizing GRBs brings the certainty of getting feasible bounds
on cosmological parameters. Intriguingly, a narrow set of correlations enables one to also
estimate GRB redshifts. Even though this is still under speculation, in general, a wide number
of correlations could provide information about GRB progenitors.

More precisely, standardizing GRBs for cosmological purposes aims at reaching further
hints toward progenitors of different groups of GRBs. Multi-wavelength instruments of
recently-adopted satellites have significantly increased the number of GRBs that could
be observed to check the validity of a given relation. Thus, it is even possible that a
few correlations may be derived from experimental evidence, instead of theoretically.
Unfortunately, this could open further issues related to data processing whose outputs can
be biased in the overall computations.

Going ahead, it is certainly possible to constantly observe new hints undertaking
novel correlations to allow free theoretical speculations that deeply probe into new physics
beyond the standard comprehension of GRBs.

6.2. Prompt Emission GRB Correlations

The correlations that make use of prompt emission quantities are listed below with
the corresponding properties of each of them. For details on the involved quantities, see
Section 2.5.
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6.2.1. L iso–τlag Correlation

This correlation holds for LGRBs and indicates that the more luminous bursts possess
shorter time lags, i.e., Liso ∝ τ−1.25

lag [129]. It has been used as a GRB redshift indicator
and to constrain cosmological parameters. However, the existence of this correlation is
challenged by recent studies. For details, see Ref. [130].

6.2.2. L iso–V Correlation

This correlation holds for LGRBs and indicates that the more luminous bursts have
the more variable light curves [131]. However, the intrinsic scatter is very large, and the
index is still not completely settled, also in view of the fact that the variability V is different
for various instruments. For details, see Ref. [130].

6.2.3. Amati or E p–Eiso Correlation

This correlation is of the form Ep ∝ E0.52
iso and shows that Eiso is correlated with the

rest-frame spectral peak energy, namely Ep = Eobs
p (1 + z) [132]. Observations by Swift and

Fermi detectors confirmed this correlation for LGRBs. An analogous Ep–Eiso correlation
with a slope similar to that of LGRBs but a larger value of the normalization holds also for
SGRBs, though with a much smaller data set [133]. Moreover, the Ep − Eiso correlation also
holds within individual GRBs using time-resolved spectra, and the slopes are consistent
with the correlation from time-integrated spectra. For details, see Ref. [130].

6.2.4. Yonetoku or L p–Ep Correlation

This correlation reads Lp ∝ E2
p [65] and holds for both LGRBs and SGRBs [133].

Similarly to the Ep–Eiso correlation, the Lp–Ep correlation holds also within individual
GRBs using time-resolved spectra. For details, see Ref. [130].

6.2.5. Ghirlanda or E p–Eγ Correlation

This represents a tight, less scattered, correlation between Ep and Eγ, valid for LGRBs
[134]. One of the major drawbacks is the lack of achromatic breaks in the Swift afterglow
light curves of most of the GRBs. This fact limits the increase in the correlation sample.
For details, see Ref. [130].

6.3. Prompt and Afterglow Emission Correlations

The following correlations involve prompt and afterglow emission observables. Below,
we report the most common correlations. For details on the involved quantities, see
Section 2.5.

6.3.1. Liang–Zhang or E p–Eiso–tb Correlation

It is a correlation valid for LGRBs among Eiso, Ep and the rest-frame break time in the
optical band tb, i.e., Ep ∝ E0.52

iso t0.64
b [135]. If we take the optical break time as the jet break

time, this correlation is similar to the Ghirlanda one. However, the inclusion of additional
GRBs made this correlation more scattered. For details, see Ref. [130].

6.3.2. Dainotti or L X–tX Correlation

This correlation links the X-ray luminosity LX and rest-frame time tX, i.e., LX ∝ t−1
X ,

at the time when the X-ray afterglow light curve establishes a power-law decay after the
plateau phase [136]. This correlation holds for LGRBs and SGRBEEs. By adding a third
parameter, Eiso, the new correlation of the form LX ∝ t−0.87

X E0.88
iso [137] has been found.

However, both relations are quite scattered and seem to be a selection effect due to the flux
detection limit of Swift-XRT instrument. For details, see Ref. [130].

6.3.3. EX
iso–Eiso–Ep Correlation

This is a universal correlation for both LGRBs and SGRBs which links Eiso and Ep to
the isotropic energy of the X-ray afterglow EX

iso computed in the rest-frame energy band 0.3–
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30 keV, i.e., EX
iso ∝ E1.00

iso E0.60
p [138]. However, due to the fact that this correlation depends

upon two cosmology-dependent quantities, it is unsuitable to constrain cosmological
parameters. For details, see Ref. [139].

6.3.4. Combo Correlation

The correlation represents the combination of the Amati correlation and the EX
iso–Eiso–

Ep correlation and, like the Amati correlation, it holds for LGRBs only [140]. It relates the
prompt emission Ep and the X-ray afterglow luminosity L0 and rest-frame duration τ of
the plateau phase, and the late power-law decay index α, i.e., L0 ∝ E0.90

p τ−1|1 + α|. The
main drawback is that it is much more complicated than other correlations, as it depends
upon four parameters. For details, see Ref. [141].

6.3.5. L–T–E Correlation

This correlation connects the rest-frame end time tX and luminosity LX of the X-ray
afterglow plateau phase with Eiso, i.e., LX ∝ t−1.01

X E0.84
iso [142]. This correlation is very similar

to the Combo correlation, but, unlike it, the L–T–E one holds for a few SGRBs and requires
being corrected for the redshift evolution effects. For more details, see Ref. [142].

7. Further Issues Related to Constructing GRB Correlations

Despite having so many correlations reported in the literature, all of them suffer from
several issues related to constructing the correlations themselves. Besides the circular-
ity problem, we face several issues to be addressed. In the following, we list the most
common ones.

7.1. Evolution Effects

GRBs are observed from a large redshift range and in principle correlation parameters
may evolve with the redshift. In some cases, to estimate the cosmological parameters,
a correction of the kind of (1 + z)−d to the energy or luminosity parameters is needed,
introducing a further parameter to fit. However, though tested for subsamples of GRBs
and several correlations, this issue is still ongoing [143].

7.2. Instrumental Selection Effects

A still open issue is the instrumental selection effects that may affect the observed
GRB energy or luminosity correlations. There are at least two kinds of issues due to (a) the
trigger threshold, i.e., the minimum photon peak flux that a burst must have in order to be
detected by a given instrument, and (b) the spectral analysis threshold, i.e., the minimum
fluence to perform a reliable spectral analysis and determine the SED parameters.

Several analyses have been performed in the literature, using different samples and
correlations of GRBs and searching for outliers and inconsistent GRBs. Several conclusions
were drawn: (a) some correlations may exist, though due to selection effects; (b) other
correlations may exist when accounting for the intrinsic scatter; and (c) some correlations
may have statistical significance, though affected by the thresholds of GRB detectors, etc.
See Ref. [144], for more details. Interestingly, using the time-resolved spectra, similar corre-
lations were found in individual bursts, strongly supporting the fact that the correlations
may be physical [64].

7.3. Systematic Errors

Sources of systematic errors for GRBs are the sensitivity of the detectors, the differences
in the estimated spectral parameters depending on detectors and/or fitting models, the lack
of unknown parameters, etc. All of these might dominate over the intrinsic dispersions
of GRBs.

In general, due to the vast number of systematic errors, a technique to consider them
in GRB fitting procedures consists of deriving those errors requiring the chi-square to be
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comparable to the fitted degrees of freedom ν, namely χ2 ' ν, and then summing them in
quadrature with the statistical errors [145].

However, studies on different GRB correlations suggest that the systematic uncer-
tainties of correlation parameters are not sensitive to the assumptions about cosmological
parameters [146].

7.4. Issues and Interpretation of Prompt Emission GRB Correlations

In the following, attention is given to the above described GRB prompt emission cor-
relations, focusing on possible issues and their physical interpretation. Particular emphasis
is given to the functional form of Ep–Eiso (or Amati), Ghirlanda and Yonetoku correlations,
the most popular and most quoted correlations for prompt emission observables.

7.4.1. L iso–τlag Correlation

As established in Ref. [147], this correlation holds also for X-ray flares (in the rest
frame energy band 0.3–10 keV) and proposed that their underlying mechanism is similar.
However, this correlation is affected by evolution effects, as discussed in Ref. [130].

One of the latest proposed explanations of the Liso–τlag correlation involves only
kinematic effects [148], as the observed time-lag is τlag ∝ D−1 and the luminosity is
Liso ∝ D, where D is the Doppler boost defined in Section 3.1.5.

As discussed in Ref. [149], this correlation was constructed from a small sample of
heterogeneously collected GRBs and is severely affected by sample incompleteness.

7.4.2. L iso–V Correlation

This correlation has a non-negligible scatter; thus, it is the least reliable one among all
GRB prompt emission correlations [130]. The physical origin of the Liso–V correlation is
still unclear. Within the internal shock scenario (see Section 3.1.2), it seems to be related to
the activity of the central engine through the values of Γ and the jet-opening angles [150]
and, based on this interpretation, Liso (V) is proportional to a high (low) power of Γ, hence
high-luminosity pulses imply high variability prompt light curves [145].

As discussed above for the Liso–τlag correlation, the luminosity–variability correlation
as well is severely plagued by sample incompleteness [149].

7.4.3. Amati or E p–Eiso Correlation

Likely, the most used and investigated relation is represented by the so-called Ep–Eiso
or Amati correlation [151] that can be recast here by

log
(

Ep

keV

)
= a0 + a1

[
log
(

Eiso

erg

)
− 52

]
. (39)

Here, we have two free constants, namely a0 and a1, that represent the calibration
constants to determine once the relation is somehow calibrated. A possible limitation of
the Ep–Eiso correlation is due to the extra source of variability σa. This is thought as a direct
consequence of hidden variables that contributes to the overall calibration, albeit we cannot
directly observe them [152].

A possible explanation for the Ep–Eiso correlation considers the thermal radiation
emitted when the GRB jet drills through the core of the progenitor star (see Section 2.4.1),
responsible for the thermal peak in the spectrum, and the Compton scattering of this
radiation by relativistic electrons outside the photosphere (see Section 3.1.5 and Ref. [153],
for details).

There are claims that the Amati correlation is caused by some selection effect of
observations, rather than being an intrinsic property of GRBs [149,154]. However, there
is a general consensus on the fact that the correlation is real [155–157], though detector
sensitivity affects the correlations and a weak fluence dependence may be larger than the
statistical uncertainty and contributes to the dispersion of the correlation [158,159].
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7.4.4. Ghirlanda or E p–Eγ Correlation

From theoretical and observational arguments in favor of the jetted nature of GRBs [36],
the radiated GRB energy can be corrected by means of the collimation factor f = 1− cos θ,
leading to Eγ = f Eiso. In particular, the jet opening angle θ is evaluated at the characteristic
time tb for specific assumptions on the circumburst medium that can be assumed to be
homogeneous [28]. The functional form adopted here for the Ghirlanda relation reads

log
(

Ep

keV

)
= b0 + b1

[
log
(

Eγ

erg

)
− 50

]
(40)

in which, as usual, b0 and b1 are the two free constants, fixed by means of calibration.
The extra scatter, σb, behooves us to better constrain the relation itself.

The Ghirlanda correlation shares with the Ep–Eiso one a similar physical interpretation
(see Section 3.1.5 and Ref. [153], for details). This correlation also takes into account the jet
correction in the computation of the GRB energy output (see Section 2.4).

The Ghirlanda correlation is linked to the Amati one and, thus, criticisms/analyses
against/in favor of being an intrinsic property of GRBs. In Ref. [160], it was shown that
as many as 33% of the BATSE bursts would not be consistent with the Ghirlanda relation,
but these results depended upon the assumed distribution for the jet’s correction factor
f [161]. This fact limits the increase in the correlation sample. For details, see Ref. [130].
Likewise for the Amati correlation, the Ghirlanda one is statistically real but strongly
affected by the thresholds of GRB detectors [159].

7.4.5. Yonetoku or L p–Ep Correlation

The Yonetoku or Lp–Ep, [65] correlation functional form here adopted reads

log
(

Lp

erg/s

)
− 52 = m0 + m1 log

(
Ep

keV

)
. (41)

Here, the free terms are m0 and m1 and require to be calibrated. Again, σm is the extra
scatter term.

Detailed hydrodynamical simulations suggest that Yonetoku correlation may be due
to the emission of photons from the photosphere of a relativistic jet, where the outflow
becomes optically thin, whereas most of it is still optically thick (see Section 3.1.5). Quasi-
thermal radiation is thus expected and the expected spectral shapes are obtained [162].

Like previous correlations, for the Yonetoku correlation there are also ongoing dis-
cussions whether it is a by-product of some selection effect or not [149,154–157]. For
this correlation, however, a weak redshift dependence has been confirmed, which may
contribute to the dispersion of the correlation [158].

7.5. Issues and Interpretation of Prompt and Afterglow Emission GRB Correlations

Analogous with the prompt emission correlations, we here focus on possible issues and
physical interpretation of prompt and afterglow emission correlations. The emphasis on
the functional form is given to the Combo correlation, one of the less scattered correlations
for both prompt and X-ray observables without evolution effects.

7.5.1. Liang–Zhang or E p–Eiso–tb Correlation

The Ep–Eiso–tb correlation [135] has been proposed by purely considering phenomeno-
logical considerations, thus avoiding any theoretical assumption, unlike that made for
the Ghirlanda correlation. However, as stated above, the Ep–Eiso–tb somehow shares
similar implications and drawbacks to the Ghirlanda one, as well as analogous physical
interpretation (see Sections 2.4 and 3.1.5 and Ref. [153], for details).

As proposed in Ref. [163], this correlation, like the Ghirlanda one, appears to be
affected by a selection effect on Ep (whereas, for the Ghirlanda correlation, Eγ is affected as
well) and suffers sample incompleteness.
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7.5.2. Dainotti or L X–tX Correlation

The Dainotti correlation, akin to the Liso–τlag correlation, may be retrieved from
kinematic effects (see Section 3.1.5 and Ref. [148], for details), pointing out to a common
origin between the two correlations.

As already discussed above, this correlation is quite scattered and seems to be a
selection effect due to the flux detection limit of Swift-XRT instrument [130]. Moreover, it is
also affected by evolution effects with the redshift [164].

7.5.3. EX
iso–Eiso–Ep Correlation

This correlation depends upon two cosmology-dependent quantities, although it is
unsuitable to constrain cosmological parameters. Since it holds for both SGRBs and LGRBs,
with different progenitor and surrounding medium properties (see Sections 2.4.1 and 2.4.2),
its physical interpretation has not been yet established. There is a speculation that it may
be connected with the Γ of the outflow, which might regulate the efficiency of conversion
from γ-rays to X-rays [138].

The EX
iso–Eiso–Ep correlation utilizes the prompt emission observables Eiso and Ep on

which the Amati correlation is based. For this reason, it is straightforward to deduce that
the biases and selection effects, at work for the Amati correlation, partially affect this hybrid
correlation. Moreover, unlike pure afterglow correlations such as the Dainotti one, this
correlation is also plagued by double truncation in the flux limit, both in the prompt and
X-ray afterglow emissions, making the correction for any selection effect difficult and the
use as redshift estimators and cosmological tool (see discussions in Ref. [164]).

7.5.4. Combo Correlation

The Combo correlation is a hybrid correlation linking the prompt emission Ep and
the observable quantities determined from the X-ray afterglow light curve, i.e., among all
the rest-frame 0.3–10 keV plateau luminosity L0, its rest-frame duration τ, and the late
power-law decay index α [140]. For each GRB, L0, τ, and α can be obtained by fitting the
rest-frame 0.3–10 keV flare-filtered afterglow luminosity light curves with the function
L(t) = (1 + t/τ)α.22 The general expression is much more complicated than previous ones
and reads

log
(

L0

erg/s

)
= k0 + k1 log

(
Ep

keV

)
− log

(
τ/s
|1 + α|

)
. (42)

Here, the constants k0 and k1 need to be determined by means of the calibration
procedure. Again, the correlation is characterized by an extra scatter σk.

The Combo correlation can be explained by the external shock scenario (see Section 3).
The correlation is the result of the synchrotron emission from the electrons accelerated in
a relativistic shock (see Section 3.1.5). The shock propagates through the external CBM
and interacts with the magnetic field of the the turbulent plasma. Hence, the relationship
among Ep, L0, and τ and the corresponding comoving quantities scale with the initial
Lorentz factor of the bulk motion Γ0, whereas the intrinsic scatter is due to the uncertainties
on the source spectral energy distribution [165].

Keeping in mind the hybrid nature and the Combo correlation, which is a combination
of the Amati and the EX

iso–Eiso–Ep correlations, the same biases and selection effects at work
in the EX

iso–Eiso–Ep affect the Combo correlation as well.

7.5.5. L–T–E Correlation

As already stated, this correlation shares similarities with the Combo correlation but,
unlike it, needs to be corrected for the redshift evolution effects [142].

The L–T–E correlation, as well as the Combo correlation, may be explained within the
magnetar scenario, which justifies the plateau phase observed in the X-ray afterglow light
curves as due to the continuous energy supply from a supra-massive NS (see Section 3.1.3
and Ref. [71], for details).
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Like the Combo correlation, which shares similar features, the same discussion on the
biases and selection effects holds for the L–T–E correlation as well. In addition, in Ref. [142],
it is shown that GRBs of the sample at high redshifts usually have relatively larger LX and
Eiso. This is very likely a selection effect due to the fact that very distant GRBs with small
LX and Eiso cannot be observed in view of the limited threshold of current detectors.

8. Circularity or Not Circularity?

Even though GRBs could be thought of as indicators toward the determination of
the universe’s expansion history, it is remarkable to stress that small redshift GRB data
are still missing. Consequently, if one requires to calibrate GRBs with small redshift
data, there is the strict need of other data sets, whose data points lie around z ' 0 that
permit performing the calibration procedure. The calibration procedure is essentially a
consequence of the correlation functional forms that, by virtue of the above considerations,
are commonly written as y = a x + b, with a, b real constants that depend upon the relation
itself. Bearing this in mind, we focus below on different calibration strategies. In this
respect, we highlight whether it is absolutely necessary or not to calibrate our correlations
in order to confront cosmological models with GRB data. Below, we start with such
considerations, critically discussed.

8.1. Calibration Versus Non-Calibration

Constraining cosmological parameters using GRBs is plagued by several conceptual
and practical issues.

First, all GRB correlations by definition are built assuming an a priori background
cosmology (see Sections 2.5 and 6.1 for details) and, consequently, introducing a circularity
problem [166]. Second, the majority of GRB correlations holds for LGRBs (see Section 6.1
for details), whose observational rate falls off rapidly at low-z and, in some cases, such a
nearby LGRB seems to be intrinsically different from the cosmological ones [37,167]. Third,
unlike SNe Ia, which are calibrated with a selected sub-sample at a very low redshift23 by
anchoring them to primary distance indicators as Cepheids, the shortage of low-z GRBs
prevents anchoring them to primary distance indicators.

Focusing on the above circularity problem, this is essentially an epistemological issue
due to the lack of very low-z GRBs and arising from the need of a background cosmology
to compute the above-defined Eiso, Eγ, and Liso entering GRB correlations [166]. For exam-
ple, calibrating GRBs through the standard ΛCDM model, the estimate of cosmological
parameters of any dark energy framework inevitably returns an overall agreement with
the concordance model. Debates toward its use in cosmology seem to indicate that this
effect could be minor, albeit it plagues cosmological constraints obtained from GRBs.

Possible ways out known in the literature involve calibration techniques based on the
use of SNe Ia distance moduli, cosmographic series, cosmic chronometers, etc. All of these
procedures represent plausible solutions, but at the same time introduce possible issues
that we are going to describe below.

The above calibration procedures have to compare with an alternative method which
completely by-passes the calibration procedure [10]. This uncalibrated procedure consists
of a simultaneous fit of correlation parameters together with the cosmological model
parameters. This uncalibrated procedure consists of a simultaneous fit of correlation and
cosmological model parameters. This procedure and the related issues are also discussed
in the following.

8.2. Fitting Procedures with Calibration
8.2.1. SN Calibration

A widely-used method to calibrate GRB correlations is through the use of SNe Ia that
span within z . 2.3. In such a way, assuming this could work for any LGRBs, the GRB
data points are mixed with SNe in order to build up a whole, quite large, Hubble diagram,
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where in the small redshift domain one has the majority of SNe, while, at large z, GRBs are
the most. Here, the simplest error bars on distance modulus are [168,169]

σµ = ([(zi+1 − z)/(zi+1 − zi)]
2ε2

µ,i + [(z− zi)/(zi+1 − zi)]
2ε2

µ,i+1)
1/2, (43)

where εµ,i and εµ,i+1 and µi and µi+1 are the errors and distance moduli of the SNe Ia at zi
and zi+1, respectively.

For each SN catalog, we could find different interpolating functions to model the SN
distribution. Thus, calibrating GRBs with SNe would seriously depend on the choice of
these expressions for each catalog. Hence, GRB calibrations may turn out to be extremely
sensitive to SNe Ia and the approach should be carefully handled since GRB luminosity
correlations may no longer be fully independent from SN data points.

8.2.2. Model Dependent Calibration

The model dependent procedure fixes the background cosmology with a given cos-
mological model, where typically the dark energy evolution is assumed a priori. Since
the background cosmology24 enters the correlation functions, generically in the form
y = ax + b; this means that one has to (1) assume a background cosmology, (2) fix the
most suitable numerical bounds over the free coefficients of the background cosmology,
and (3) calibrate the correlation.

As it appears evident, this strategy consists of determining an accredited cosmological
model with particular choices of the free parameters, determined elsewhere.

This procedure is obviously strongly plagued by the circularity problem. It fixes the
cosmological evolution with a given model and does not permit constraining suitably
another cosmological paradigm. In fact, if one calibrates with a generic model, say H(1)(z),
any other statistical expectations on a different model, say H(2)(z), would favor the model
that better matches H(1)(z). In other words, calibrating with H(1)(z) implies that the best
fits are statistically argued for H(2)(z) ' H(1)(z).

Another dramatic fact is that one has to constrain the free parameters of the back-
ground scenario by means of additional fits, with different data sets. This implies that an
overall analysis would be plagued by error propagation between different catalogs of data
and limits severely the analysis itself. To avoid other fits, one can assume exact versions
of the cosmological models that should be used as backgrounds. In such a way, the corre-
sponding error propagation reduces, albeit one does not take a real tested cosmological
scenario, but rather a simplified version of it.

8.2.3. Model Independent Calibration

Calibrating correlations via model independent treatments permits using GRBs as
distance indicators, although the calibration is made by means of other standard candles.
The idea of model-independent calibrations, however, enables getting the luminosity
distance dL without a priori postulating the background cosmology, healing de facto the
circularity problem.

A nice possibility consists of relating distances with model-independent quantities
written in terms of a Taylor series expansion of the scale factor. Thus, we first notice

H(z) =
{

d
dz

[
dL(z)
1 + z

]}−1

(44)

and then we consider the following expansions:

dL(z) =
z

H0

N

∑
n=0

αn

n!
zn (45)

H(z) =
M

∑
m=0

Hm

m!
zm (46)
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where αn are the coefficients of the luminosity distance expansion and Hm are the coeffi-
cients of the Hubble rate expansion. Thus, baptizing the cosmographic set, q0, j0, s0, as the
present values of the following quantities:

q(t) = −1
a

d2a
dt2

[
1
a

da
dt

]−2
, j(t) = +

1
a

d3a
dt3

[
1
a

da
dt

]−3
, s(t) = +

1
a

,
d4a
dt4

[
1
a

da
dt

]−4
(47)

where the scale factor a has been considered, with the requirement a ≡ (1+ z)−1. The above
quantities are named deceleration, jerk, and snap parameters, respectively, we formally have

d(4)L ' z
H0

(
α0 + α1z + α2

z2

2
+ α3

z3

6

)
. (48)

The coefficients in Equations (45) and (46), say αi ≡ αi(q0, j0, s0) and Hi ≡ Hi(q0, j0, s0),
can be determined directly with data, without considering a cosmological model a priori.
This treatment is known with the name of cosmography or cosmokinetics, i.e., the part of
cosmology that reconstructs the universe’s kinematics model-independently. Thus, at z = 0,
we have

α1 =
1
2
(1− q0) (49)

α2 = −1
6
(1− q0 − 3q2

0 + j0) (50)

α3 =
1

24
(2− 2q0 − 15q2

0 − 15q3
0 + 5j0 + 10q0 j0 + s0) (51)

and

H1 = 1 + q0 (52)

H2 =
1
2
(j0 − q2

0) (53)

H3 =
1
6

[
−3q2

0 − 3q3
0 + j0(3 + 4q0) + s0

]
. (54)

Although powerful, the above formalism suffers from shortcomings due to the con-
vergence at higher redshifts25, i.e., the high GRB redshifts are very far from z = 0. In other
words, the standard cosmographic approach fails to be predictive if one employs data at
higher redshift domains, which is exactly the case of GRBs.

Healing the convergence problem leads to a high-redshift cosmography. In this respect,
several strategies have been suggested. For instance, one could (1) extend the limited
convergence radii of Taylor series by changing variables of expansion, using the so-called
auxiliary variables, or (2) changing the mathematical technique in which the expansions are
performed, i.e., involving expansions different from Taylor ones, etc.

In the case of auxiliary variables, one employs a tricky method in which the expansion
variable is reformulated as a function of the redshift itself, but with particular convergence
properties. In other words, we cosmic quantities are rewritten in a more complicated
function of the redshift z, namely y. Changing the redshift variable from z to y modifies
accordingly the convergence radius. Formally speaking, we write y ≡ F (z) [9], where we
assume F (z) a generic function of the redshift. The function F (z) is properly chosen from
physical prime principles. All F (z) prototypes, however, might fulfill a few mathematical
conditions:

1. F (z)
∣∣ z=0 = 0

2. F (z)
∣∣ z=0 < ∞.

The first guarantees that at z = 0, our time, even y is zero. The second that the
auxiliary variable does not diverge; otherwise, the convergence problem would still persist.
In addition, a further requirement is helpful in constructing F (z):
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3. F (z)
∣∣ z=−1 < ∞.

The former condition enables y to converge at a future time, as well as z. Using
these hints toward the formulation of F (z), we can suggest a couple of well-consolidated
examples of F (z):

y1 =
z

1 + z
(55)

y2 = arctan z . (56)

The second possibility is offered by rational approximations, where the expansion is
thought to be a rational function, instead of a polynomial. This guarantees to optimize the
Taylor series with rational approximants that better approach large z than the Taylor series,
guaranteeing mathematical stability of the new series if data points exceed z = 0. Among all
the possible choices, here the attention is given to the Padé polynomials, firstly introduced
in Ref. [170]. This technique of approximations turns out to be a bookkeeping device to
keep the calculations manageable for the cosmography convergence issue. Thus, provided
we have Taylor expansions of f (z) under the form f (z) = ∑∞

i=0 cizi, with ci = f (i)(0)/i!, it
is possible to obtain the (n, m) Padé approximant by

Pn,m(z) =

(
n

∑
i=0

aizi

)(
1 +

m

∑
j=1

bjzj

)−1

(57)

and requires that b0 = 1. Furthermore, it is important that f (z)− Pn,m(z) = O(zn+m+1)
and the coefficients bi come from solving the homogeneous system of linear equations
∑m

j=1 bj cn+k+j = −b0 cn+k, valid for k = 1, . . . , m. Once bi are known, ai can be obtained

using the formula ai = ∑i
k=0 bi−k ck. Just for an example, we report the (2, 1) Padé

polynomial as

P2,1(z) =
z

H0

{
6(q0 − 1) + [q0(8 + 3q0)− 5− 2j0]z
2q0(3 + z + 3q0z)− 2(3 + z + j0z)

}
. (58)

8.3. The Use of Bézier Polynomials

The left term of Equation (30) can be approximated by means of particular choices,
such as using model-independent Bézier parametric curves. They are constructed to
be stable at the lower degrees of control points. They can be rotated and translated by
performing the operations on the points and assuming a degree n. They formally are
defined as

Hn(z) =
n

∑
d=0

βdhd
n(z) , hd

n(z) ≡
n!(z/zm)d

d!(n− d)!

(
1− z

zm

)n−d
(59)

where we notice the linear combination of Bernstein basis polynomials hd
n(z). Assuming

the coefficients βd to be positive in the range of 0 ≤ z/zm ≤ 1, where zm is the maximum z
of OHD, we soon can classify those polynomials by means of the exponent n.

In particular, besides the constant case, n = 0, both linear growth that happens for
n = 1 and oscillatory regimes, say n > 2, work well. This implies that a suitable choice is
n = 2. In this case, we have

H2(z) = β0

(
1− z

zm

)2
+ 2β1

(
z

zm

)(
1− z

zm

)
+ β2

(
z

zm

)2
. (60)

The comparison between H2(z) and the OHD data points give β0 = 67.76± 3.68,
β1 = 103.3± 11.1, and β2 = 208.4± 14.3, all in units of km s−1 Mpc−1.
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After having approximated H(z) with Equation (60), for spatially flat cosmology,
Ωk = 0, the calibrating luminosity distance becomes

dcal(z) ' (1 + z)
∫ z

0

dz′

H2(z′)
. (61)

Once the luminosity distance is written, it is possible to calibrate Eiso, Eγ, Lp, and L0
for the correlations that we intend to test. For Ep − Eiso, Ghirlanda, Yonetoku, and Combo
correlations, we report in Table 1 the corresponding numerical outcomes related to the
calibration process.

Table 1. For brevity, we report in this table only a few calibrated correlations. In particular, in the
columns, we prompt four correlations, i.e., Amati, Ghirlanda, Yonetoku, and Combo, with the data
set number points and the corresponding last update year. On the right, we display the calibrated
best fit parameters. The statistical method behind these calibrations is reported in Section 9.2.

Correlation N Update Parameters

Amati 193 2015 a0 = 2.06± 0.03 a1 = 0.50± 0.02 σa = 0.20± 0.01
Ghirlanda 27 2007 b0 = 2.09± 0.04 b1 = 0.63± 0.04 σb = 0.10± 0.02
Yonetoku 101 2018 m0 = −3.43± 0.21 m1 = 1.51± 0.08 σm = 0.35± 0.03
Combo 60 2015 q0 = 50.04± 0.27 q1 = 0.71± 0.11 σq = 0.35± 0.04

Once calibrated, the corresponding distance moduli from Equation (24) are computed
for each correlation.

8.3.1. Simultaneous Fits

Another relevant strategy is based on the idea to constrain the cosmological parameters
together with the luminosity correlation [171,172]. In particular, the real distance modulus
can be computed as

µfit =
∑i µi/σ2

µi

∑i σ−2
µi

, (62)

where the sum is over a given number of different correlations. In particular, µi is the best
estimated distance modulus and the subscript i-th refers to the correlation, with σµi the
error bars. The uncertainty of the distance modulus for each burst is σµfit = (∑i σ−2

µi
)−1/2.

A great advantage is that, as one computes bounds on cosmological parameters,
the normalization functions and slopes of each correlations are marginalized. Consequently,
we write down the χ2 as

χ2
GRB =

N

∑
i=1

[µi(zi, H0, ΩM, ΩDE)− µfit,i]
2

σ2
µfit,i

, (63)

where µfit,i and σµfit,i are the fitted distance modulus and its error, respectively.

8.3.2. Narrow Calibration

Another intriguing technique consists of calibrating standard candles using GRBs in a
narrow redshift range, hereafter δz. This short interval is placed near a fiducial redshift
[173,174] with the great advantage that, in some cases, see e.g., Ref. [173], no low-redshift
GRB sample is necessary.

8.4. Fitting Procedures without Calibration

Constraints on the cosmological parameters can be obtained with an alternative
method which completely by-passes the calibration procedure. It consists of taking all best
data sets of any GRB correlations, introducing the lowest intrinsic dispersion. The method
is described below.
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Any correlation between a generic energy/luminosity quantity Y and a GRB observ-
able X has the form

logYobs = a logX + b . (64)

The energy/luminosity quantity in general contains the information on the cosmo-
logical parameters Ωi through dL(z, Ωi), defined by the theoretical model describing the
background cosmology

Y th = 4πd2
L(z, Ωi)Fbolo (65)

where Fbolo may be the rest-frame bolometric fluence Sbolo(1 + z)−1 for Amati-like cor-
relations, or the bolometric observed flux Fbolo for Yonetoku-like correlations. Please
notice that we only focus on these two relations just for giving an example. The same
can be reformulated for other correlations, although, for brevity, we do not report other
treatments here.

The best cosmological and correlation parameters are then obtained by maximizing
the log-likelihood function [152]

lnL = −1
2

N

∑
i=1




(
logYobs

i − logY th
i

)2

σ2
i

+ ln(2πσ2
i )


, (66)

where σ2
i = σ2

logYobs
i

+ a2σ2
logXi

+ σ2
ext. Here, σlogYobs

i
is the error in the measured value of

logYobs
i , σlogXi is the error in logXi, and σext is the intrinsic dispersion of the correlation.
The above treatment avoids calibrating GRB data. This procedure has been applied to

an uncalibrated Ep–Eiso correlation in Ref. [175] and to an uncalibrated Combo correlation
in Ref. [10]. In both cases, the correlations have been built up from samples of GRBs that
have lower intrinsic dispersion. As byproducts, the resulting GRB correlations are close for
different cosmological models, which can be interpreted with the fact that this procedure
is model-independent. However, the application of this method seems to indicate that
current GRB data are not able to put stringent constraints on cosmological parameters,
though consistent with those resulting from better-established cosmological probes.

However, as hinted by the above results, this method may introduce a possible
bias, namely that the GRB correlation may adjust itself to the cosmology that maximizes
Equation (66), rather than allowing the derivation of Ωi from a cosmology independent
calibrated correlation. Moreover, it may be possible that a more exotic cosmological model
would lead to best-fit GRB correlations significantly different from simpler models, thus
failing in providing a model-independent procedure. Therefore, this method is still the
subject of ongoing studies.

9. Recent Developments of Cosmology with Gamma-Ray Bursts
9.1. Numerical Results Using Correlations

Observational data indicate that the cosmological expansion is currently accelerating.
They also indicate that, in the recent past, the expansion was decelerated. The standard
spatially-flat ΛCDM model [176–178] is the simplest model consistent with these observa-
tions [122,179–181]. Here, a cosmological constant Λ dominates the current energy budget
and fuels the currently-accelerating cosmological expansion. In this model, above a redshift
z ≈ 0.75, non-relativistic cold dark matter and baryons dominate over Λ and powered
the then-decelerating cosmological expansion. While the observations are consistent with
dark energy being time- and space-independent, they do not rule out slowly-evolving and
weakly spatially-inhomogeneous dynamical dark energy or spatial flatness.

Significant constraints on cosmological parameters come from the CMB anisotropy
data—that primarily probe the z ∼ 1100 part of redshift space—as well as from BAO
observations—the highest of which reach to z ∼ 2.3—and other lower-redshift SNeIa and
OHD measurements. Observational data in the intermediate redshift range, between z ∼
2.3 and ∼ 1100, are not as constraining as the lower and higher redshift data, but hold
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significant promise. Intermediate redshift observations include those of HII starburst
galaxies that reach z ∼ 2.4 [182–188], quasar angular sizes that reach z ∼ 2.7 [186,189–193],
quasar X-ray, and UV fluxes that reach z ∼ 7.5 [193–201], as well as GRBs that have now
been detected to z = 9.4 [202]. Observed correlations between GRB photometric and
spectroscopic properties that can be related to an intrinsic burst physical property would
allow GRBs to be used as valuable standard candles that reach high z and probe a largely
unexplored region of cosmological redshift space (see, e.g., [136,140,142,145,151,203–206],
and references therein), similar to how SNeIa are used as standard candles [118] at z < 2.3.
However, as stressed many times in this review, this is still a challenge for GRBs.

After it was established that GRBs were at cosmological distances, many attempts
have been made to use burst correlations to constrain cosmological parameters. The first
GRB Hubble diagram of a small sample of 9 bursts, obtained in Ref. [207] from the Liso–V
correlation [131], led to a current non-relativistic matter energy density parameter limit
of Ωm0 < 0.35 at the 1σ confidence level (for the flat ΛCDM model). Soon after, using
the Ghirlanda correlation, in Ref. [208], with a sample of 12 bursts, it has been found
Ωm0 = 0.35± 0.15 for the flat ΛCDM model, and in Ref. [171], with 14 GRBs as well as
SNeIa, it has been inferred that Ωm0 = 0.37± 0.10 and a cosmological constant energy
density parameter ΩΛ = 0.87± 0.23, in the non-flat ΛCDM model, and Ωm0 = 0.29± 0.04
in the flat model. Similar constraints were obtained in Ref. [135], using the Ep–Eiso–tb
correlation: 0.13 < Ωm0 < 0.49 and 0.50 < ΩΛ < 0.85 at 1σ confidence level in the flat
ΛCDM model.

More recently, many contrasting results have been reported in the literature. In
Ref. [209], cosmological parameter constraints, within the ΛCDM model and dynamical
dark energy models from two different GRB data sets, were found to be different from
the two data sets and also relatively broad. Similarly, in Ref. [210], it has been shown
that at that time GRB data could not significantly constrain cosmological parameters.
In addition, in Refs. [211,212], it has been shown that most GRB correlations have large
scatter and/or their parameters differ somewhat significantly between low- and high-
z GRB data sets. From the calibration of the Ghirlanda correlation, by using a SNeIa
distance-redshift relation—through the (3, 2) Padé approximant—in Ref. [211], it has been
obtained Ωm0 = 0.302± 0.142 within the flat ΛCDM model.26 Based on a cosmographic
approach, an updated Ep–Eiso correlation with 162 GRBs has been used to get cosmological
constraints. In Ref. [12], GRBs were calibrated with SNeIa, resulting in Ωm0 = 0.25+0.29

−0.12
within the flat ΛCDM model, whereas, in Ref. [214], a cosmographic expansion, up to the
fifth order, involving SNeIa is used to calibrate the Ep–Eiso correlation for GRBs, which are
then used in conjunction with OHD and BAO measurements to constrain cosmographic
parameters, resulting in a 1σ deviation from the ΛCDM cosmological model.

Other recent works (involving GRB data only or in conjuction with other probes) also
report inconsistencies with the ΛCDM model. In Ref. [215], the Ep–Eiso correlation has been
used, including also modeling the potential evolution of GRB observables, to conclude that
calibrated GRB, SNeIa, and OHD data favor a dynamical dark energy model described by
a scalar field with an exponential potential energy density. In Ref. [216], Amati, Ghirlanda,
Yonetoku, and Combo correlations have been calibrated in a model-independent way via
OHD and jointly analyzed with SNeIa and BAO by using cosmographic methods, such as
Taylor expansions, auxiliary variables, and Padé approximations, to conclude that GRB do
not favor the flat ΛCDM model but instead favor a mildly evolving dark energy density
model. Similarly, in Ref. [217], the Ep–Eiso and Combo correlations have been calibrated via
OHD actual and machine-learned data, and again, based on a joint analysis with SNeIa and
BAO, indications against a genuine cosmological constant have been found. Analogously,
in Ref. [218], different combinations of SNe Ia, quasar, and GRB data sets have been used for
testing the ΛCDM model and dynamical dark energy parametrizations. It was found that
GRB and quasar data sets were inconsistent with the flat ΛCDM model, in agreement with
Ref. [219] for similar data. In Ref. [220], strong gravitational lensing data in conjunction
with SNe Ia and GRBs have been considered, and it has been found that the best-fit value
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of the spatial curvature parameter favored a closed universe, although a flat universe can
be accommodated at the 68% confidence level.

On the other hand, some recent efforts have shown that the Ep–Eiso and Combo
correlations calibrated using better-established cosmological data—such as SNe Ia or OHD
measurements—provide cosmological constraints that are consistent with the flat ΛCDM
model (see Table 2). In Ref. [123], an updated Ep–Eiso correlation with 193 GRBs and a
calibration based on an interpolation of the OHD data set have been considered, leading
to Ωm0 = 0.397+0.040

−0.039 in a flat ΛCDM cosmology, though the value of the mass density
is higher than the one established by Ref. [122]. In Ref. [221], the Ep–Eiso correlation,
calibrated with the latest OHD data set, has been jointly fit with CMB, BAO, and SNe Ia
data in a search for cosmological parameter constraints within the standard cosmological
model, as well as in dynamical dark energy parametrizations, finding no evidence in favor
of the alternatives to the ΛCDM model. Finally, by using the Combo correlation with
174 GRBs calibrated in a semi-model independent way, in Ref. [141], it has been found:
a) for a flat ΛCDM model Ωm0 = 0.32+0.05

−0.05 and Ωm0 = 0.22+0.04
−0.03 for the two values of the

Hubble constant H0 of Ref. [122] and Ref. [222], respectively, and b) for a non-flat ΛCDM
model Ωm0 = 0.34+0.08

−0.07 and ΩΛ = 0.91+0.22
−0.35 for the H0 of Ref. [122], and Ωm0 = 0.24+0.06

−0.05
and ΩΛ = 1.01+0.15

−0.25 for the H0 of Ref. [222].

Table 2. Summary of some recent cosmological constraints obtained by using Amati and Combo correlations, with or
without other well established cosmological probes, within the flat and non-flat ΛCDM models. The numbers near the
correlations name indicate the size of the GRB sample. For details on the names of the other probes, see the text.

Correlation Sample H0 (km s−1Mpc−1) Ωm0 ΩΛ Ωk0 Reference

Amati (193) GRB + SNIa 67.76± 3.68 a 0.397+0.040
−0.039 0.603+0.040

−0.039 0 [123]

Amati (74) GRB + SNIa + BAO + CMB 70.81± 3.68 b 0.3180± 0.0006 0.6820± 0.0006 0 [221]

Combo (174) GRB 74.03± 1.42 c 0.22+0.04
−0.03 0.78+0.03

−0.04 0 [141]
0.24+0.06

−0.05 0.68+0.05
−0.05 −0.24+0.16

−0.25
67.4± 0.5 d 0.32+0.05

−0.05 0.68+0.05
−0.05 0

0.34+0.08
−0.07 0.91+0.22

−0.35 −0.24+0.24
−0.35

Amati (118) GRB + H(z) + BAO 68.544+0.871
−0.862 0.316± 0.016 0.684± 0.016 0 [175]

67.499+2.281
−2.279 0.310± 0.016 0.639+0.072

−0.078 0.051+0.094
−0.088

Amati (118) GRB + H(z) + BAO + QSO + HIIG 69.3± 1.2 0.313± 0.013 0.687± 0.013 0 [186]
a Inferred from the interpolation of the OHD data by using Bézier polynomials. b Inferred from the interpolation of the OHD data with
additional systematic errors [221] by using Bézier polynomials. c Value from Ref. [222]. d Value from Ref. [122].

Again, by examining an uncalibrated Ep–Eiso correlation built up from a sample
of bright Fermi-LAT GRBs [223] and another GRB sample with lower average fluence
GRBs [224], in Ref. [175], cosmological parameter constraints have been obtained in a
number of cosmological models, concluding that current GRB data are not able to restric-
tively constrain cosmological parameters, and that cosmological parameter constraints
from the more-reliable GRBs are consistent with those resulting from better-established
cosmological probes. In Ref. [187], a joint H(z)+BAO+quasar (QSO)+HII starburst galaxy
(HIIG)+GRB fit determined Ωm0 = 0.313± 0.013 in the flat ΛCDM model, consistency with
a cosmological constant and zero spatial curvature, though mild dark energy dynamics or
a little spatial curvature are not ruled out at all.

Mixing all together the cosmological results summarized above, obtained through
GRB data, seem to be mutually inconsistent. This reflects all the efforts made so far to
employ GRB as distance indicators are still affected by a certain number of issues, as we
outlined previously.

First of all, we recall that GRB correlations involve a number of observable quantities
affected by the so-called circularity problem [166], caused by having to compute the
GRB correlations in an a priori assumed background cosmological model, being not fully
model-independent [12,136,138,140,151,206,209,214]. However, even uncalibrated GRB
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correlations, in principle free from the circularity issue, are not able to put stringent
constraints on the cosmological parameters, though consistent with those resulting from
better-established cosmological probes. In addition, we recall that all GRB correlations
are characterized by large intrinsic dispersions, conceivably caused by unknown large
systematic errors27 [64,143–145] in comparison to the case of better-established probes, such
as BAO, OHD, and SNeIa, where many error sources have been better modeled. On the
other hand, the influence of possible selection bias and evolution effects are currently
debated [154–158]. One may therefore conclude that the large intrinsic dispersions of GRB
correlations could be a consequence of yet undiscovered GRB intrinsic properties and/or a
yet unidentified sub-class within the population of GRBs, analogously to SN populations.

9.2. Applications of Statistical Analysis with GRBs

In this section, we describe a few applications of statistical analysis using GRBs.
Clearly, we focus on a particular choice and, in principle, it is possible to work out different
fits and/or experimental procedures. In particular, we here propose a calibration at the
very beginning, adopting the most consolidated route to handle GRBs. Above, we also
described the non-calibration procedure that, for brevity, we do not report here.

A widely consolidated approach is based on sampling the original catalog by means of
a Monte Carlo technique, essentially built up using Markov Chain Monte Carlo simulations
that are sampled within the widest possible parameter space. Commonly, the most adopted
algorithm is the Metropolis–Hastings and the standard approach to get limits uses the
minimization of the total χ2 function. As we stated above, in this review, the idea of
combining more than one sample is essential in order to refine cosmological bounds on the
model parameters. Hereafter, we denote with x the set of parameters and include in our
analysis SNe Ia and BAO data sets together with the calibrated GRB data. The former data
have been obtained through calibrating the correlations. For the sake of brevity, as well
as above, we only consider Amati, Ghirlanda, Yonetoku, and Combo correlations. In the
specific case of our three samples, i.e., GRBs, SNeIa, and BAO, we combine the chi square
functions by

χ2
tot = χ2

GRB + χ2
SN + χ2

BAO (67)

with the following recipe:

- GRB χ2. Here, we define

χ2
GRB =

NGRB

∑
i=1

[
µobs

GRB,i − µth
GRB(x, zi)

σµGRB,i

]2

(68)

where NGRB and µth
GRB are the experimental and theoretical GRB distance moduli.

- SN χ2. Here, by virtue of the above discussion concerning SN statistical analysis, we
rewrite the chi square function in Equation (25) by

χ2
SN = (∆µSN −M1)TC−1(∆µSN −M1) (69)

where ∆µSN ≡ µSN − µth
SN(x, zi) is the module of the vector of residuals, and C the

covariance matrix.
In particular, we prompt the distance modulus for the most recent SN catalog, named
Pantheon Sample. This represents the current largest SN sample consisting of 1048 SNe
Ia lying on 0.01 < z < 2.3 [180]. The corresponding magnitudes read

µSN = mB − (M− αX1 + βC − ∆M − ∆B) . (70)

Here, M and mB are the B-band absolute and apparent magnitudes, respectively.
The above distance moduli also depend upon other quantities required to standard-
ize/correct the light curves of SNe Ia. The quantities X1 and C are the light curve
shape and color parameters, respectively, whereas α and β are the coefficients of the
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luminosity–stretch and luminosity–color relationships, respectively. ∆M is a distance
correction determined on host galaxy mass of SNe, while ∆B a distance correction that
is built up from predicted biases determined by means of simulations.
By marginalizing overM through a flat prior, it is possible to demonstrate that SN
uncertainties do not depend onM, and this permits one to simplify the chi square
function through

χ2
SN,M = a + log

e
2π
− b2

e
(71)

where a ≡ ∆~̄T
SNC−1∆~̄SN, b ≡ ∆~̄T

SNC−1~1, e ≡~1TC−1~1.
- BAO χ2. The chi square function for BAO data is given in Equations (27)–(29).

Below, we summarize a couple of statistical methods applied to GRB data to extract
cosmological constraints.

9.2.1. Bézier Polynomials and Cosmographic Series

The first method utilizes GRB data, calibrated through the above Bézier polynomials,
to extract cosmological constraints by means of cosmographic model-independent series
and heal de facto the circularity problem without postulating the model a priori [216].
This method has been implemented to Amati, Ghirlanda, Yonetoku, and Combo GRB
correlations in conjunction with SNe Ia and BAO data sets to get more stable and narrow
constraints. We considered the most recent approaches to cosmography, comparing among
them Taylor expansions with z and y2 series, and Padé polynomials. Two hierarchies have
been considered: hierarchy 1, up to j0, and hierarchy 2, up to s0.

Reasonable results have been found for both hierarchies through several MCMC fits
showing possible matching with the standard paradigm (see Tables 3–6). Moreover, we
only partially alleviated the tension on local H0 measurements as hierarchy 2 is considered.
Taylor outcomes are quite stable within each hierarchy, as portrayed by the results in
Table 3, and work well with Amati, Ghirlanda, and Yonetoku correlations in the sense that
the corresponding numerical outcomes are consistent within 1–σ with previous findings.
Again, this suggests a spatially flat ΛCDM paradigm as a statistically favored model,
with mass density parameter Ωm = 2(1 + q0)/3 ∼ 0.3 for Combo correlation, whereas the
other correlations seem to indicate smaller values.

The auxiliary y2 variable is not stable enough compared to Taylor expansions. It
significantly enlarges h0, see, e.g., Table 4, and the overall results are however quite non-
predictive at the level of hierarchy 1. Moreover, Padé fits seem to improve the quality of
Taylor expansion hierarchy 1, as expected by construction (see Table 5). This is particularly
evident for Combo and Yonetoku correlations, while, for Amati and Ghirlanda correlations,
it is not. It is worth noticing that, to go further, jerk term implies ≥(3,1), leading to higher
orders than P3,1, quite unconstrained at higher redshift domains.

Quite surprisingly, our findings summarized in Tables 3–6 show that the ΛCDM
model is not fully confirmed using GRBs. Although this can be an indication that more
refined analyses are necessary, as GRBs are involved, simple indications seem to be against
a genuine cosmological constant [122] and may be interpreted either with a barotropic dark
energy contribution or with the need of non-zero spatial curvature [216]. Nevertheless,
at this stage, our findings are in line with recent claims on tensions with the ΛCDM model
[195,219,225].
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Table 3. Cosmographic best fits and 1–σ (2–σ) errors from Taylor expansions labeled as hierarchy 1 (h0, q0, j0) and hierarchy 2
(h0, q0, j0, s0). Letters A, G, Y, and C indicate Amati, Ghirlanda, Yonetoku, and Combo correlations, respectively.

Taylor Fits

Hierarchy 1 Hierarchy 2
h0 q0 j0 h0 q0 j0 s0

A 0.740+0.005 (+0.010)
−0.006 (−0.013) −0.68+0.03 (+0.06)

−0.02 (−0.04) 0.77+0.08 (+0.16)
−0.10 (−0.20) 0.700+0.007 (+0.014)

−0.008 (−0.015) −0.51+0.02 (+0.03)
−0.01 (−0.02) 0.71+0.06 (+0.12)

−0.05 (−0.10) −0.36+0.05 (+0.13)
−0.10 (−0.20)

G 0.716+0.006 (+0.013)
−0.006 (−0.014) −0.63+0.03 (+0.06)

−0.03 (−0.05) 0.76+0.09 (+0.17)
−0.09 (−0.18) 0.691+0.008 (+0.016)

−0.007 (−0.015) −0.50+0.02 (+0.05)
−0.02 (−0.05) 0.64+0.06 (+0.15)

−0.10 (−0.19) −0.42+0.10 (+0.17)
−0.08 (−0.16)

Y 0.737+0.008 (+0.014)
−0.008 (−0.015) −0.73+0.03 (+0.06)

−0.01 (−0.04) 0.88+0.02 (+0.13)
−0.13 (−0.23) 0.695+0.007 (+0.014)

−0.008 (−0.015) −0.54+0.02 (+0.04)
−0.01 (−0.03) 0.70+0.07 (+0.13)

−0.05 (−0.11) −0.36+0.08 (+0.16)
−0.09 (−0.18)

C 0.706+0.007 (+0.013)
−0.007 (−0.013) −0.59+0.03 (+0.07)

−0.03 (−0.06) 0.72+0.09 (+0.18)
−0.10 (−0.18) 0.693+0.006 (+0.014)

−0.009 (−0.015) −0.52+0.02 (+0.05)
−0.01 (−0.03) 0.73+0.06 (+0.13)

−0.09 (−0.15) −0.38+0.06 (+0.14)
−0.10 (−0.19)

Table 4. Cosmographic best fits and 1–σ (2–σ) errors from expansions with y2 labeled as hierarchy 1 (h0, q0, j0) and hierarchy
2 (h0, q0, j0, s0). Letters A, G, Y, and C indicate Amati, Ghirlanda, Yonetoku, and Combo correlations, respectively.

y2 Fits

Hierarchy 1 Hierarchy 2

h0 q0 j0 h0 q0 j0 s0

A 0.76+0.01 (+0.02)
−0.01 (−0.02) −1.35+0.05 (+0.09)

−0.04 (−0.08) 3.85+0.25 (+0.49
−0.28 (−0.50) 0.78+0.01 (+0.02)

−0.01 (−0.02) −0.53+0.06 (+0.11)
−0.04 (−0.10) −2.52+0.31 (+0.71)

−0.42 (−0.78) −4.41+1.00 (+1.82)
−0.58 (−1.29)

G 0.75+0.01 (+0.02)
−0.01 (−0.02) −1.04+0.05 (+0.10)

−0.05 (−0.10) 2.40+0.24 (+0.47)
−0.23 (−0.47) 0.74+0.01 (+0.02)

−0.01 (−0.02) −0.45+0.10 (+0.17)
−0.06 (−0.13) −2.17+0.42 (+0.96)

−0.61 (−1.14) −3.08+1.41 (+2.68)
−0.56 (−1.28)

Y 0.75+0.01 (+0.02)
−0.01 (−0.02) −1.05+0.05 (+0.10)

−0.04 (−0.09) 2.47+0.22 (0.50)
−0.23 (−0.49) 0.74+0.01 (+0.02)

−0.01 (−0.02) −0.43+0.03 (+0.08)
−0.10 (−0.21) −2.19+0.62 (+1.62)

−0.32 (−0.63) −2.70+0.37 (+0.86)
−1.04 (−1.51)

C 0.75+0.01 (+0.02)
−0.01 (−0.02) −1.01+0.04 (+0.9)

−0.05 (−0.09) 2.29+0.23 (+0.44)
−0.20 (−0.40) 0.74+0.01 (+0.02)

−0.01 (−0.02) −0.43+0.06 (+0.16)
−0.09 (−0.17) −2.19+0.64 (+1.19)

−0.38 (−1.03) −2.79+0.90 (+2.59)
−0.82 (−1.50)

Table 5. Cosmographic best fits and 1–σ (2–σ) errors from Padé expansions labeled as hierarchy 1.
Letters A, G, Y, and C indicate Amati, Ghirlanda, Yonetoku, and Combo correlations, respectively.

Padé Fits

Hierarchy 1

h0 q0 j0

A 0.70+0.01 (+0.03)
−0.02 (−0.03) −0.33+0.05 (+0.09)

−0.03 (−0.08) 0.240+0.010 (+0.020)
−0.010 (−0.020)

G 0.70+0.02 (+0.03)
−0.01 (−0.02) −0.31+0.02 (+0.06)

−0.05 (−0.09) 0.235+0.013 (+0.027)
−0.002 (−0.006)

Y 0.68+0.01 (+0.02)
−0.01 (−0.02) −0.32+0.02 (+0.06)

−0.04 (−0.07) 0.240+0.010 (+0.021)
−0.005 (−0.010)

C 0.68+0.01 (+0.02)
−0.01 (−0.02) −0.33+0.03 (+0.06)

−0.03 (−0.06) 0.244+0.009 (+0.019)
−0.006 (−0.012)

Table 6. χ2 values of the cosmographic fits performed over the considered approximants. For each
GRB correlation, the number of degrees of freedom (DoF) and the considered hierarchy are reported.
Correlations are sorted for increasing values of the ratio χ2/DoF with respect to the Taylor hierarchy
1 expansion.

Sample DoF Hierarchy Approximant χ2

Taylor Function y2 Padé P2,1

Combo 1113 1 1116.84 1230.71 1113.77
1112 2 1089.25 1160.04

Ghirlanda 1080 1 1120.19 1271.92 2203.16
1079 2 1075.01 1184.42

Yonetoku 1154 1 1235.08 1350.27 1178.07
1153 2 1147.72 1227.25

Amati 1246 1 2334.35 2818.25 2202.75
1245 2 2174.13 2539.98
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9.2.2. Bézier Polynomials and ΛCDM and ωCDM Cosmological Models

In a second method summarized here, the circularity problem affecting GRBs is again
overcome by using Bézier polynomials to calibrate, in this case, the Amati correlation
alone [123]. Unlike the previous method, GRB data are utilized now in conjuction with
the SNe Ia JLA data set alone [226] and employed to explicitly constrain two different
cosmological scenarios: the concordance ΛCDM model and the ωCDM model, with the
dark energy equation of the state parameter free to vary [123].

In the Monte Carlo integration, through the Metropolis–Hastings algorithm, H0 has
been fixed to the best-fit value obtained from the model-independent analysis over OHD
data, i.e., H0 = 67.76 km s−1 Mpc−1. The results for Ωm and w (see Table 7) agree with
previous findings making use of GRBs. The statistical performance of the models under
study has been evaluated through the Akaike information criterion (AIC) criterion [227]

AIC ≡ 2p− 2 lnLmax

where p is the number of free parameters in the model andLmax is the maximum probability
function calculated at the best-fit point, and the deviance information criterion (DIC)
criterion [228]

DIC ≡ 2pe f f − 2 lnLmax ,

where pe f f = 〈−2 lnL〉+ 2 lnLmax is the number of parameters that a data set can effec-
tively constrain28. The best model is the one that minimizes the AIC and DIC values. Unlike
the AIC criterion, the DIC statistics do not penalize for the total number of free parameters
of the model, but only for those which are constrained by the data [229]. Differently from
the previous approach, we found that the ΛCDM model is preferred with respect to the
minimal ωCDM extension (see Table 7) and then conclude that no modifications of the
standard paradigm are expected as intermediate redshifts are involved. However, future
efforts dedicated to the use of our new technique to fix refined constraints over dynamical
dark energy models are encouraged in order to fix the apparent dichotomy in the results of
the two described methods.

Table 7. 95% confidence level results of the MCMC analysis for the SN+GRB data. The AIC and DIC
differences are intended with respect to the ΛCDM model.

Model ω Ωm ∆AIC ∆DIC

ΛCDM −1 0.397+0.040
−0.039 0 0

wCDM −0.86+0.36
−0.38 0.34+0.13

−0.15 1.44 1.24

9.3. The Role of Spatial Curvature

An updated sample of GRBs has been developed in 2020, in which the Combo relation
extracts bounds on the spatial curvature with no other probes [141], differently from
previous attempts that commonly assume a spatially flat background, with the inclusion of
SNe Ia and BAO.

The way in which the Combo relation is calibrated is without an OHD data set,
but rather invokes two step methods. In this picture, we assume [140]

I. the terms k1 and σk are obtained from small GRB sub-samples with almost the
same redshift;

II. k0 is determined from the use of SNe Ia limited to the lowest redshift of the GRBs of
the Combo data set, in which the calibration of SNe Ia is negligible [140].

GRB sub-samples with the same z are chosen among those ones providing well
constrained best-fit parameters.

Considering that in each sub-sample the GRB luminosity distances dL are quite the
same, we employ the rest-frame 0.3–10 keV energy flux F0. This improves the dependence
on the model and enables one to render our procedure cosmology-independent. In the
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specific example, reported here, seven sub-samples have been suggested and the best fits
reported in Table 8, showing no evident trends with z within the errors. This technique
is used for Combo relation since previous results suggest its advantages in the fitting
strategies described above29. One can perform a simultaneous fit of the above sub-samples
with the same k1 and σk implying k1 = 0.90± 0.13 and σk = 0.28± 0.03.

Table 8. Best-fit parameters of the seven sub-samples at average redshift 〈z〉: the slope q1,z, the nor-
malization log F0,z, and the extrascatter σq,z are shown.

〈z〉 k1,z log
[
F0,z/

(
erg cm−2s−1)] σk,z

0.54± 0.01 0.81± 0.49 −7.38± 1.08 0.29± 0.10
1.18± 0.07 0.83± 0.31 −7.93± 0.77 0.26± 0.08
1.46± 0.05 0.80± 0.32 −8.29± 0.79 0.26± 0.08
1.70± 0.06 0.94± 0.32 −8.92± 0.84 0.19± 0.08
2.05± 0.05 1.05± 0.32 −9.44± 0.90 0.34± 0.08
2.27± 0.07 0.78± 0.20 −8.57± 0.54 0.16± 0.06
2.69± 0.08 1.02± 0.34 −9.38± 0.87 0.34± 0.10

The calibration of k0 is performed by means of the nearest couple of GRBs of the
employed sample with the same redshift. In particular, it is possible to take GRB 130702A
at z = 0.145 and GRB 161219B at z = 0.1475. Then, µobs

C can be replaced via its average
distance modulus 〈µSNIa〉 = 39.21± 0.24, determined by SNe Ia with the same z as the
above two GRBs, considering the bound over k1 and the values of F0, Ep, τ, and α for the
two GRBs adopted throughout the computation. The computed value is k0 = 49.54± 0.21.

At this stage, comparing between GRB distance moduli µobs
C , with uncertainties σµobs

C ,
with theoretical expectations, it is possible to get constraints over background cosmologies.
In particular, for a non-flat ΛCDM model, i.e., the simplest scenario to work with, we write

dL =
c

H0

(1 + z)√
|Ωk|

sinn

(∫ z

0

√
|Ωk|dz′√

Ωm(1 + z)3 + ΩΛ + Ωk(1 + z)2

)
, (72)

and we compute numerical bounds once H0 is marginalized30 as in Table 9.
In particular, slightly larger estimations on matter density are obtained from GRBs,

i.e., Ωm = 0.32+0.05
−0.05 with H0 of Ref. [122] and the opposite, i.e., Ωm = 0.22+0.04

−0.03, for the H0
of Ref. [222]. Analogous results, i.e., compatible with the flat case, are computed using the
non-flat ΛCDM model.

Table 9. Best-fit parameters with 1–σ uncertainties for the various cosmological cases discussed in
this work. The last column lists the values of the χ2. H0 is fixed to the values given by Ref. [122,222],
respectively the Planck and Riess expectation values.

H0 Ωm ΩΛ Ωk χ2

Flat ΛCDM (DOF = 173)

P18 0.32+0.05
−0.05 0.68+0.05

−0.05 0 165.54
R19 0.22+0.04

−0.03 0.78+0.04
−0.03 0 171.32

ΛCDM (DOF = 172)

P18 0.34+0.08
−0.07 0.91+0.22

−0.35 −0.24+0.24
−0.35 164.38

R19 0.24+0.06
−0.05 1.01+0.15

−0.25 −0.24+0.16
−0.25 169.23

10. Further Application of GRBs as Probes of the High-Redshift Universe

Above, we faced some of the standard statistical methods associated with GRBs,
and we proposed a few applications with the corresponding experimental bounds. Now
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we shortly review other phenomenological applications of GRBs that can shed light on the
high-redshift Universe.

10.1. Star Formation Rate from GRBs

LGRBs are likely associated with core-collapse SNe [38,230]. By virtue of this fact, GRB-
SN associations may provide a complementary technique that measures a high-redshift
star formation rate [231–235]. Again, a problem related to calibration occurs, i.e., how to
calibrate a GRB event rate with a star formation rate. Moreover, the luminosity function is
not known a priori, and its reconstruction depends on the particular model selected for the
analysis [236–239]. The typical functional structures for the luminosity functions are (i)
a broken power law [240] and (ii) a single power law with an exponential cut-off at low
luminosities [237]. Reconstructed SFRs from GRBs are typically larger than those from
other observations [241]. The reason behind this apparent inconsistency may reside in the
fact that usually SFR at high-z is obtained from the observations of the brightest galaxies,
whereas GRBs, in view of their high luminosities, may help in detecting faint galaxies at
high-z otherwise unobserved [241,242].

10.2. High-Redshift GRB Rate Excess

Although appealing, the above developments do not show why GRBs do not follow
the star formation history being enhanced by hidden high-redshift mechanisms [242–247].
In particular, the star formation rate at high-redshift, namely z > 6, appears too large if
confronted with the star formation rate obtained from high-redshift galaxy surveys [248].

A natural origin of the high-redshift GRB rate excess can be found in the metallicity
evolution, as LGRBs seem to prefer a low-metallicity environment, as supported by recent
studies that favor such a requirement31. Typical mass bounds on stars suggest > 30M�,
being responsible for BH remnants.

10.3. Gravitationally-Lensed GRBs

Gravitationally lensed GRBs (GLGRBs) have been proposed in Ref. [49], where it
was speculated that such a phenomenon would result in multiple light curves detected at
different times, as due to the different light paths of the produced multiple GRB images.

Quests for GLGRBs were mostly based on strong lensing32 and similarities among
GRB light curves with identical spectra and close locations in the sky, as primary search
criteria [251–255]. However, such searches led to null results, possibly due to Poisson noise
uncertainties, affecting GRB light curves especially at low signal-to-noise ratios, which
may have introduced large differences between the lensed GRB images [254]. On the other
hand, some GLGRB could exhibit time delays shorter than (or comparable to) the burst
duration, hence leading to unresolved (or locally separated) peaks separated by the time
delay [256–258].

Several searches have been performed in the literature, resulting in a few or null
candidates, based on different techniques and lens models, such as globular cluster with a
mass of ≈ 105–107 M� [256], Population III stars with a mass range of 102–103 M� [257],
diverse objects with a mass range of 102–107 M� [259], or a supermassive BH with a mass
in the range of ≈ 105–107 M� [260].

Considering models where the lens is a supermassive BH [259,260], GLGRB candidates
can provide an opportunity to estimate the number density of massive compact objects at
cosmological distances by calculating the rate of GRB lensing. Assuming such supermassive
BH lenses with mass≈ 106 M� as dark matter compact objects [261], the density parameter
of BHs is ΩBH = 0.007 ± 0.004, or equivalently ΩBH/ΩM = 0.027 ± 0.016 [260]. In
this respect, finding more GLGRBs candidates from supermassive BH may enhance our
understanding of the matter content of the Universe.

382



Galaxies 2021, 9, 77

11. Conclusions

In this review, we outlined some of the most recent developments toward GRB physics,
properties, and their applications to cosmology. In particular, the review is structured into
two main parts.

In the first part, we discussed the basic demands of GRBs, including their main observ-
able quantities, their classification scheme into LGRBs and SGRBs and the corresponding
issues, emphasizing new possible ways of classification, still the object of speculation.
Afterwards, we put emphasis on GRB progenitors and on their fundamental microphysics,
in view of the experimental evidence characterizing prompt and afterglow emissions, etc.
LGRB connections with SNe have been explored as well along with SGRB matching with
KNe and GWs. Great emphasis has been devoted to portray the standard GRB formation,
working with the well consolidated fireball model. Particle acceleration and radiative pro-
cesses, predicted in such a picture, have been largely reported, with particular concern for
observable signatures and the standard model frontiers. Even in this part, we illustrated
that GRBs cannot be contemplated as genuine standard candles, since there is no consensus
toward their internal processes that we depicted throughout the manuscript. Accordingly,
their luminosity cannot be easily related to their redshifts as, for instance, one does for SNe.

For these aspects and for the overall limitations described above, we developed in the
second part considerable cosmological applications of GRB physics. We tried to standard-
ize GRBs by means of the most recent techniques and accentuated GRBs are essential to
reconcile small with intermediate redshift domains, opening new scenarios toward our
universe comprehension. In this respect, we featured how GRBs could be used as com-
plementary and outstanding probes to trace dark energy’s evolution in support of other
indicators, e.g., SNeIa, BAO, CMB, Hubble differential data, etc. Thereby, we have shown
a few statistical treatments related to Bayesian analysis in cosmology, able to combine
GRBs with other catalogs of data, reporting the most recent cosmological constraints on
dark energy models. To do so, we expounded the bristly circularity problem, burdening
GRBs in cosmological set ups. In particular, we also changed perspective, showing how to
avoid calibration, i.e., how not to employ the circularity. We confronted the two methods
and checked which departures could be expected from the standard cosmological model
through the use of GRBs in both of the cases. Details on error propagation and GRB
systematics have been discussed for several cosmic GRB correlations. Model dependent
and independent techniques of calibrations have been likewise portrayed.

Perspectives about GRB developments will be based on clarifying the overall issues
raised in this review. In particular, it is of utmost importance to shed light on how to
standardize GRBs, in view of a likely self-consistent evolutionary paradigm, so far missing.
With this recipe, we expect in the incoming years to improve GRB use in cosmology and
get rid of circularity and greatly reduce the systematics and all the other issues that affect
GRB data and challenge their use in cosmology. In particular, some models akin to those
characterizing other cosmic indicators will spell out how to describe in toto GRB physics
and evolution.
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Notes
1 New data come from the newly born gravitational wave, neutrino, and BH astronomy. We remark that precision cosmology

is essential to shed light on the mysteries that jeopardize the standard cosmological puzzle. In this respect, GRBs could play a
significant role since they represent outstanding explosions whose nature can trace the dark energy (DE) and BH natures.

2 GRBs approximately span in the range z ' 2–10.
3 Like the long-lived GeV emission, which is consistent with the afterglow emission of a blast wave in adiabatic expansion
4 For a different perspective, see, e.g., [26]
5 Hereafter the bulk Lorentz factor is indicated with Γ to avoid confusion with the power-law photon index γ, describing simple

power-law GRB spectra.
6 In the observer frame.
7 The GW signal, originating from the shell elliptical galaxy NGC 4993, had a duration of ∼ 100 s. By the characteristics in intensity

and frequency, GW 170817 has been unambiguously associated with the inspiraling of a binary NS-SN merger of total mass
2.82+0.09

−0.47 M�, which is consistent with the masses of all known binary NS systems.
8 Typically dubbed time-integrated and time-resolved analyses, respectively.
9 However, in this case the spectral break is very likely below or above the detector bandpass.

10 This energy band is the one established in the original work by Ref. [65].
11 Additional details on dL(z) will be summarized later in this review. Here, we stress that this definition has been written for

spatially flat DE models.
12 The time lag is historically computed in these energy bands which are the BATSE energy channels 3 and 1, respectively.
13 As a convention, the X-ray luminosities are computed in a rest-frame energy band with similar extrema with respect to the

observed one; with this prescription, their expressions are simple, as portrayed in Equation (11).
14 An alternative scenario proposes that an NS remnant could be left after a GRB emission, though this issue is still under debate.

For details, see Refs. [15,70,71] and Section 3.1.3.
15 Astrophysical fireballs include also some baryons from the surrounding medium, remnant of the progenitor system.
16 However, both B and γe are much higher than the ones inferred from the fit with the synchrotron model of the GRB afterglow,

whose microphysics of particle acceleration and magnetic field generation should be similar to that of the prompt emission
environment [105].

17 Examples are main sequence fitting method, variable stars, Tully–Fisher and Faber–Jackson relations, etc.
18 Examples are SNe Ia, Cosmic Microwave Background (CMB) measurements, Baryonic Acoustic Oscillations (BAO), etc.
19 They refer to “Type Ia” for the absence of hydrogen and the presence of once ionized silicon (SiII) in their early-time spectra.
20 Weak similarities between GRBs and SNe Ia may occur at the level of formal computation, although the GRB nature is absolutely

different from SNe. The core idea is to write a GRB luminosity distance as well and proceed analogously.
21 We here focus on vanishing spatial curvature, i.e., Ωk = 0 [122].
22 The flare-filtered luminosity light curves are iteratively fitted with the above function: at every iteration, data points with the

largest positive residual are discarded, until a final fit with a p-value > 0.3 is obtained.
23 Where their luminosity distance is essentially independent from the choice of the cosmological model
24 The cosmological model under exam, or background cosmology, is intimately determined by knowing the functional form and

evolution of H(z).
25 For the sake of completeness, this problem is not related to GRB redshifts only, but it remains an open issue of cosmography.
26 Similar conclusions have been reached in Ref. [213], who confirmed that only the Ghirlanda correlation has no redshift dependence,

and determined Ωm0 = 0.307+0.065
−0.073 in the flat ΛCDM model from SNeIa calibrated GRB data.

27 Possibly including those associated with detector sensitivity, and the differences in estimated spectral parameters determined
from measurements taken with different detectors or from different models.

28 Here, the brackets indicate the average over the posterior distribution.
29 By construction, these sub-samples exhibit the same correlation with the same q1 and σq but involve different normalizations.
30 Constraints come from H0 = (67.4± 0.5) km s−1Mpc−1 [122] and H0 = (74.03± 1.42) km s−1Mpc−1 [222].
31 There is uncertainty on measuring GRB metallicity at high-redshifts, due to chemical inhomogeneity, for example [249,250]. Thus,

this approach cannot be seen as definitive.
32 In the case of strong lensing, the time delay between the images is larger than the duration of the burst.
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Abstract: Gamma-ray Bursts (GRBs) are highly energetic events that can be observed at extremely
high redshift. However, inherent bias in GRB data due to selection effects and redshift evolution can
significantly skew any subsequent analysis. We correct for important variables related to the GRB
emission, such as the burst duration, T∗90, the prompt isotropic energy, Eiso, the rest-frame end time
of the plateau emission, T∗a,radio, and its correspondent luminosity La,radio, for radio afterglow. In
particular, we use the Efron–Petrosian method presented in 1992 for the correction of our variables of
interest. Specifically, we correct Eiso and T∗90 for 80 GRBs, and La,radio and T∗a,radio for a subsample
of 18 GRBs that present a plateau-like flattening in their light curve. Upon application of this
method, we find strong evolution with redshift in most variables, particularly in La,radio, with
values similar to those found in past and current literature in radio, X-ray and optical wavelengths,
indicating that these variables are susceptible to observational bias. This analysis emphasizes the
necessity of correcting observational data for evolutionary effects to obtain the intrinsic behavior
of correlations to use them as discriminators among the most plausible theoretical models and as
reliable cosmological tools.

Keywords: GRB; radio; redshift evolution

1. Introduction

Gamma-ray bursts (GRBs) can be observed at extremely high redshift, making them a
valuable tool for studies of the early Universe. The ability to observe these highly energetic
objects at redshifts out to z = 9.4 [1–11] has created significant interest in using them as
standardizable candles, similar to Type Ia supernovae. However, observations of GRBs
have shown a very diverse population with few common characteristics.

Phenomenologically, GRBs are characterized by the main event, called the prompt
emission, which is usually observed in gamma-rays, hard X-rays and sometimes in optical,
while the afterglow is the counterpart in soft X-rays (≈66% of observed GRBs), in optical
(≈38% of observed GRBs) and sometimes in radio (≈6.6% of observed GRBs). GRB radio
afterglows are very difficult to observe, indeed, similar to the X-ray observations which
are characterized by the detector limits, and additional difficulties rise due to the limited
allocated time for the follow-up observations in the radio band after the GRB trigger. Bursts
are classified following the duration of the prompt episode (T90). The population of short
GRBs (sGRBs) usually has harder spectra and a duration of less than 2 s. In contrast, the
population of long GRBs (lGRBs) has softer spectra and a duration larger than 2 s [12].
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However, this classification is still in debate, and so in some bursts, it is not clear if GRBs
with intermediate features belong to short or long GRBs [13,14]. LGRBs are associated
with the core collapses of dying massive stars [15,16] and sGRBs by merging two compact
objects; a black hole (BH) with a neutron star (NS) and two NSs [17–19].

A crucial breakthrough in the analysis of GRB features is the discovery of the plateau
emission by the Neils Gehrels Swift Observatory [20]. The plateau emission is a flat part
of the lightcurves which follows the decay phase of the prompt emission [21–24]. In the
current paper we focus on properties resulting from this plateau emission, as well as
both the prompt and afterglow emission. In general, attempts have been made to find
standardizable properties, such as a plateau of GRBs or through prompt and afterglow
correlation studies. We here mention a few of them: Yonetoku et al. [25], Dai and Wang [26],
Ghirlanda [27], Dainotti et al. [28], Amati et al. [29], Dainotti et al. [30–34], Dainotti [35].

However, it is clear from past and current studies [36–39] that observations of GRBs are
further susceptible to selection bias and evolutionary effects, which may change the results
of any subsequent analysis and can substantially impact the results related to cosmological
application of GRB relations [40]. In GRB studies, it is, therefore, crucial to know whether
the studied correlations are intrinsic or artificially created as a result of observational biases
and redshift evolution. “Redshift evolution" is the dependence of the variable of interest
on redshift, and thus “independent of redshift" indicates the absence of such evolution.

In the study of GRB correlations, all variables must be computed in the rest-frame, as
we are comparing objects at different epochs. This introduces another source of redshift
dependence included in the definition of luminosity distance:

DL = (1 + z)
c

H0

∫ z

0

dz
′

√
ΩM(1 + z′)3 + ΩΛ

, (1)

where H0 is the Hubble constant at the present day and ΩM is the matter density in a flat
Universe assuming the equation of state parameter w = −1. Indeed, usually one of the
variables in the correlation is either a luminosity or energy which, by definition, depends
on the luminosity distance. Ideally, all correlations we use must be corrected for redshift
evolution, if any, requiring the removal of any existing redshift dependence.

There do exist statistical techniques that are capable of correcting for these effects, as
well as correcting for data truncation from detector limits [41–43]. Among the methods to
remove evolution, we consider here the Efron–Petrosian (EP) [41] method. The EP method
is a well-established example of these kinds of techniques, and has been used to recover
intrinsic relationships in many correlations in the past [7,40,44–48].

Lloyd et al. [44] discuss the correlation between Ep, or the peak of the νFν spectrum,
with flux and fluence in GRBs, later investigated in the rest-frame and known as the Ep −
Eiso relation [49]. A further modification of this relation is the one discovered by Yonetoku
et al. [25] in which Ep is correlated with the prompt isotropic luminosity, Liso. The EP
method provides an explanation on how to perform analysis on truncated data, and
in Yonetoku et al. [25], Amati et al. [49] it is illustrated that the method is capable of
recovering the correlation present in the original “parent" sample with the truncated data.

This technique has been further explored regarding the luminosity function and
formation rate of sGRBs in a recent study by Dainotti et al. [48]. They look at the in-
trinsic distributions of these variables using the EP method, and introduce a method of
accounting for incompleteness of redshift data with the Kolmogorov–Smirnov (KS) test
(this is described in more detail in Section 2.2). They find a strong evolution of luminosity
with redshift, emphasizing the necessity of this correction. The analysis presented in
Dainotti et al. [48] is also relevant, as it emphasizes that both sGRBs and lGRBs undergo
strong redshift evolution.

It should also be noted that though this method is mainly applied to GRB correlation
studies, it has been also successfully applied in studies of Active Galactic Nuclei as well [45].

Among GRB correlations in particular we focus our attention to the rest-frame time at
the end of the plateau emission, T∗a,radio, and its correspondent luminosity La,radio, this is
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an extension in radio of the so-called 2D Dainotti relation in X-rays [29–31] and optical [50].
For the very recent analysis on the 2D Dainotti relation in radio see Levine et al. (2021)
in preparation. For a review of the subject of GRB correlations and selection biases in the
prompt and afterglow see Dai and Wang [26], Ghirlanda [27], Dainotti [35], Dainotti and
Del Vecchio [51], Dainotti et al. [52], Dainotti and Amati [53].

One of the main problems in the application of GRB relationships as theoretical model
discriminators and as cosmological tools is the fact that correlations must be intrinsic to the
physics and not induced by biases. There are several examples of how the correlations are
used to interpret theoretical models both in the prompt and afterglow emission. The photo-
spheric emission and the Comptonization models [54–62] are the two main models used to
test the Epeak–Eiso and the Yonetoku et al. [25] correlations, the latter between Epeak and the
isotropic energy in the prompt emission. Otherwise, the parameter space pinpointed by
those correlations can be the effect of selection biases and not of the true underlying physics.
To this end, it is necessary to apply these correlations as model discriminators only after
correction for such biases. Indeed, for example the plateau emission in X-rays and optical,
which reconciles with the existence of the 2D Dainotti relation, can be derived through the
equations of a fast rotating NS, the so-called magnetar model [17–19,63–65]. In Rowlinson
et al. [66], Rea et al. [67], Stratta et al. [68] the derivation of the parameter space of the
magnetic field and spin period have been computed accounting for selection biases and
redshift evolution. The current status in the literature is that only a few correlations have
been corrected for selection biases and evolutionary effects through the EP method, such
as Dainotti et al. [7,48,69,70,71].

Specifically, Dainotti et al. [7] examine this correlation in X-ray for a sample of 101
GRBs that present a plateau, or flattening, in their light curves. After correction for evolu-
tionary effects using the EP method, they conclude that the observed correlation is intrinsic
at the 12 σ level. In mimicking the evolution of each variable with redshift, they tested
both a simple and more complex model, finding similar results in both cases. Dainotti
et al. [40] further examine the importance of these corrections when studying the cosmo-
logical properties of GRBs, applying the EP method to a simulated correlation between
luminosity and time at the end of the plateau emission for 101 GRBs and testing whether
a 5 σ deviation from the intrinsic values strongly changes the cosmological results. They
demonstrated that their results change with this deviation by 13% regarding the values of
ΩM, emphasizing the necessity of applying such corrections. The problem of evolution of
the variables and their correction is not only important for GRB-cosmology studies, but
also for more general cosmological studies. Indeed, in Dainotti et al. [72] it has been shown
that there is indication of a possible evolution even of the Hubble constant. If this is not
due to selection biases, a new physical cosmological model which relies on alternative
theories, such as the modified theory of gravity, must be accounted for.

Regarding the correlations in GRB afterglows, Lloyd-Ronning et al. [46,73] discussed
the correlation of not only luminosity with redshift, but also isotropic energy, Eiso, T∗90,
and the jet opening angle, θj, for a sample of 376 GRBs. They emphasize the difficulty of
obtaining intrinsic values for these quantities due to inherent biases in observation methods,
and additional truncation from detector limits that can introduce false correlations in the
data [74]. They find strong evolution with redshift for each of these variables, indicating
that achromatic properties of GRBs are also susceptible to selection bias. A further study
by Lloyd-Ronning et al. [47] discusses the evolution of θj with redshift in greater detail,
using the EP method to recover the intrinsic behavior of the jet opening angle.

In this study, we seek to determine whether the strong evolution of Eiso and T∗90 vs.
redshift initially found by Lloyd-Ronning et al. [46,73] is still the same for GRBs with
observed radio afterglow. In addition to the isotropic energy, we apply the EP method to
the luminosity, and break time in radio wavelengths to determine if these variables are
strongly affected by inherent bias and evolutionary effects.

We here point out that we are aware that the plateau sample is a subsample of a more
extended population of plateaus that we cannot see. We have fixed the issue of the biases
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related to the redshift evolution and due to the selection threshold with the Efron–Petrosian
method; however, we cannot account for the missing population of GRBs for which the
follow-up has not been tackled. Nonetheless, it is crucial to discuss the La,radio versus the
redshift, since this correlation has been studied in X-rays and optical extensively and it is
important to investigate if this correlation holds true in radio with comparable slopes to
optical and X-ray. The first step to investigate the correlation is to determine if the variables
involved are subjected to redshift evolution and selection biases.

In summary, the main point of the paper is the study of the redshift evolution and the
removal of selection biases through the EP method. The analysis of the true correlations
can be done only if we first determine the evolution among the variables. The plateau
emission has been extensively investigated in X-rays and optical, but so far there has not
been a statistical analysis of the existence of the plateau in radio. The radio observations
of the plateau emission can cast a light on whether or not the end time of the plateau is
indeed a jet break. This point can be revealed only through such a study. The evaluation of
the jet break allows one to better understand the evolution of the GRB and its physics in
relation to the standard fireball model [75,76] or other scenarios.

This paper is organized as follows: in Section 2, we discuss the selection of our sample,
as well as the formulation of the EP method and its application to our sample. In Section 3,
we present the results of this analysis, and in Section 4, we discuss the implications of our
study, as well as a comparison to previous studies, and present our conclusions.

2. Methods
2.1. Variables of Interest

The EP method uses a modified version of Kendall’s τ statistics to test for indepen-
dence of variables in a truncated data set. Here, τ is defined as:

τ =
∑i (Ri − Ei)√

∑i Vi
(2)

with Ri defined as the rank Ei = (1/2)(i + 1) defined as the expectation value, and Vi =
(1/12)(i2 + 1) defined as the variance. For a more complete discussion of the method and the
algebra involved, see Dainotti et al. [7,34], Efron and Petrosian [41], Singal et al. [45], Dainotti
et al. [77], Petrosian et al. [78], Lloyd-Ronning and Petrosian [79]. Here, we use the EP method
to determine the impact of redshift evolution and selection bias on four variables: T∗90, where
the star denotes the rest-frame, Eiso, the radio light curve break time T∗a,radio, and the radio
luminosity at the time of break La,radio. These variables are considered to be they are pertinent
to the correlations analyzed in Levine et al. (2021 in preparation). Throughout our analysis,
we consider these variables in logarithmic scale for convenience.

We look at the log Eiso and log T∗90 for a sample of 80 GRBs with observed radio
afterglow published in the literature [80–98]. Values of log Eiso are taken from the literature.
If no Eiso value could be found, the log Eiso, in units of ergs, is calculated using the equation:

Eiso = 4πD2
L(z)SK , (3)

where S is the fluence in units of erg cm−2, D2
L(z) is the luminosity distance assuming a

flat ΛCDM model with ΩM = 0.3 and H0 = 70 km s−1 Mpc−1 (see Equation (1)), and K is
the correction for cosmic expansion [99]:

K =
1

(1 + z)1−β
, (4)

with β as the spectral index of the GRB. Fluence and β values are taken from the literature.
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To analyze the impact of selection bias and redshift evolution for log La,radio and
log T∗a,radio, we first fit each of the 80 GRBs with a broken power law (BPL) according to
the formulation:

F(t) =

{
Fa(

t
T∗a
)−α1 t < T∗a

Fa(
t

T∗a
)−α2 t ≥ T∗a

(5)

where Fa refers to the flux at the break, T∗a refers to the rest-frame time of break, α1 refers to
the slope before the break, and α2 refers to the slope after the break. We can only obtain
values of log La,radio and log T∗a,radio for light curves that show a “plateau” feature, or a
flattening of the light curve before a clear break. In our analysis, we consider a light curve
to display a plateau if |α1| < 0.5. Therefore, we discard fits to light curves with scattered
observations, unreliable error bars, or shapes incompatible with a BPL and plateau. In our
subsequent analysis we include those light curves whose ∆χ2 analysis of the BPL best-fit
parameters are suitable following the Avni [100] methodology. After the rejection process,
we are left with 18 GRBs that present a plateau and clear break in the light curve.

The luminosity log La,radio in units of erg s−1 is computed at time log T∗a,radio using
the equation:

La = 4πD2
L(z)Fa(Ta)K , (6)

where Fa is the observed flux at Ta,radio, D2
L(z) is defined as in Equation (3), and K is the

k-correction:
K =

1
(1 + z)α1−β

, (7)

with β as the radio spectral index and α1 as the fitted BPL temporal index before the break.
β values are taken from Chandra and Frail [80] or other literature—if no β value could be
found, the average of published spectral indices, β = 0.902± 0.17, was assigned. We show
the distribution of spectral indices for the plateau sample in Figure 1.
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Figure 1. Distribution of spectral indices (β) for sample of 18 GRBs that display a plateau in their
light curve.

2.2. Limiting Fluxes, Fluences, and Times

The EP method can overcome selection bias for a particular variable of interest, but it
must first be determined if the variable is dependent or independent of redshift.

It is then necessary to define limiting values for each of the variables. In Dainotti et al. [7],
it was demonstrated that a good choice of limiting times and luminosities retains at least 90%
of the total sample. For time variables, log T∗90 and log T∗a,radio (in units of seconds), we define

a general form for the limiting values as Tmin
(1+z) , where Tmin is the minimum observed time.

We need to choose a compromise between a limit which is representative of the population
of data points, but still retains most of the sample size. It has been shown in Monte Carlo
simulations in [7] that such a strategy with limiting values is accurate. For log T∗90, we find the
best limiting duration to be log T∗90min,obs

= −0.54 s, with a limiting boundary defined as −0.30
(1+z)

s, which excludes 5/80 (<10%) GRBs. The limiting line for log T∗90 is shifted at a higher value
to be allow the sample data to be representative of the whole population. For log T∗a,radio, we
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find the limiting time to be the observed minimum log T∗a,radiomin,obs
= 4.94 s, thus defining

the boundary as log T∗a,radio = 4.94
(1+z) s, which does not exclude any data points.

For the isotropic energy, we instead define the limiting energy according to the method-
ology of Dainotti et al. [7], in which the limiting fluence should be representative of the
population while including at least 90% of the sample. We use the following formula:

Eiso,lim = 4πD2
L(z)Slim , (8)

where Slim is the fluence limit. For our sample, we define Slim as 6.3 × 10−8 erg cm−2.
Applying this limit excludes 8/80 GRBs, which is 10% of our sample. In all the method
described here we use GRBs that have log Eiso > log Eiso,lim, log T∗90 > log T∗90, log Ta,radio >
log Ta,radio,lim, and log La,radio > log La,radio,lim. For the luminosity, however, a caveat
should be posed when we consider the total distribution of the parent population of GRBs
with and without redshift (see [48]).

Using the method presented in Dainotti et al. [48], we compare the parent sample of
all GRBs with observed radio afterglow and known peak flux to a smaller “subsample"
of GRBs with known peak flux and known redshift. We then apply cuts to the data by
defining limiting fluxes at regular intervals. Considering only the data with values above
the limiting fluxes, fluences and time, we conduct a two-sample Kolmogorov–Smirnov
(KS) test between the data of the total sample and the data for which the limiting cuts
have been applied to determine the distribution of the probability that the subsample was
drawn from the parent sample, as well as the geometric distance between the two samples
as determined by the KS test. We take the limiting flux to be the value of flim where the
probability as a function of limiting flux reaches a plateau in which the probability that
two samples are drawn by the same population is 100%. In our sample, we find this limit
to be log flim = −17.2. We define the flux throughout our analysis in units of erg cm−2 s.

We show the distribution of the parent sample and subsample in the left panel of
Figure 2, with the limiting line shown in red. We plot this probability as a function of flux
limit (blue), as well as the distance between the distributions (orange), in the right panel of
Figure 2.

Figure 2. (Left): peak flux distribution for “parent” sample and subsample with known redshift.
Limiting flux shown in red. (Right): plot of probability (blue) and distance between samples as given
by the KS test (orange) as a function of flux limit. Limiting line flim shown in red.

2.3. Removing Selection Bias and Redshift Evolution

After defining the limiting lines, we can then mimic the evolution of this variable with
redshift using a simpler function of redshift, f (z) = 1

(1+z)δ . We here adopt the choice of a
simple function, but in principle it is possible to use a more complex function as already
shown in [77] and obtain compatible results. Using a modified version of Kendall’s τ
statistics, we can compute an evolutionary function f (z) where the slope of the function is
defined by δ. The values for δ where τ = 0 represent the removal of evolutionary effects.
We define errors on δ out to 1 σ, corresponding to the δ values where τ = ±1.
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3. Results

We here clarify that the purpose of our analysis is to show how similar our results
are, compared to other ones in the literature given that our sample size differs from other
studies for Eiso and T∗90 (our sample has 80 GRBs), while this is the first time in the literature
that we compare the results for the La,radio and T∗a,radio (our sample has 18 GRBs) with
the previous results in the literature performed in X-rays and optical. This is an essential
comparison to allow the determination of the intrinsic nature of the La,radio and T∗a,radio
correlation and to check for the universality of the results related to the evolutionary
functions for these variables with the EP method.

Using the procedure outlined above, we correct log Eiso, log T∗90 using the formulation

log E
′
iso = log Eiso − log((1 + z)δEiso ) and log T∗

′
90 = log T∗90 − log((1 + z)

δT∗90 ), where all
quantities that have ′ symbol are the variables for which the evolution has been removed,
thus they are no longer dependent on the redshift. We find δT∗90

= −0.65± 0.27, with the 1
σ errors defined as the average of the values of τ = 1 and τ = −1, and δEiso = 0.39± 0.88.
Figure 3 shows these results—the top left panel shows log T∗90 for the sample of 80 GRBs as
a function of redshift, with the limiting value shown in red. The top right panel highlights
the evolutionary function for log T∗90, with dashed lines at τ = 0,±1. The same plots for
log Eiso are shown in the bottom panels.
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Figure 3. The (upper left) panel shows the values of log T∗90 vs. redshift in blue and the limiting
log T∗90 in the rest-frame in red. The (upper right) panel shows the Kendall τ vs. the slope of the
evolutionary function with 1 σ errors shown with dashed blue lines. As with the upper panels, the
(lower left) panel shows values of log Eiso vs. redshift in blue with the limiting line in red, and the
(right) panel shows the Kendall τ vs. slope of the evolutionary function with 1 σ errors as dashed
blue lines.

For the plateau sample of 18 GRBs, we use the same formulation to obtain log L
′
a,radio =

log La,radio− log((1+ z)δLa,radio ) and log T∗
′

a,radio = log T∗a,radio− log((1+ z)
δT∗a,radio ). We find

the values of δ for log La,radio and log T∗a,radio as δT∗a,radio
= −1.94 ± 0.86 and δLa,radio =

3.15± 1.65. These results are shown in Figure 4—log T∗a,radio as a function of redshift is
shown in the top left panel, with the limiting values in red. The evolutionary function is
shown in the top right panel, with dashed blue lines at τ = 0,±1. The bottom two panels
display the same plots for log La,radio.
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Figure 4. The (upper left) panel shows the values of log T∗a,radio vs. redshift in blue and the limiting
log T∗a,radio in the rest-frame in red. The (upper right) panel shows the Kendall τ vs. the slope of the
evolutionary function with 1 σ errors shown with dashed blue lines. As with the upper panels, the
(lower left) panel shows values of log La,radio vs. redshift in blue with the limiting line in red, and
the (right) panel shows the Kendall τ vs. slope of the evolutionary function with 1 σ errors as dashed
blue lines.

4. Discussion and Conclusions

Using a sample of 80 GRBs with observed radio afterglow, we test the use of the EP
method on log Eiso and log T∗90 for a subsample 80 GRBs, and on log La,radio and log T∗a,radio
for a subsample of 18 GRBs. We find that when considering log Eiso and log T∗90, we
obtain indices for the parameter of redshift evolution, δ, of δT∗90

= −0.65 ± 0.27 and
δEiso = 0.39± 0.88, while the values of δ for log La,radio and log T∗a,radio are log T∗a,radio as
δT∗a,radio

= −1.94± 0.86 and δLa,radio = 3.15± 1.65.
For log T∗90, for log Ta,radio, and log La,radio, we find relatively strong evolution of each

variable with redshift. The luminosity presents the strongest correlation with redshift,
emphasizing the necessity of correction for these effects before using data in correlation
analysis. Eiso, by contrast, appears to be the most independent from redshift, with the
smallest value for |δ|.

We find that our values are comparable to values obtained in previous studies. A
study by Lloyd-Ronning et al. [46] of the cosmological evolution of isotropic energy Eiso,
burst duration T∗90, jet opening angle θj, and luminosity Lj reports δ values compatible
with our findings T∗90 and La,radio within 1 σ, and values compatible with our δEiso within
approximately 2 σ. Specifically, they find a value of δEiso = 2.3± 0.5, which agrees with our
value of δEiso = 0.39± 0.88 within 2.17 σ. We also see agreement with δT∗90

= −0.8± 0.3,
with a 0.55 σ difference from our value of δT∗90

= −0.65± 0.27, and in the luminosity with
δLj = 3.5± 0.5, a 0.2 σ difference from our value of δLa,radio = 3.15± 1.65.

These results also agree with previous values of δ for La and T∗a in X-ray and optical
wavelengths. Dainotti et al. [7] conduct a similar analysis of the luminosity and rest-frame
end time of the plateau emission using X-ray data. Their value for correction for δT∗a ,
reported as δT∗a,X

= −0.85± 0.3, is compatible with our value of δT∗a,radio
= −1.94± 0.86

within 1.23 σ. However, they find a very slow evolution in luminosity, with a value of
δLa,X = −0.05± 0.35, which is a 1.94 σ difference from our value of δLa,radio = 3.15± 1.65.
This discrepancy is likely due in part to the small sample size, which may exaggerate the
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extent of the evolution present in our sample, but may also be due to differences in the
behavior of the X-ray and radio emission.

We have corrected the luminosity and time in X-rays with 222 GRB lightcurves with
a given redshift, presenting plateaus according the Willingale et al. [23] model and in
optical with 181 GRBs with plateaus taken from Dainotti et al. [50], but with the additional
analysis of 80 GRBs found in the literature. For tackling this analysis, we followed the
same procedure described in the current paper. The results of this analysis reports σ, and
δLa,X = 2.42± 0.58, which is a 0.44 σ difference from our value. They also report values in
optical of δT∗a,opt

= −2.11± 0.49 and δLa,opt = 3.96± 0.58, which both agree with our result
within 1 σ.

In general, it can be seen that a larger sample size is preferred when applying the
EP method. In our case, for the sample pertinent to Eiso, and T∗90 we choose the limiting
values while excluding ≤ 10% of the overall sample. However, for the smaller sample
of 18 plateau GRBs, the limiting values are chosen so that we do not exclude any data
points due to the small sample size. In addition, this conservative choice would allow
us to have smaller error bars on the slope of the evolutionary functions. However, the
δ values obtained for La,radio and T∗a,radio are similar to values found in previous studies
of larger sample sizes, thus indicating that the EP method is still successful even with a
small dataset.

GRB correlations in radio afterglows related to the plateau emission are crucial to
understand if the jet break is coincident with the end of the plateau emission. To investigate
this point, a multiwavelength analysis not only in optical and X-rays must be performed
together with the radio data. Since the evolution of the variables with redshift can change
the time at which the break happens, it is crucially important to correct for the redshift
evolution. This study is also the preliminary step to the investigation of the intrinsic nature
of the plateau emission correlations.

After our analysis on the radio observations both for the prompt emission in relation
to the variables of Eiso and T∗90 and for the afterglow emission in relation to La,radio, T∗a,radio,
we can conclude:

1. After testing intrinsic properties of a GRB, such as Eiso and T∗90, as well as properties
such as La,radio and T∗a,radio, we see T∗90, La,radio and T∗a,radio present strong correlation
with redshift, thus indicating that they are susceptible to redshift evolution.

2. The δ values obtained in this work agree with those of previous studies, indicating
that this trend of strong correlation with redshift still holds true in radio wavelengths.

3. The study of these evolutionary functions is the first necessary step to determine the
true intrinsic nature of the correlations, object of our study.
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Abstract: The difference from 4 to 6 σ in the Hubble constant (H0) between the values observed with
the local (Cepheids and Supernovae Ia, SNe Ia) and the high-z probes (Cosmic Microwave Background
obtained by the Planck data) still challenges the astrophysics and cosmology community. Previous
analysis has shown that there is an evolution in the Hubble constant that scales as f (z) = H0/(1+ z)η,
whereH0 is H0(z = 0) and η is the evolutionary parameter. Here, we investigate if this evolution still
holds by using the SNe Ia gathered in the Pantheon sample and the Baryon Acoustic Oscillations. We
assume H0 = 70 km s−1 Mpc−1 as the local value and divide the Pantheon into three bins ordered in
increasing values of redshift. Similar to our previous analysis but varying two cosmological parameters
contemporaneously (H0, Ω0m in the ΛCDM model and H0, wa in the w0waCDM model), for each bin we
implement a Markov-Chain Monte Carlo analysis (MCMC) obtaining the value of H0 assuming Gaussian
priors to restrict the parameters spaces to values we expect from our prior knowledge of the current
cosmological models and to avoid phantom Dark Energy models with w < −1. Subsequently, the values
of H0 are fitted with the model f (z). Our results show that a decreasing trend with η ∼ 10−2 is still visible
in this sample. The η coefficient reaches zero in 2.0 σ for the ΛCDM model up to 5.8 σ for w0waCDM
model. This trend, if not due to statistical fluctuations, could be explained through a hidden astrophysical
bias, such as the effect of stretch evolution, or it requires new theoretical models, a possible proposition is
the modified gravity theories, f (R). This analysis is meant to further cast light on the evolution of H0

and it does not specifically focus on constraining the other parameters. This work is also a preparatory to
understand how the combined probes still show an evolution of the H0 by redshift and what is the current
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status of simulations on GRB cosmology to obtain the uncertainties on the Ω0m comparable with the ones
achieved through SNe Ia.

Keywords: supernovae; Ia; cosmology; Hubble; tension; ΛCDM; evolution; modified; gravity; theories

1. Introduction

The ΛCDM model is one of the most accredited models, which implies an accelerated
expansion phase [1,2]. Although it represents the favored paradigm, it is affected by great
challenges: the fine-tuning, the coincidence [3,4], and the Dark Energy nature’s problems.

More importantly, the H0 tension represents a big challenge for modern cosmology. Indeed,
the 4.4 up to 6.2 σ discrepancy, depending on the sample used [5–7], between the local value of H0
obtained with Cepheids observations and SNe Ia, H0 = 74.03± 1.42 km s−1 Mpc−1 [8,9], and the
Planck data of Cosmic Microwave background radiation (CMB), H0 = 67.4± 0.5 km s−1 Mpc−1

from the Planck Collaboration [10] requires further investigation. From now on, H0 will be in the
units km s−1 Mpc−1.

We stress that other probes report values of H0 ≈ 72± 2, similar to the value obtained
with the SNe Ia. Surely, to solve the Hubble tension it is necessary to use probes that are
standard candles. SNe Ia, considered one of the best standard candles, are observed only
up to a low redshift range: the farthest so far discovered is at z = 2.26 [11].

It is important for studying the evolution of the cosmological parameters to investigate
probes at high redshift. One of the best candidates in this regard is represented by the
Gamma-ray Bursts (GRBs).

GRBs are observed up to cosmological redshifts (the actual record is of z = 9.4 [12])
and surpassed even the quasars (the most distant being at z = 7.64 [13]). Due to their
detectability at high redshift, GRBs allow extending the current Hubble diagram to new
redshift ranges [14–18].

Indeed, it is important to stress that once we have established if the Hubble constant
undergoes redshift evolution, the Pantheon sample can safely be combined with other
probes. Surely the advantage of the use of the SNe Ia is that their emission mechanism is
pretty clear, namely they originate from the thermonuclear explosion of carbon–oxygen
white dwarfs (C/O WDs).

For GRBs, more investigation about their progenitor mechanism is needed. We here
stress that this work can be also preparatory to the work of future application of GRBs as
cosmological tools together with SNe Ia and Baryon Acoustic Oscillations (BAOs) through
well-established correlations among the prompt variables, such as: the Amati relation [19],
which connects the peak in the νFν spectrum to the isotropic energy in the prompt emission
(Eiso), the Yonetoku relation [20,21] between Epeak and the peak luminosity of the prompt
emission, Lpeak, the Liang and Zhang relation [22] between Eiso, the rest-frame break time
of the GRB t′b and the peak energy spectrum in the rest frame E′p, the Ghirlanda relation
(Epeak − Ejet = Eiso × (1− cosθ)) [23], and the prompt-afterglow relations for the GRBs with
the plateau emission investigated in [24–38], which have as common emission mechanism
most likely the magnetar model, where a neutron star with an intense magnetic field
undergoes a fast-spinning down [39–43].

A feasibility study shows that GRBs can give relevant constraints on the cosmological
parameters [17,44]. We here give a list of examples of other probes used for measuring the
Hubble constant tension. One of them is the use of data from time-delay measurements and
strong lens systems [45,46]. On the contrary, additional probes carry similar values of H0 to
the ones of Planck, based on the Cosmic Chronometers (CC) (H0 = 67.06± 1.68) in [8]. Be-
sides, there is a series of independent probes, such as quasars [47], the Tip of the Red-Giant
Branch (TRGB) calibration through SNe Ia [48], and also GRBs [14,15,17,18,49,50], which
bring estimates of H0 ranging between the values obtained with local measurements (SNe
Ia and Cepheids) and Baryon Acoustic Oscillations (BAO)+CMB. Ref. [51] discuss possible
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reasons behind the H0 tension in the Pantheon sample: selection biases of parameters of
the SNe Ia, unknown systematics, internal inconsistencies in the Planck data, or alternative
theoretical interpretations compared to the standard cosmological model. Furthermore,
the use of type 1 Active Galactic Nuclei (AGN) represents another promising cosmological
probe given the peculiarity of their spectral emission [52].

To date, a wide range of different solutions to the Hubble constant tension has been
provided by several groups [53–86]. Concerning the observational solutions, we here detail
a series of proposals [87–130]. In [131], the simulations of data taken from the anomalously
fast-colliding El Gordo galaxy clusters allow discussing the probability of observing such a
scenario in a ΛCDM framework. Ref. [132] perform a re-calibration of Cepheids in NGC
5584, thus obtaining a relation between the periods of Cepheids and their amplitude ratios
(tighter than the one obtained in SH0ES [9]) which could be useful to better estimate the
value of H0. In [133], the UV and X-ray data coming from quasars are used to constrain H0
in the Finslerian cosmology. Ref. [123] demonstrate that the Planetary Nebula Luminosity
Function (PNLF) can be extended beyond the Cepheid distances, thus promoting it to be
an additive probe for constraining H0. In [134], the analysis of Pan-STARRS telescope SNe
Ia data provides a value of H0 which lies between the SH0ES and Planck values.

Ref. [135] investigated how the H0 measurements can depend on the choice of different
probes (SNe, BAO, Cepheid, CC, etc.), showing also that through the set of filters on
cosmological models, such as fiducial values for cosmological parameters (w = −1, with w
parameter for the equation of state, or Ωk = 0, namely the curvature parameter set to zero),
the tension can be alleviated.

Ref. [136] extended a Hubble diagram up to redshift z ∼ 8 combining galaxies and
high-redshift quasars to test the late-time cosmic expansion history, giving a constraint on
the upper-value of H0 which is only marginally consistent with the results obtained by
the Cepheids.

Ref. [137] further tests the wCDM (with varying parameters of the equation of state),
and oCDM models (with varying curvature) through the merging of BAOs, SNe Ia, CC,
GRBs, and quasars data, after the analysis of the standard ΛCDM model.

In [138], the combination of strongly lensed quasars and SNe Ia led the authors
to conclude that the solution to the tension should be found outside of the Friedmann–
Lemaitre–Robertson–Walker metric.

Refs. [125,139] detect in the Stochastic Gravitational Wave Background a new method
to alleviate the tension, while [140,141] focuses on the gravitational-wave signals from
compact star mergers as probes that can give constraints on the H0 value.

Ref. [142] combine the SNe Ia and the VLT-KMOS HII galaxies data to put new
constraints on the cosmokinetic parameters. The proposed solutions deal also with models
that are alternative to the standard ΛCDM or, in other cases, that can extend it.

Ref. [143] constrain the Brans–Dicke (BD) theory through CMB and BAOs. The
TRGB method, combined with SNe Ia, gives a value of H0 compatible with the one from
CMB [144].

Ref. [145] obtain an 8%-precise value of H0 through the Fast Radio Bursts (FRB).
In [146], the Cepheids calibration parameters are allowed to vary, thus leading to an

estimated value of H0 which is compatible with the CMB one. The possibility that the Solar
system’s proper motion may induce a bias in the measurement of H0 has been subject to
study in [147], finding out that there is no degeneracy between the cosmological parameters
and the parameters of the Solar system motion.

Ref. [148] measure H0 through the galaxies parallax having as reference the CMB
rest-frame, being this parallax caused by the peculiar motions.

Ref. [149] verified through the measurements on GRBs and quasars that the Hubble
constant has a bigger value in the sky directions aligned with the CMB dipole polarization,
suggesting that a detachment from the FLRW should be considered.

Refs. [150–153] investigate how the dark sirens producing gravitational waves could
help to probe H0. Despite being a promising method, the incompleteness of galaxy catalogs
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may hinder the outcome of this method, thus [154] proposes a pixelated-sky approach to
overcome the issue of event redshifts which are missing but may be retrieved through the
galaxies present on the line of sight.

A review of the most promising emerging probes to measure the Hubble constant can
be found in [155].

Recent results on the measurements of the Hubble parameter and constant through the
Third LIGO-Virgo-KAGRA Gravitational-Wave Transient Catalog (GWTC-3) can be found
in [156]. An evolving trend for H0 may be naturally predicted in Teleparallelism [157–161],
as well as in modified gravity theories [162–167]. Refs. [168–170] study the f (Q, T) models
in Teleparallel Gravity through CC and SNe Ia, thus obtaining a value of H0 compatible
in 1 σ with the SH0ES result. The linear theory of perturbation for the f (Q, T) theory is
investigated in [171], allowing the future tests of this model through CMB data.

In [172], the Unimodular Gravity model is constrained with Planck 2018 [10], SH0ES,
SNe Ia, and H0LiCOW collaboration [7]. Furthermore, the Axi–Higgs model is tested with
CMB, BAO, Weak Lensing data (WL), and SNe [173]: in another paper, it is shown how
this model relaxes the Hubble tension [173]. Ref. [174] describe the modified inflationary
models considering constant-roll inflation. Ref. [175] give boundaries on the Hubble
constant value with the gravitino mass conjecture.

Refs. [176–180] show the role of cosmological second-order perturbations of the flat
ΛCDM model in the H0 tension. Ref. [181] discuss how Dark Energy may be generated
by quantum fluctuations of an inflating field and how the Hubble tension may be reduced
by the spatial correlations induced by this effect. The Dark Energy itself may be subject to
evolution, as pointed out in [182]. Ref. [183] show how a modification of the Friedmann
equation may naturally explain the inconsistency between the local and the cosmological
measurements of the Hubble constant.

Ref. [184] explain how the search for low-frequency gravitational waves (GWs) justifies
the Hubble tension’s solution through the assumption of neutrino-dark sector interactions.
Ref. [185] show how the R(∗)

K anomalies (namely, the discrepancy between the theoretical
ratio of the fractions B→ K∗µ+µ−/B→ K∗e+e− for the dilepton invariant mass bins from
the Standard Model and the observed one, see [186]) and the H0 tension can be solved by
Dirac neutrinos in a two-Higgs-doublet theory.

The introduction of models where the cosmological axio-dilation is present may lead
to a solution of the Hubble tension [187].

Refs. [188–191] discuss how the Early Dark Energy models (EDE) can be used to
alleviate the H0 tension. Ref. [192] analyze how the phantom Dark Energy models can give
a limited reduction of the H0 tension, while [193] explore how the Kaniadakis holographic
Dark Energy model alleviates the H0 tension.

In [194], the Viscous Generalized Chaplygin Gas (VGCG) model is used to diminish
the Hubble tension. The holographic Dark Energy models are pointed as a possible solution
through the study of unparticle cosmology [195].

Ref. [196] test seven cosmological models through the constraints of SNe Ia, BAO,
CMB, Planck lensing, and Cosmic Chronometers with the outcome that in the ΛCDM
scenario a flat universe is favored.

Ref. [197] discuss how the new physical scenarios before the recombination epoch im-
ply the shift of cosmological parameters and how these shifts are related to the discrepancy
between the local and non-local values of H0.

Ref. [198] proposes that the H0 tension may be solved if the speed of light is treated as
a function of the scale factor (as in [199]), and applies this scenario to SNe Ia data.

Refs. [200,201] discuss the implementation of the alternative Phenomenologically Emer-
gent Dark Energy model (PEDE), which can be also extended to a Generalized Emergent Dark
Energy model (GEDE) with the addition of an extra free parameter. This shows the possibility
of obtaining the PEDE or the ΛCDM cosmology as sub-cases of the GEDE scenario.
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Ref. [202] consider a scenario of modified gravity predicting the increase of the ex-
pansion rate in the late-universe, thus proving that in this scenario the Hubble tension
reduces significantly.

Ref. [203] study the ΛCDM model constrained, at the early-time universe, by the
presence of the early Integrated Sachs–Wolfe (eISW) effect, proving that the early-time
models aimed at attenuating the Hubble tension should be able to reproduce the same
eISW effect just like the ΛCDM does. The observations of a locally higher value for H0 led
to the discussion of local measurements, constraints, and modeling. In this regards, the
assumption of a local void [204–206] may produce locally an increased value for H0.

The Universe appears locally inhomogeneous below a scale of roughly 100 Mpc. The
question some cosmologists are attempting to solve is whether local inhomogeneities have
impact on cosmological measurements and the Hubble diagram. Many observables are
related to photons paths, which may be directly affected by the matter distribution. Many
theoretical attempts were made during the last few decades to develop the necessary
average prescription to evaluate the photon propagation on the observer’s past light cone
based on covariant and gauge-invariant observables [207–210]. Local inhomogeneities and
cosmic structure cause scattering and bias effects in the Hubble diagram, which are due
to peculiar velocities, selection effects, and gravitational lensing, but also to non-linear
relativistic corrections [210–212]. This question was addressed in [213] utilising the N-body
simulation of cosmic structure formation through the numerical code gevolution. This
non-perturbative approach pointed out discrepancies in the luminosity distance between a
homogeneous and inhomogeneous scenario, showing, in particular, the presence of non-
Gaussian effects at higher redshifts. These studies related to distance indicators will become
even more significant considering the large number of the forthcoming surveys designed
to the observations on the Large Scale Structure of the Universe in the next decade (for
instance, the Euclid survey [214,215] and the Vera C. Rubin Observatory’s LSST [216]). The
effect of local structures in an inhomogeneous universe should be considered in the locally
measured value of H0 [217,218]. The local under-density interpretation was also studied in
Milgromian dynamics [131,219,220], but in [221] it is shown how this interpretation does
not solve the tension. Ref. [219] study the KBC local void which is in contrast with the
ΛCDM, thus proposing the Milgromian dynamics as an alternative to standard cosmology.
Milgromian dynamics are studied also in [222] where, through the galactic structures and
clusters, it is shown how this model can be consistent at different scales and alleviate the
Hubble tension.

Ref. [223] describe the late time approaches and their effect on the Hubble parameter.
The bulk viscosity of the universe is also considered the link between the early and late
universe values of H0 [224].

Ref. [225] explain how the local measurements over-constrain the cosmological models
and propose the graphical analysis of the impact that these constraints have on the H0
estimation through ad hoc triangular plots.

Refs. [220,226,227] describes the effects of inhomogeneities at small scales in the baryon
density. Ref. [228] find out that the late time modifications can solve the tension between
the H0 SH0ES and CMB values through a parametrization of the comoving distance.

Ref. [229] propose to alleviate the Hubble tension considering an abrupt modification
of the effective gravitational constant at redshift z ≈ 0.01.
Other proposals are focused on the existence of different approaches.

Refs. [230,231] show how H0 evolves with redshift at local scales.
Ref. [232] discuss how the breakdown of Friedmann–Lemaitre–Robertson–Walker

(FLRW [233]) may be a plausible assumption to alleviate the Hubble tension. Ref. [234]
investigate the binary neutron stars mergers and, with the analysis of simulated catalogs,
show their potential to help to alleviate the H0 tension.

Ref. [235] explain how Gaussian process (GP) and locally weighted scatter plot smooth-
ing are used in conjunction with simulation and extrapolation (LOESS-Simex) methods can
reproduce different sets of data with a high level of precision, thus giving new perspectives
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on the Hubble tension through the simulation of Cosmic Chronometers, SNe Ia, and BAOs
data sets.

Ref. [236] focus on the GP and state the necessity of lower and upper bounds on the
hyperparameters to obtain a reliable estimation of H0.

On the other hand, Ref. [237] suggested a novel approach to measure H0 based on
the distance duality relation, namely a method that connects the luminosity distance of a
source to its angular diameter. In this case, data do not require a calibration phase and the
relative constraints are not dependent on the underlying cosmological model.

Ref. [238] showed how the tension can be solved with a modified weak-field General
Relativity theory, thus defining a local H0 and a global H0 value.

Ref. [239] investigated how a specific Dark Energy model in the generalized Proca
theory can alleviate the tension.

In [240], the Horndeski model can describe with significantly good precision the
late expansion of the universe thanks to the Hubble parameter data. The same model is
considered promising for the solution of the H0 tension in [241].

Ref. [242] described how the transition observed in Tully–Fisher data could imply an
evolving gravitational strength and explain the tension.

Ref. [197] explain how the physical models of the pre-recombination era could cause
the observed H0 values discrepancy and suggest that if the local H0 measurements are
consistent then a scale-invariant Harrison–Zeldovich spectrum should be considered to
solve the H0 issue. The Dynamical Dark Energy (DDE) models are the object of study
in [243,244]: in the former, the DDE is proposed as an alternative to ΛCDM, while in the
latter it is shown how the Chevallier–Polarski–Linder (CPL) parametrization [245,246] is
insensitive to Dark Energy at low redshift scales.

Refs. [247,248] propose Dark Radiation as a new surrogate of the Standard Model.
In [249], the scalar field cosmological model is used, together with the parametrization

of the equation of state, to obtain H0 and investigate the nature of Dark Energy. The
possibility of a scalar field non minimally coupled to gravity as a probable solution to the
H0 tension is investigated in [250].

Ref. [251] highlight the advantage of the braneworld models to predict the local higher
values of H0 and, contemporaneously, respect the CMB constraints. Another approach is to
solve the H0 tension by allowing variations in the fundamental constants [252].

Ref. [253] propose a non-singular Einstein–Cartan cosmological model with a simple
parametrization of spacetime torsion to alleviate the tension, while [254] propose a model
where the Dark Matter is annihilated to produce Dark Radiation.

Ref. [255] introduce a hidden sector of atomic Dark Matter in a realistic model that
avoids the fine-tuning problem. The observed weak effect of primordial magnetic fields
can create clustering at small scales for baryons and this could explain the H0 tension [256].

Ref. [257] test the General Relativity at galactic scales through Strong Gravitational
Lensing. The Strong Lensing is a promising probe for obtaining new constraints on H0,
thanks to the next generation DECIGO and B-DECIGO space interferometers [258].

In [259], the cosmological constant Λ is considered a dynamical quantity in the context
of the running vacuum models and this assumption could tackle the H0 tension. Ref. [260]
show the singlet Majoron model to explain the acceleration of the expansion at later times
and prove that this is consistent with large-scale data: this model has been subsequently
discussed in other works [261]. The vacuum energy density value is affected by the Hubble
tension as well and its measurement may cast more light on this topic [262].

Ref. [263] discuss the outcomes of the Oscillatory Tracker Model with an H0 value
that agrees with the CMB measurements. In [264], it is explained how the Generalized
Uncertainty Principle and the Extended Uncertainty Principle can modify the Hubble
parameter. [265] explore the implication of the Mirror Twin Higgs model and the need for
future measurements to alleviate the tension.

The artificial neural networks can be applied to reconstruct the behavior of large scale
structure cosmological parameters [266].
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Another alternative is given by the gravitational transitions at low redshift which can
solve the H0 tension better than the late-time H(z) smooth deformations [84,229].

Another comparison between the late-time gravitational transition models and other
models which predict a smooth deformation of the Hubble parameter can be found in [267].

Ref. [268], as modifications to the ΛCDM model, consider as plausible scenarios
or a Dark Matter component with negative pressure or the decay of Dark Energy into
Dark Matter.

Ref. [269] does not observe the H0 tension through the Effective Field Theory of Large
Scale Structure and the Baryon Oscillation Spectroscopic Survey (BOSS) Correlation Function.

Considering the Dark Matter particles with two new charges, Ref. [270] reproduce a
repulsive force which has similar effects to the Λ cosmological constant. Furthermore, the
models where interaction between Dark Matter and Dark Energy is present are promising
for a solution of the Hubble constant tensions, see [271].

In [272], it is shown how two independent sets of cosmological parameters, the back-
ground (geometrical) and the matter density (growth) component parameters, respectively,
give consistent results and how the preference for high values of H0 is less significant in
their analysis.

Ref. [273] introduce a global parametrization based on the cosmic age which rules out
the early-time and the late-time frameworks.

Ref. [274] point out, through the use of non-parametric methods, how the cosmological
models may induce biases in the cosmological parameters. In the same way, the statistical
analysis of galaxies’ redshift value and distance estimations may be affected by biases
which could, in turn, affect the estimation of H0.

Ref. [275]. This consideration holds also for the quadruply lensed quasars which are
another method to measure H0 [276].

Ref. [277] use the machine learning techniques to measure time delays in lensed SNe
Ia, these being an independent method to measure H0.

Additionally, in [231] it is explained how an evolution of H0 with the redshift is to
be expected. If a statistical approach on the different H0 values is used instead, together
with the assumption of an alternative cosmology, another solution to the tension could be
naturally implied [278].

Ref. [279] use data to reconstruct the f (T) gravity function without assuming any
cosmological model: this f (T) could in turn represent a solution to the H0 tension.

Ref. [124] discuss how the addition of scalar fields with particle physics motivation to
the cosmological model which predicts Dark Matter can retrieve the observed abundances
of the Big Bang Nucleosynthesis.

In [280], a Dark Matter production mechanism is proposed to alleviate the H0 tension.
A general review of the perspectives and proposals concerning the H0 tension can be found
in [281–283].

SNe Ia represents a very good example of standard candles. Here we consider also the
contribution of geometrical probes, the so-called standard rulers: while standard candles
show a constant intrinsic luminosity (or obey an intrinsic relation between their luminosity
and other physical parameters independent of luminosity), standard rulers are character-
ized by a typical scale dimension. This property allows estimating their distance according
to the apparent angular size. Among the possible standard rulers, the BAOs assume great
importance for cosmological purposes.

We here investigate the H0 tension in the Pantheon sample (hereafter PS) from [284]
and we add the contribution of BAOs to the cosmological computations to check if the
trend of H0 found in [36] is present also with the addition of other probes. We here point
out that the current analysis is not meant to constrain Ω0m or any other cosmological
parameters, but it is focused to study the reliability of the trend of H0 as a function of
the redshift.

We here point out that this analysis is not meant to constrain Ω0m or any other
cosmological parameters, but it is focused to study the reliability of the trend of H0 as a
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function of the redshift. The range of redshift in the PS goes from z = 0.01 to z = 2.26.
We tackle the problem with a redshift binning approach of H0, the same used in [51], but
here we adopt a starting value of H0 = 70 instead of 73.5: if a trend with redshift exists,
it should be independent on the initial value for H0. The systematic contributions for the
PS are calibrated through a reference cosmological model, where H0 is 70.0 [284]. In the
current paper, the aforementioned systematic uncertainties are considered for the analysis.
Our approach has a two-fold advantage: on the one hand, it is relatively simple and on
the other hand, it avoids the re-estimation of the SNe Ia uncertainties and may be able to
highlight a residual dependence on the SNe Ia parameters with redshift.

While a slow varying Einstein constant with the redshift, as it emerges in a modified
f (R) gravity, appears as the most natural explanation for a trend H0(z), the analysis of
Section 7 seems to indicate that such effect is not necessarily related with the Dark Energy
contribution of the late universe. Since the Hu–Sawicki gravity lacks of reproducing
the correct profile H0(z) shows that a Dark Energy model in the late Universe may not
be enough to explain the observed effect since the scalar mode dynamics can not easily
conciliate the Dark Energy contribution with the decreasing trend of H0(z). Thus, it may
be necessary a modified gravity scenario more general than a Dark Energy model in the
late Universe.

The current paper is composed as expressed in the following: in Section 2 the ΛCDM
and w0waCDM models are briefly introduced together with SNe Ia properties; Section 3
describes the use of BAOs as cosmological rulers; Section 4 contains our binned analysis
results, after slicing the PS in 3 redshift bins for the aforementioned models, and assuming
locally H0 = 70; in Section 5, we investigate, through simulated events, how the GRBs will
be contributing to cosmological investigations by 2030; in Section 6 we discuss the results;
in Section 7 we test the Hu–Sawicki model through a binning approach; in Section 8 we
report an overview on the requirements that a suitable f (R) model should have to properly
describe the observed trend of H0 and in Section 9 our conclusions are reported.

2. SNe Ia Cosmology

SNe Ia are characterized by an intrinsic luminosity that is almost uniform. Because of
this, SNe Ia are considered reliable standard candles. We compare the theoretical distance
moduli µth with the observed distance moduli µobs of SNe Ia belonging to the PS. The
theoretical distance moduli are defined through the luminosity distance dL(z) which we
need to define based on the cosmological model of interest. We here show the CPL
parametrization which describes the w parameter as a function of redshift (w(z) = w0 +
wa × z/(1 + z)) in the w0waCDM model. In the usual assumptions w0 ∼ −1 and wa ∼ 0,
and dL(z) is defined as the following [285]:

dL(z, H0...) =
c(1 + z)

H0

∫ z

0

dz∗√
Ω0m (1 + z∗)3 + Ω0Λ (1 + z∗)3 (w0+wa+1) e−3 wa

z∗
1+z∗

, (1)

where Ω0Λ is the Dark Energy component, c is the speed of light, and z is the redshift.
We stress that in this context the relativistic components are ignored. Moreover, since in
the present universe the radiation density parameter Ω0r ≈ 10−5, this contribution can be
neglected. If we substitute wa = 0, w0 = −1 in Equation (1) the luminosity distance expres-
sion for ΛCDM model is automatically retrieved. According to the distance luminosity
expression, the theoretical distance modulus can be written in the following form:

µth = 5 log10 dL(z, H0, . . .) + 25, (2)

which is usually expressed in Megaparsec (Mpc). The observed distance modulus, µobs =
m′B − M, taken from PS contains the apparent magnitude in the B-band corrected for
statistical and systematic effects (m′B) and the absolute in the B-band for a fiducial SN Ia
with a null value of stretch and color corrections (M). Considering the color and stretch
population models for SNe Ia, in our approach we average the distance moduli given by
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the [286] (G2010) and [287] (C2011) models. We here remind the reader that H0 and M are
degenerate parameters: in the PS release, M = −19.35 such that H0 = 70.0.

Ref. [51] obtain information on H0 by comparing µobs in [284]1 with µth for each SN.
Moreover, they fix Ω0m to a fiducial value to better constrain the H0 parameter. Furthermore,
according to [288], we consider the correction of the luminosity distance keeping into
account the peculiar velocities of the host galaxies which contain the SNe Ia. To perform
our analysis, we define the χ2 for SNe:

χ2
SN = ∆µT · C−1 · ∆µ. (3)

Here ∆µ = µobs − µth, and C denotes the 1048× 1048 covariance matrix, given by [284]. As
for the µobs values of G2010 and C2011, the systematic uncertainty matrices of the two
models have been averaged. After building the C total matrix from Equation (16) in [51], we
slice the PS in redshift bins, and then we divide C into submatrices considering the order in
redshift. More in detail, starting from the 1048 SNe Ia redshift-ordering, we divide the SNe
Ia into 3 equally populated bins made up of ≈349 SNe Ia. Concerning only Dstat, it is trivial
to build its submatrices considering that the statistical matrix is diagonal. Hence, a single
matrix element is related to a given SN of the PS. On the other hand, if the non-diagonal
matrix Csys is included, a customized code will be used2 to build the submatrices. Our code
was developed to select only the total covariance matrix elements related to SNe Ia having
redshift within the considered bin.

The choice of three bins is justified by the high number of SNe Ia (around hundreds of
SNe per bin) that can still constitute statistically illustrative subsamples of the PS and that
can properly consider the contribution of systematic uncertainties. Subsequently to the bins
division, we focus on the optimal values of H0 to minimize the χ2 in Equation (3). H0 is
regarded as a nuisance parameter, which is free to vary, to better analyze a possible redshift
function of H0. We follow the assumptions on the fiducial value of M = −19.35: while
in [51] M was estimated assuming a local (z = 0) value of H0 = 73.5, we here consider the
conventional H0 value of the PS release, namely H0 = 70.0 for three bins. Our choice of a
starting value of H0 = 70 is dictated by the presence in the current literature of more than
50 papers that are using the PS in combination with other probes to estimate the value of
H0, see [172,198,204,205,288–307,307–339]. Thus, if an evolutionary effect is present, it is
necessary to investigate to which extent this can affect current and future results largely
based on the PS sample. Conversely, we fix Ω0m = 0.298± 0.022 according to [284] for a
standard flat ΛCDM model. More specifically, after the minimization of χ2, we extract the
H0 value in each redshift bin, via the Cobaya code [340]. To this end, we execute an MCMC
using the D’Agostini method to obtain the confidence intervals for H0 at the 68% and 95%
levels, in three bins.

3. The Contribution of BAOs

The environment of relativistic plasma in the early universe was crossed by the sound
waves that were generated by cosmological perturbations. At redshift zd ∼ 1059.3, which
marks the ending of the drag period [341], the recombination of electrons and protons
into a neutral gas interrupted the propagation of the sound waves while the photons were
able to propagate further [342]. In the period between the formation of the perturbations
and the recombination, the different modes produced a sequence of peaks and minima in
the anisotropy power spectrum. Given the huge fraction of baryons in the universe, it is
expected by cosmological models that the oscillations may affect also the distribution of
baryons in the late universe. As a consequence, the BAOs manifest as a local maximum
in the correlation function of the galaxies distribution in correspondence of the comoving
sound horizon scale at the given redshift zd, namely rs(zd): this is associated with the
stopping of the propagation of the acoustic waves.
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To use the BAOs data for cosmology, we first need to define the following variables:

DV(z) =
[

czd2
L(z)

(1 + z)2H(z)

]1/3

, dz(z) =
rs(zd)

DV(z)
. (4)

The value of the redshift zd, which corresponds to the drag era ending and marks the
decoupling of the photons, allows estimating the sound horizon scale:

(rd · h) f id = 104.57 Mpc, rs(zd) =
(rd · h) f id

h
, (5)

where we use the adimensional ratio h = H0/100(km s−1 Mpc−1). To estimate rs, the
following approximated formula [343] can be applied:

rs ≈
55.154 · e−72.3(ων+0.0006)2

ω0.25351
0m ω0.12807

b
Mpc, (6)

where ωi = Ωi · h2, and i = m, ν, b represent matter, neutrino and baryons. We here assume
ων = 0.00064 [344] and ωb = 0.02237 [10]. Given these quantities, we define the χ2 for
BAOs as follows:

χ2
BAO = ∆dT ·M−1 · ∆d, (7)

where ∆d = dobs
z (zi)− dtheo

z (zi) andM is the covariance matrix for the BAO dobs
z (zi) values.

In this binned analysis, a subset of the 26 BAO observations set available in [341] will
be employed.

4. Multidimensional Binned Analysis with SNe Ia and BAOs

To investigate the H0 tension through the SNe Ia and BAOs data, we combine the χ2

Equations (3) and (7) to obtain the total χ2

χ2 =
1
2

χ2
SN +

1
2

χ2
BAO, (8)

In our work, we combine each SNe bin with only 1 BAO data point which has a redshift
value within the SNe bin: this approach of using one BAO comes from [18]. In this way
we do not have the problem of a different number of BAOs in different bins. Through
Equation (8), we investigate if a redshift evolution of H0(z) is present, obtaining it from the
binning of SNe Ia+BAOs considering three bins with the ΛCDM and w0waCDM models. A
feasibility study done in [51] performed with different bins selections has highlighted how
the maximum number of bins in which the PS should be divided is 3, otherwise the statisti-
cal fluctuations would dominate on a multi-dimensional analysis, leading to relatively large
uncertainties which would mask any evolving trend, if present. Furthermore, for the same
reason, it is not advisable to leave free to vary more than two parameters at the same time,
thus in the current section, we will analyze the behavior of H0 in three bins when it is varied
together with a second cosmological parameter. The same considerations make necessary
the choice of more tight priors since we are basing the current analysis on the prior knowl-
edge, avoiding the degeneracies among the parameter space, and letting the priors have
more weight in the process of posteriors estimation. Differently from [51], for the ΛCDM
model, we will let the parameters H0 and Ω0m vary simultaneously, while in the w0waCDM
model the varying parameters are H0 and wa. We decided to leave wa free to vary since,
according to the CPL parametrization, wa gives direct information about the evolution of
the w(z) while w0 is considered a constant in the same model. Concerning the fiducial
values and the priors assignment for the MCMC computations, we apply Gaussian priors
with mean equal to the central values of Ω0m = 0.298± 0.022 and H0 = 70.393± 1.079 for
Ω0m and H0, respectively, and with 1 σ = 2 ∗ 0.022 and 1 σ = 2 ∗ 1.079 for Ω0m and H0,
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respectively. In summary, to draw the Gaussian priors, we consider the mean value of the
parameters as the expected one of the Gaussian distribution and we double the σ value
which is then considered the new standard deviation for the distribution. Concerning the
w0waCDM model, we fix w0 = −0.905 and we consider the priors on wa with the mean =
−0.129 taken from Table 13 of [284], while 1 σ = is the 20% of its central value. Such an
assumption with small prior is needed since we need to assume that w(z) > −1.168 as the
value tabulated in [284]. Besides, since we are here dealing with standard cosmologies,
with this constraint we are avoiding some of the phantom Dark Energy models.

After the χ2 minimization for each bin, we perform a MCMC simulation to draw the
mean value of H0 and its uncertainty. Once H0 is obtained for each bin, we perform a
fit of H0 using a simple function largely employed to characterize the evolution of many
astrophysical objects, such as GRBs and quasars [17,29,31,35,345–349]. More specifically,
the fitting of H0 is given by

f (z) = H0(z) =
H0

(1 + z)η , (9)

in whichH0 and η are the fitting parameters. The formerH0 ≡ H0 at z = 0, while the latter
η coefficient describes a possible evolutionary trend of H0. We consider the 68% confidence
interval at, namely 1 σ uncertainty.

In the current treatment, we consider the calibration of the PS with H0 = 70 as
provided by [284]. Results are presented in the panels of Table 1. We here stress that the
fiducial magnitude value is assumed to be M = −19.35 for each SNe bin, thus it will not
be mentioned in the same Table. All the uncertainties in the tables in this paper are in
1 σ. As reported in the upper half of Table 1, namely with the ΛCDM model, if we do not
include the BAOs then the η coefficient is compatible with 0 in 2.0 σ for the three bins case.
When we introduce the BAOs within the ΛCDM model, we observe again a reduction
of the η/ση ratio for three bins down to 1.2. Concerning the lower half of Table 1 with
the w0waCDM model, when BAOs are not included we have η non compatible with 0 in
5.7 σ and, including the BAOs, the compatibility with 0 is given in 5.8 σ. The increasing
of the ratio η/ση is observed when BAOs are added in the case of w0waCDM model in
three bins. The results can be visualized in Figure 1. Comparing the η/ση ratios with the
ones reported in [51] (Table 1) we have that for the ΛCDM model the current η values are
compatible in 1 σ with the α reported in [51], while the η estimated in the w0waCDM model
are compatible in 3 σ with the α values in the same reference paper.

Table 1. Upper half. Fit parameters of H0(z) for three bins (flat ΛCDM model, varying H0 and Ω0m)
in the cases with SNe only and with the SNe + BAOs contribution. The columns are: (1) the number
of bins; (2)H0, (3) η; (4) how many σs the evolutionary parameter η is compatible with zero (namely,
η/ση). Lower half. Similarly to the upper half, the lower half shows the fit parameters of H0(z) (flat
w0waCDM model, varying H0 and wa) without and with the BAOs.

Flat ΛCDM model, without BAOs, varying H0 and Ω0m

Bins H0 η η
ση

3 70.093± 0.102 0.009± 0.004 2.0

Flat ΛCDM model, including BAOs, varying H0 and Ω0m

Bins H0 η η
ση

3 70.084± 0.148 0.008± 0.006 1.2
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Table 1. Cont.

Flat w0waCDM model, without BAOs, varying H0 and wa

Bins H0 η η
ση

3 69.847± 0.119 0.034± 0.006 5.7

Flat w0waCDM model, including BAOs, varying H0 and wa

Bins H0 η η
ση

3 69.821± 0.126 0.033± 0.005 5.8

Only SNe

SNe+BAOs
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Figure 1. Left panel The H0(z) vs. z wit varying also Ω0 M. The red color indicates the case with
only SNe Ia as probes, while the blue refers to the case of SNe + 1 BAO per bin. This color-coded will
be applied also in the right panel. Right. The same plot for the w0waCDM model, considering the
local fiducial value H0 = 70, where both H0 and wa are left free to vary.

5. Perspective of the Future Contribution of GRB-Cosmology in 2030

The discussion of GRBs as possible cosmological tools has been going on for more
than two decades [350,351]. The best bet is yet to come since we need first to identify
the tightest correlation possible with a solid physical grounding. Among the many cor-
relations proposed [19–23] we here choose to apply the fundamental plane (or Dainotti
relation) [30,352–354], namely the three-dimensional relation between the end of the plateau
emission’s luminosity, La, its time in the rest-frame, T∗a , and the peak luminosity of the
GRB, Lpeak: it is possible to estimate how many GRBs are needed to obtain constraints for
the cosmological parameters that are comparable with the ones obtained from the other
probes, such as SNe Ia and BAOs. After a selection of the best fundamental plane sample
through the trimming of GRBs, a simulation of a sample of 1500 and 2000 GRBs according
to the properties of the fundamental plane relation has been performed. The fundamental
plane relation can be expressed as the following:

log10La = a× log10T∗a + b× log10Lpeak + c, (10)

where a, b are the parameters of the plane and c is the normalization constant. It is important
to stress that here the variables La, T∗a , and Lpeak have been corrected for evolutionary effects
with redshift applying the Efron and Petrosian method [355]. Based on Equation (10), we
perform the maximization of the following log-likelihood for the simulated sample of GRBs:
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lnLGRB =− 1
2

(
ln(σ2 + (a ∗ δlog10T∗a )

2 + (b ∗ δlog10Lpeak
)2 + δ2

log10La
)

)

− 1
2

(
(log10La,th − log10La)2

σ2 + (a ∗ δlog10T∗a )
2 + (b ∗ δlog10Lpeak

)2 + δ2
log10La

)
,

(11)

where La,th is the theoretical luminosity computed through the fundamental plane in
Equation (10), σ is the intrinsic scatter of the plane and δlog10T∗a , δlog10Lpeak

, and δlog10La are
the errors on the rest-frame time at the end of the plateau emission, the peak luminosity
and the luminosity at the end of the plateau, respectively.

After performing an MCMC analysis using the D’Agostini method [356] and letting
vary the parameters a, b, c, σ, Ω0m, the results are shown in Figure 2. Through the simu-
lations of 1000 GRBs, with 9500 steps and keeping the same errors (errors undivided) as
the ones observed in the fundamental plane (n = 1, see the upper left panel of Figure 2)
we obtain a value of Ω0m = 0.310 with a symmetrized uncertainty of σΩ0m = 0.078. In
the case of 2000 GRBs with 13,000 steps and n = 1 (see the upper right panel of Figure 2)
instead, we have Ω0m = 0.300, σΩ0m = 0.052. If we consider the division of the errors on
the variables of the fundamental plane by a factor 2 (halved errors, n = 2) we obtain, in the
case of 1500 GRBs with 11,100 steps, Ω0m = 0.300, σΩ0m = 0.037 (see the lower-left panel
of Figure 2), while through 2000 simulated GRBs in 14,600 steps (still with n = 2, see the
lower right panel of Figure 2) we have Ω0m = 0.310, σΩ0m = 0.034. The idea of considering
halved errors comes from the prospects for improvement in the fitting procedures of GRB
light curves. Through this approach, the GRBs have provided constraints on the value of
Ω0m that are compatible with the ones of previous samples of SNe Ia: in the n = 1 cases,
the values of the uncertainties are comparable with the ones from [357], while for the n = 2
cases the values are close to the ones found in [358] with 2000 GRBs. Furthermore, the GRBs
have proven to be promising standardizable candles and, given the bigger redshift span
they can cover if compared with SNe Ia, GRBs will provide more complete information
about the structure and the evolution of the early universe after the Big Bang, together
with quasars [359,360]. After discussing the potentiality of GRBs as future standard can-
dles, we estimate the frequency of GRBs with a plateau emission over the total number
of GRBs observed to date. We can expect that by 2030 we will have reached several GRB
observations such that these—as standalone probes that respect the properties of the GRB
platinum sample [35]—will give constraints as precise as the ones from [357] in the case
of not halved errors. In case of halved errors, we can reach the level of precision of [357]
even now. In addition, if we consider a machine learning analysis [361,362] for which we
can double the size of the sample we are able to reach the precision of [357] now with the
case of n = 1. If we consider the case of reconstructing the light curves and thus we have
a sample which has the 47% of cases with halved errors we can reach the limit of [357] in
2022 if n = 1 and now if n = 2.
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Figure 2. Upper left. An example of 1000 simulated GRBs with the posterior distribution of the
fundamental plane parameters a, b, c, and its intrinsic scatter σ together with the total matter density
parameter Ω0m. In this case, the steps of the simulation are 9500 and the errors on the variables of
the fundamental plane have not been divided by any factor (n = 1). Upper right. The same case
of the upper left panel, but considering 2000 GRBs and a number of steps of 13,000. Lower left.
The results of 1500 simulated GRBs, dividing by two the errors on the fundamental plane variables
(halved errors, n = 2): here the steps are 11,100. Lower right. The same result of the lower-left panel,
considering 2000 GRBs and 14,600 steps instead.

6. Discussions on the Results

Our results can be interpreted because of astrophysical selection biases or theoretical
models alternatives to the standard cosmological models.
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6.1. Astrophysical Effects

The main effect that has a stake in the SNe Ia luminosity variation is the presence
of metallicity and the difference in stellar ages. Indeed, ref. [284] correct the PS with
a mass-step contribution (∆M). Despite this term improving the results, other effects
need to be accounted for. Considering the stretch and the color, ref. [363] claim that
the Hubble residuals, after being properly corrected according to the stretch and color
observations, for SNe Ia in low mass and high mass host galaxies show a difference of
0.077± 0.014 mag, compatibly with the result of [284]. SNe Ia age metallicity and age
are believed to be responsible for the observed behavior: those can replicate the Hubble
residual trends consistent with the ones of [363]. In the PS, to account for the evolutions of
stretch (α) and color (β), the parametrization utilized is the following: α(z) = α0 + (α1 × z),
β(z) = β0 + (β1 × z). According to [284], there is no clear dependence on the redshift for
α(z) and β(z), thus α1 and β1 are set to zero. Only the selection effect for color is noteworthy
and [284] consider the uncertainty on β1 as a statistical contribution. Concerning the stretch
evolution in the PS calibration, it appears to be negligible and is not included at any level.

Conversely, ref. [364] recently studied the SALT2.4 lightcurve stretch and showed that
the SN stretch parameter is redshift-dependent. According to their analysis, the asymmetric
Gaussian model assumed by [284] for describing the populations of SNe Ia does not take
into consideration the redshift drift of the PS, thus leaving a residual evolutionary trend
that manifests at higher redshifts. Indeed, the simulations performed by [284] for studying
the systematics calibration reach redshifts up to z = 0.7: this threshold is present in the
third bin of our analysis. The effect from 0.7 ≤ z ≤ 2.26 needs additional investigations.
It is worth noting that this decreasing trend of H0 (with a given value of η) found in [51]
is consistent in 1 σ for the ΛCDM both in the cases of SNe Ia only and SNe+BAOs. When
we consider the w0waCDM, the η values are compatible in 3 σ with the ones with SNe Ia
only and SNe + BAOs. We here have two cosmological parameters varying at the same
time, differently from [51]. Therefore, one of the possible astrophysical reasons behind
the observed trend is the residual stretch evolution with redshift. If so, in our work the
effect is simply switched from stretch to H0. The forthcoming release of the Pantheon+
data [107,365–369] will give the chance to test if these evolutionary effects may be still
visible, but this analysis goes far beyond the scope of the current paper. The astrophysical
interpretation seems to be favored, but also many theoretical explanations may be possible
to describe the outcome of these results.

6.2. Theoretical Interpretations

We now investigate possible theoretical explanations for our results, focusing par-
ticular attention on modified gravity models. We first discuss a general scalar-tensor
formulation and, then, we concentrate our attention on the so-called metric f (R) gravity.

6.2.1. The Scalar Tensor Theory of Gravity

The action of the scalar tensor theories (STTs) of gravity is given by S = SJF + Sm [370–374]
with the Jordan Frame (JF) action

SJF =
1

16π

∫
d4x
√
−g̃
[
Φ2R̃ + 4 ω(Φ)g̃µν∂µΦ∂νΦ− 4Ṽ(Φ)

]
, (12)

where R̃ is the Ricci scalar obtained with the physical metric g̃µν, while the matter fields
Ψm couple to the metric tensor g̃µν and not to Φ, i.e., Sm = Sm[Ψm, g̃µν].

In this Section we adopt natural units such that c = 1 and G = 1. Different STTs follow
with the appropriate choice of the two functions ω(Φ) and Ṽ(Φ): e.g., the Brans–Dicke
(BD) theory [375–378] can be obtained for ω(Φ) = ω (const.) and Ṽ(Φ) = 0, while the
metric f (R) gravity, discussed in the next subsection, would correspond to ω ≡ 0.
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The action SJF can be rewritten in the Einstein Frame (EF), where one defines g̃µν ≡

A2(ϕ)gµν, Φ2 ≡ 8πM2
∗A−2(ϕ), V(ϕ) ≡ A4(ϕ)

4π
Ṽ(Φ), γ(ϕ) ≡ d log A(ϕ)

dϕ
, and γ2(ϕ) =

1
4ω(Φ)+6 , to get

SEF =
M2∗
2

∫
d4x
√
−g
[

R + gµν∂µ ϕ∂ν ϕ− 2
M2∗

V(ϕ)

]
. (13)

Matter is coupled to ϕ only through a purely metric coupling, Sm = Sm[Ψm, A2(ϕ)gµν] and
M∗ is the Planck mass.

The physical quantities in the Jordan and Einstein frame are related by dτ̃ = A(ϕ)dτ,
ã = A(ϕ)a, ρ̃ = A(ϕ)−4ρ, p̃ = A(ϕ)−4 p, where τ is the synchronous time variable. Defin-
ing N ≡ log a

a0
, λ ≡ V(ϕ)

ρ , w ≡ p
ρ , and ϕ′ = dϕ

dN = a dϕ
da , the combination of cosmological

equations allows to write the equation for ϕ in the form (for a flat Friedmann–Robertson–
Walker geometry) [379]

2
3

1 + λ

1− ϕ′2/6
ϕ′′ + [(1− w) + 2λ]ϕ′ = −

√
2 γ(ϕ) (1− 3w)− 2 λ

Vϕ(ϕ)

V
, (14)

Moreover, the Jordan- and Einstein-frame Hubble parameters, H̃ ≡ d log ã/dτ̃ and H ≡
d log a/dτ, respectively, are related as

H̃ =
1 + γ(ϕ) ϕ′

A(ϕ)
H . (15)

For our purpose, we consider A(ϕ) = A0ec1 ϕ+c2 ϕ2/2, which implies γ(ϕ) = c1 + c2 ϕ,
where c1,2 are constants. Under the following conditions ϕ′′/ϕ � 1, ϕ′ 2/ϕ2 � 1, and
Vϕ(ϕ)
ϕVρ � 1, the solution of Equation (14) is ϕ(z) = C(1 + z)K − c1

c2
, where K = 1−3w

1+w

√
2 c2,

and C is an integration constant. We are looking for solutions such that H = f (ϕ)H̃0, so
that H̃ = H̃0

(1+z)η , where H̃0 is constant. These relations and (15) allow to derive f (ϕ) (the
expression of f (ϕ) is quite involved, and in the case in which c1,2 � 1, it is a polynomial
in ϕ). The scalar field Φ in the (physical) JF can be cast in the form Φ(z) = Φ0(1 + z)K̃,
where Φ0 ≡

√
8πM∗
A0

[
1− C

(
c1 − Cc2

c1

)]
, K̃ = − KC(c1+Cc2)

1−C
(

c1+
Cc2

2

) , and z < 1 has been used (note:

K̃ is positive for c1 or c2 negative). The scalar field Φ reduces to φ for Φ0 → 1 and K̃ → 2η.
From the Friedmann Equation [379]

(
ȧ
a

)2
=

1
3M2∗

[
ρ +

M2∗
2

ϕ̇2 + V(ϕ)

]
, (16)

with ρ given by matter (ρ = ρ0m/a3 = ρ0m(1 + z)3), and c1,2 � 1, one infers the effec-
tive potential

Ṽ
3m2 =

4πM2∗
A2

0


 f 2

0 −
1

Ω0m

(
Φ
Φ0

) 3
2η

− C2K2 ϕ2
0

6Ω0m

(
Φ
Φ0

) K−η
η


 , (17)

where we recall that Ω0m = ρ0m/ρcr, ρcr = 3M2∗H̃2
0 , f0 = f (ϕ = 0), and m2 = Ω0m H̃2

0 .
For redshift 0 6 z < 0.3, to which we are interested, the scalar field varies slowly with z,
Φ ∼ Φ0, so that the effective potential behaves like a cosmological constant. We see how the
proposed scalar-tensor formulation has the right degrees of freedom to reproduce, in the JF,
the required behavior of the (physical) trend of H0(z). In the next subsection, we analyze a
sub-case of the general paradigm discussed above, which leads to the well-known f (R)
gravity, which is among the most popular modified gravity formulations.
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6.2.2. Metric f(R) Gravity in the Jordan Frame

The observed decaying behavior of the Hubble constant H0 with the redshift draws
significant attention for an explanation and, if it is not due to selection effects or systematics
in the sample data, we need to interpret our results from a physical point of view. As
already argued in [51,380], the simplest way to account for this unexpected behavior of
H0(z) is that the Einstein constant χ = 8πG (where G denotes the gravitational constant),
mediating the gravity-matter interaction, is subjected itself to a slow decaying profile with
the redshift. In this Section, we consider c = 1 for the speed of light. More specifically,
since the critical energy density ρc0 = 3 H2

0 /χ today must be a constant, we need an
evolution for χ ∼ (1 + z)−2 η , considering the function H0(z) given by Equation (9). The
evolution of χ(z) is not expected within the cosmological Einsteinian gravity, therefore we
are led to think of it as a pure dynamical effect, associated with a modified Lagrangian
for the gravitational field beyond the ΛCDM cosmological model. Ref. [143] obtained
cosmological constraints within the Brans–Dicke theory considering how the evolution of
the gravitational constant G, contained in χ, affects the SNe Ia peak luminosity. The most
natural extended framework is the f (R)-gravity proposal [162,163,167,381] which contains
only an additional scalar degree of freedom. For instance, ref. [323] try to alleviate the H0
tension considering exponential and power-law f (R) models.

The formulation of the f (R) theories in an equivalent scalar-tensor paradigm turns out
to be particularly intriguing for our purposes: the function f (R) is restated as a real scalar
field φ, which is non-minimally coupled to the metric in the JF. The information about
the function f turns into the expression of the scalar field potential V(φ). The relevance
of modified gravity models relies on the possibility that this revised scenario for the
gravitational field can account for the physics of the so-called “dark universe”component
without the need for a cosmological constant. Indeed, the observed cosmic acceleration
in the late universe via the SNe Ia data is a pure dynamical effect, i.e., associated with
a modification of the Einsteinian gravity at very large scales (in the order of the present
Hubble length).

According to the standard literature on this field (which includes a large number of
proposals), three specific f (R) models, i.e., the Hu–Sawicki [382], the Starobinsky [383],
and Tsujikawa models [384,385], successfully describe the Dark Energy component (say
an effective parameter for the Dark Energy w = w(z) < −1/3) and overcome all local
constraints. The difference in the form of the Lagrangian densities associated with f (R)
models is reflected in the morphology of the potential term governing the dynamics of the
scalar field. For instance, the scalar field potential related to the Hu–Sawicki f (R) proposal,
with the power index n = 1, in the JF is given by

V(φ) =
m2

c2

[
c1 + 1− φ− 2

√
c1(1− φ)

]
, (18)

where we have two free parameters c1 and c2, while m2 = χ ρ0m/3. The scalar-tensor
dynamics in the JF for a flat FLRW metric with a matter component is summarized by

H2 =
χ ρ

3 φ
− H

φ̇

φ
+

V(φ)

6 φ
(19)

ä
a
= −χ ρ

3 φ
− V(φ)

6 φ
+

1
6

dV
dφ

+
ȧ φ̇

a φ
(20)

3φ̈− 2 V(φ) + φ
dV
dφ

+ 9 H φ̇ = χ ρ, (21)

which are the generalized Friedmann equation, the generalized cosmic acceleration equa-
tion and the scalar field equation, respectively [167]. We recall that φ = φ(t) is a function
of the time (or the redshift z) only for an isotropic universe. Considering the first term
on the right-hand side of Equation (19), it is possible to recognize that φ mediates the
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gravity-matter coupling, and therefore it mimics a space-time varying Einstein constant.
Hence, to account for our observed decay of H0(z), we have to require that the scalar field
assumes a specific behavior with the redshift, i.e.,

φ(z) = (1 + z)2 η . (22)

Moreover, the remaining terms contained in the gravitational field equations must be
negligible. This situation is naturally reached when the potential term is sufficiently slow-
varying in a given time interval. We see that the hypothesis of a near-frozen scalar field
evolution is a possible assumption, as far as the potential term should provide a dynamical
impact, sufficiently close to a cosmological constant term. These simple considerations
lead us to claim that this scenario is worth to be investigated for the behavior of H0(z)
here observed.

The specific cosmological models affect the expression of the luminosity distance and
this should be the starting point of a careful test of a f (R) theory versus the comprehension
of the H0 tension. A new binned analysis of the PS, using the corrected luminosity distance
obtained through a reliable f (R), may in principle shed new light on the observed decaying
trend of H0(z), testing also new physics. This analysis is performed in the next Section.

As a preliminary approach, we try to understand which profile we could expect for
the scalar field potential, inferred from the behavior of H0(z). This is quite different from a
standard analysis of f (R) models. Generally, a specific f (R) function is defined a priori,
and then the dynamical equations are studied to obtain constraints on the free parameters.
Here, instead, starting from the observed decreasing trend of H0(z) and assuming φ(z)
from Equation (22), we wonder what the scalar field potential would be in a scalar-tensor
dynamics. Eventually, we should have a scalar field in near-frozen dynamics, i.e., a slow-
roll of the scalar field potential, mimicking a cosmological constant term (φ→ 1). To this
end, we rewrite the generalized Friedmann Equation (19) and calculate V(φ):

V(φ) = 6(1− 2η)

(
dz
dt

)2
φ1−1/η − 6m2 φ3/ 2η , (23)

where we have used the standard definition of redshift and the relation (22) for φ(z).
Moreover, we recall that for a matter component ρ ∼ (1 + z)3. As a final step, we need to
calculate the term dz

dt . Starting again from the redshift definition, it is well known that

dz
dt

= −(1 + z) H(z). (24)

In principle, we would need to compute the Hubble parameter H(z) from the field equa-
tions, and then replace H(z) in the term dz

dt . However, this procedure is not viable, since
we need to fix a well-defined V(φ) to solve the field equations. Moreover, H(z) appears
also in the right-hand-side of Equation (19), because of the non-minimal coupling with the
scalar field. Therefore, we can not calculate exactly dz

dt to get V(φ) in the JF.
Then, to obtain V(φ) inferred from the trend of H0(z), we require that the Hubble

function provides the same physical mechanism suggested from our binned analysis in
Section 4, i.e., simply replacing H0 with H0(z) given by Equation (9) in the standard
Friedmann equation in the ΛCDM model. With this new definition of H0, we write the
following condition on the Hubble function:

H(z) =
H0

(1 + z)η

√
Ω0m (1 + z)3 + 1−Ω0m . (25)

In doing so, using Equations (23)–(25), we determine the form of the scalar field potential

V(φ)

m2 = 6 (1− 2η)

(
1−Ω0m

Ω0m

)
− 12η φ3/2η (26)
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inferred from the decreasing trend of H0(z). In other words, the potential Equation (26)
might provide an effective Hubble constant that evolves with redshift. In the computation,
we have used the expression Ω0m = m2/H2

0.
In Figure 3, we plotted this potential profile, observing that, as expected, a flat region

consistently appears, validating our guess on the feasibility of f (R)-gravity in the JF to
account for the observed behavior of H0(z). We set η = 0.009 in Figure 3, according to
our binned analysis results for three bins (see Table 1). We stress that the flatness of the
potential does not emerge throughout the Pantheon sample redshift range, 0 < z < 2.3,
but it appears only in a narrow region for 0 < z . z∗, where z∗ = 0.3 is the redshift at the
Dark Energy and Matter components equivalence of the universe. This form of V(φ) is
reasonable since the Dark Energy contribution, provided by the scalar field in the JF gravity,
dominates the matter component only for 0 < z � z∗. It is the weak dependence of H0
on z that ensures the existence of a flat region of the potential, according to the theoretical
scenario argued above.
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Figure 3. Profile of the scalar field potential V(φ) in the JF equivalent scalar-tensor formalism of the
f(R) modified gravity. The form of V(φ)) is inferred from the behavior of H0(z) (Equation (9)). Note
that V(φ)/m2 is a dimensionless quantity. A flat profile of V(φ) occurs only at low redshifts, for
0 < z . 0.3 or equivalently φ . 1.005. Note, also, the non-linearity of the scale for the redshift axis on
top, considering the relation (22) between φ and z. In this plot, η = 0.009.

Finally, we can calculate the form of the f (R) function associated with the potential
profile. Recalling the following general relations in the JF [167]:

R =
dV
dφ

, (27)

f (R) = R φ(R)−V(φ(R)), (28)

we can obtain:

f (R) = −6 m2

[
(1− 2η)

1−Ω0m

Ω0m
+ (3− 2η)

(
− R

18 m2

) 3
3−2η

]
. (29)

Note that the formula above provides a generalization of the Einstein theory of gravity, as
it should be in the context of a f (R) model. Indeed, if η = 0, then f (R) ≡ R reproduces ex-
actly the Einstein–Hilbert Lagrangian density in GR with a cosmological constant Λ, as soon
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as you recognize that Λ = 3m2(1−Ω0m) / Ω0m for a flat geometry, using m2 = H2
0 Ω0m. In

particular, expanding the function (29) for η ∼ 0, we can see explicitly the deviation from
the Einstein–Hilbert term:

f (R) ≈
(

R− 6 m2 1−Ω0m

Ω0m

)
+

2
3

η

[
R ln

(
− R

m2

)
− (1 + ln 18) R + 18m2 1−Ω0m

Ω0m

]
+ O

(
η2
)

. (30)

The first term at the zero-th order in η is exactly the Einstein–Hilbert Lagrangian density,
while the linear term in η provides the correction to GR. Therefore, η, in addition to being the
physical parameter that describes the evolution of H0(z), also denotes the deviation from
GR and the standard cosmological model. It is worthwhile to remark that the expression
above may not be the final form of the underlying modified theory of gravity, associated
with the global universe dynamics, but only its asymptotic form in the late Universe, i.e.,
as the scalar of curvature approaches the value corresponding to the cosmological constant
in the ΛCDM model. In all these computations we do not consider relativistic or radiation
components at very high redshifts, but it may be interesting to test this model with other
local probes in the late Universe.

In this discussion, we infer that the dependence of H0 on the redshift points out the
necessity of new physics in the description of the universe dynamics and that such a new
framework may be identified in the modified gravity, related to metric theories.

7. The Binned Analysis with Modified f(R) Gravity

To try to explain the observed trend of H0(z), we focus on f (R) theories of gravity, and
then we perform the same binned analysis, using the correction for the distance luminosity
according to the modified gravity. We start from the gravitational field action [167]:

Sg =
1

2χ

∫
d4x
√
−g f (R), (31)

where f (R), as a function of the Ricci scalar R, is an extra degree of freedom compared
to General Relativity. We rewrite f (R) = R + F(R) to highlight the deviation from the
standard gravity. Varying the total action with respect to the metric, we obtain the flat
FLRW metric field equations:

H2(1 + FR) =
χρ

3
+

[
R FR − F

6
− FRRHṘ

]
, (32)

where FR ≡ dF(R)
dR . The Ricci scalar R can be cast in the form

R = 12H2 + 6HH′, (33)

where the Hubble parameter H is expressed as a function of γ ≡ ln(a), and the prime
indicates the derivative with respect to γ.
Now, we introduce two dimensionless variables [382]

yH =
H2

m2 −
1
a3 , yR =

R
m2 −

3
a3 , (34)

which denote the deviation of H2 and R with respect to the matter contribution when
compared to the ΛCDM model. We rewrite the modified Friedmann Equation (32) and the
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Ricci scalar relation (33) in terms of yH and yR. Then, we have a set of coupled ordinary
differential equations:

y′H =
1
3

yR − 4yH (35)

y′R =
9
a3 −

1
yH + a−3

1
m2FRR

[
yH − FR

(
1
6

yR − yH −
a−3

2

)
+

1
6

F
m2

]
. (36)

The solution of this coupled first-order differential equations system above can not be
obtained analytically, but can be numerically calculated. We need initial conditions such
that this scenario mimics the ΛCDM model in the matter dominated universe at initial
redshift zi � z∗. Hence, we impose the following conditions for yH and yR at the redshift zi:

yH(zi) =
Ω0Λ

Ω0m
(37)

yR(zi) = 12
Ω0Λ

Ω0m
. (38)

The standard ΛCDM model is reached for z = zi or asymptotically, and we consider a flat
geometry, such that Ω0Λ = 1−Ω0m. Finally, the luminosity distance can be written as

dL(z) =
(1 + z)

H0

∫ z

0

dz′√
Ω0m

(
yH(z′) + (1 + z′)3

) , (39)

including the solution yH(z) from Equation (34) [386].

Hu–Sawicki Model

We focus on the Hu–Sawicki model with n = 1, considering a late-time gravity
modification, described by the following function [382]:

f (R) = R + F(R) = R−m2 c1
(

R/m2)n

c2(R/m2)
n + 1

, (40)

corresponding to the potential V(φ) in Equation (18). The parameters c1 and c2 are fixed
by the following conditions [382]

c1

c2
≈ 6

Ω0Λ

Ω0m
(41)

FR0 ≈ −
c1

c2
2

(
12

Ω0m
− 9
)−2

, (42)

where FR0 is the value of the field FR ≡ dF/dR at the present time, and F(R) is the
deviation from the Einstein–Hilbert Lagrangian density. Cosmological constraints provide
|FR0| ≤ 10−7 from gravitational lensing and |FR0| ≤ 10−3 from Solar system [387,388]. We
explore several choices of FR0.

To simplify the numerical integration of the modified luminosity distance (39), we
approximate the numerical solution yH , obtained from the system (35), by a polynomial of
order 8. This function is an accurate representation of yH when we restrict the solution to
the range of PS (see Figure 4).

As a consequence, we obtain constraints on c1 and c2, according to Equations (41) and (42).
Then, we perform the same binned analysis of Section 4 using the Hu–Sawicki model and the
modified luminosity distance (39).
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Numerical solution
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Figure 4. The numerical solution for Equation (35) (blue dashed curve) plotted together with its
polynomial fitting (green continuous curve) in the case of FR0 = −10−7. The assumption of a function
of redshift in the form of a order-8 polynomial allows an accurate fit for the numerical values. The
same fitting procedure has been used in the FR0 = −10−4 case.

We here run the analysis both for the case of Ω0m fixed to a fiducial value of 0.298 and
for several values of FR0 = −10−7,−10−6,−10−5,−10−4 (see Table 2 and Figure 5) or we
let Ω0m vary with the two values of FR0 = −10−7,−10−4 (see Table 3 and Figure 6) for the
SNe alone and with SNe +BAOs. Note also that the η parameters are all consistent for the
several values of FR0 in 1 σ, as you can see in Table 2, for both SNe Ia and SNe Ia + BAOs.
Moreover, the values of η are consistent in 1 σ with the ones obtained from the analysis of
the ΛCDM model (see also Table 1). We consider the cases FR0 = −10−7, FR0 = −10−4 and,
to study how these results may vary according to the different values of Ω0m chosen, we
tested the model with four values of Ω0m = (0.301, 0.303, 0.305) taken from the 1 σ from a
Gaussian distribution centred around the most probable value of 0.298, see [368].

We show in Figure 6 the comparison between the different applications of the Hu–
Sawicki model: in the left panels (upper and lower), we consider SNe Ia only, while in the
right panels (upper and lower) we combine SNe Ia+BAOs. We here remind that the assumed
values for |FR0| of 10−4 and 10−7 are well constrained by the f (T) theories [167,382].

Table 2. Fitting parameters of H0(z) for three bins within the Hu–Sawicki model, with SNe
only and SNe + BAOs with a fixed value of Ω0m = 0.298 and with several values of FR0 :
−10−4,−10−5,−10−6,−10−7. The columns contains: (1) the number of bins; (2) H0, (3) is η, ac-
cording to Equation (9); (4) how many σs η is compatible with zero (namely, the ratio η/ση); (5) FR0

values; (6) the sample used.

Hu–Sawicki Model, Results of the Redshift Binned Analysis

Bins H0 η
η

ση
FR0 Sample

3 70.089± 0.144 0.008± 0.006 1.2 −10−4 SNe

3 70.127± 0.128 0.008± 0.006 1.4 −10−4 SNe + BAOs

3 70.045± 0.052 0.007± 0.002 3.0 −10−5 SNe

3 70.062± 0.132 0.007± 0.005 1.3 −10−5 SNe + BAOs

3 70.125± 0.046 0.010± 0.002 5.4 −10−6 SNe

3 70.115± 0.153 0.008± 0.007 12.1 −10−6 SNe + BAOs

3 70.118± 0.131 0.011± 0.006 1.9 −10−7 SNe

3 70.053± 0.150 0.007± 0.007 1.1 −10−7 SNe + BAOs

Thus, the existence of this trend is, once again, confirmed, and it remains unexplained
also in the modified gravity scenario. Indeed, a suitable modified gravity model which
would be able to predict the observed trend of H0, would allow observing a flat profile of
H0(z) after a binned analysis. Further analysis must be carried out with other Dark Energy
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models or other modified gravity theories to investigate this issue in the future, for instance
focusing on the proposed model in Section 6.2.2.

Table 3. Fitting parameters of H0(z) for three bins within the Hu–Sawicki model, with SNe and SNe
+ BAOs by fixing several values of ΩM = 0.298, 0.303, 0.301, 0.305 and values of FR0 = −10−4 and
FR0 = −10−7. The columns are as follows: (1) the Ω0m value; (2) H0, (3) η, according to Equation
(9); (4) how many σs the evolutionary parameter η is compatible with zero (namely, η/ση); (5) FR0;
(6) the sample used.

Hu–Sawicki Model, Results of the 3 Bins Analysis

Ω0m H0 η
η

ση
FR0 Sample

0.298 70.140± 0.045 0.011± 0.002 5.1 −10−7 SNe

0.298 70.050± 0.126 0.007± 0.006 1.2 −10−7 SNe + BAOs

0.303 70.088± 0.075 0.012± 0.004 3.0 −10−7 SNe

0.303 70.004± 0.139 0.009± 0.007 1.3 −10−7 SNe + BAOs

0.301 70.054± 0.056 0.009± 0.003 3.0 −10−7 SNe

0.301 70.072± 0.170 0.010± 0.008 1.2 −10−7 SNe + BAOs

0.305 70.048± 0.034 0.012± 0.002 6.0 −10−7 SNe

0.305 70.004± 0.140 0.010± 0.007 1.4 −10−7 SNe + BAOs

0.298 70.135± 0.080 0.009± 0.004 2.2 −10−4 SNe

0.298 70.087± 0.155 0.009± 0.007 1.2 −10−4 SNe + BAOs

0.303 70.096± 0.146 0.012± 0.007 1.7 −10−4 SNe

0.303 70.044± 0.129 0.009± 0.006 1.5 −10−4 SNe + BAOs

0.301 70.111± 0.158 0.012± 0.008 1.5 −10−4 SNe

0.301 70.038± 0.170 0.009± 0.008 1.1 −10−4 SNe + BAOs

0.305 70.074± 0.026 0.016± 0.001 16.0 −10−4 SNe

0.305 70.028± 0.090 0.011± 0.004 2.4 −10−4 SNe + BAOs
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Figure 5. Cont.
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Figure 5. The first four panels deal with H0 vs. z for SNe, the four bottom panels include
BAO measurements for the H-S model. The upper 4 panels show from the left to the right
FR0 = −10−7,−10−6,−10−5,−10−4, respectively. The standard ΛCDM cosmology is shown in
red and the Hu–Sawicki model in blue. Analogously, the bottom panels have the same notation about
the values of FR0.
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Figure 6. The Hubble constant versus redshift plots for the three bins of SNe Ia only, considering the
Hu–Sawicki model. Upper left panel. The condition of FR0 = −10−7 is applied to the case of SNe
only, with the different values of Ω0m = 0.301, 0.303, 0.305. Upper right panel. The same of the upper
left, but with the contribution of BAOs. Lower left panel. The SNe only case with the FR0 = −10−4

condition, considering the different values of Ω0m = 0.301, 0.303, 0.305. Lower right panel. The same
as the lower left, but with the contribution of BAOs. The orange color refers to Ω0m = 0.301, the red
to Ω0m = 0.303, the magenta to Ω0m = 0.305, and the blue to Ω0m = 0.298.

8. Requirements for a Suitable f(R) Model

Since the Hu–Sawicki model seems to be inadequate to account for the observed
phenomenon of the decaying H0(z), in what follows, we provide some general properties
that an f (R) model in the JF must possess to induce the necessary scenario of a slowly
varying Einstein constant. Now, we consider again the dynamical impact of the scalar
field φ, related to the f (R) function. Let us observe that the following relation holds in the
following way:

dφ

dz
= − 1

1 + z
φ̇

H
. (43)

In order to get the desired behavior φ ' (1 + z)2η , we must deal with a dynamical regime
where the following request is satisfied:

φ̇

H
= −2ηφ . (44)

We consider a slow-rolling evolution of the scalar field φ in the late universe, near enough
to φ ' 1. Then, we consider in Equation (19) ρ ∼ 0, because we are in the Dark Energy
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dominated phase, and we consider H0 φ̇ small with respect to the potential term V(φ ' 1).
We neglect, also, the term φ̈. Under these conditions, Equations (19) and (21) become

H2 =
V
6φ

(45)

and
φ̇

H
=

1
9H2

(
2V − φ

dV
dφ

)
, (46)

respectively.
Referring to Equation (45) at z ∼ 0, we make the identification H2

0 ≡ V(φ ' 1)/6.
Hence, in order to reproduce Equation (44), we must require that for φ→ 1, the following
relation holds:

η =
1

3V

(
φ

dV
dφ
− 2V

)
. (47)

The analysis above states the general features that a f (R) model in the JF has to exhibit
to provide a viable candidate to reproduce the observed decay behavior of H0(z) (Equa-
tion (36)). We conclude by observing that the picture depicted above relies on the concept
of a slow-rolling phase of the scalar field, when it approaches the value φ ' 1 and, in this
respect, the potential term should have for such value a limiting dynamics, which remains
there confined for a sufficiently long phase. It is just in such a limit that we are reproducing
a ΛCDM model, but with the additional feature of a slowly varying Einstein constant. As
far as the value of z increases, the deviation of the considered model from General Relativity
becomes more important, but this effect is observed mainly in the gravity-matter coupling.
In other words, the motion of the photon, as observed in the gravitational lensing, is not di-
rectly affected by the considered deviation, since the geodesic trajectories in the space-time
do not directly feel the Einstein constant value. This consideration could allow for a large
deviation of φ from the unity that is expected in studies of the photons’ propagation.

8.1. An Example for Low Redshifts

As a viable example for the Dark Energy dominated Universe (slightly different from
the traced above), we consider a potential term (and the associated slow-rolling phase)
similar to the one adopted in the so-called chaotic inflation [389,390], i.e.,:

V(φ) = δ + 6H2
0 φ2 , (48)

where δ is a positive constant, such that δ� 6H2
0 . From Equation (45), we immediately get

H2 ' H2
0 φ ∼ H2

0 , (49)

where, we recall that we are considering the slow-rolling phase near φ→ 1. Analogously,
from Equation (47), we immediately get:

η ∼ − δ

9H2
0

. (50)

The negative value of η is coherent with the behavior H2 ∝ φ. Hence, we can reproduce the
requested behavior of φ(z) by properly fixing the value of δ to get η as it comes out from
the data analysis of Section 4. Specifically, we get δ ∼ 10−3H2

0 to have η ∼ 10−2.
Furthermore, it is easy to check that, for φ→ 1, Equations (44) and (49), we find the relation

φ̈ ∼| η | H0φ̇� 3H0φ̇ , (51)

which ensures that we are dealing with a real slow-rolling phase.
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Finally, we compute the f (R) function corresponding to the potential in Equation (48),
recalling the relation (28):

f (R) =
R2

24H2
0
− δ (52)

We conclude by observing that this specific model is reliable only as far the universe
matter component is negligible, z < 0.3. The Einstein constant in front of the matter-
energy density ρ would run as (1 + z)2η . The example above confirms that the f (R)
gravity in the JF is a possible candidate to account for the observed effect of H0(z), but the
accomplishment of a satisfactory model for the whole ΛCDM phase requires a significant
effort in further investigation, especially accounting for the constraints that observations in
the local universe provided for modified gravity.

8.2. Discussion

Let us now try to summarize the physical insight that we can get from the analysis
above, about the possible theoretical nature of the observed H0(z) behavior. We can keep as
a reliably good starting point the idea that the origin of a modified scaling of the function
H(z) with respect to the standard ΛCDM model can be identified in a slowly varying
Einstein constant with the redshift. Furthermore, it is a comparably good assumption to
search, in the framework of a scalar-tensor formulation of gravity, the natural explanation
for such a varying Einstein constant. As shown in Section 6.2, a scalar-tensor formulation
can reproduce the required scaling of the function H(z), which we observe as an H0(z)
behavior in the standard ΛCDM model. Hence, we naturally explored one of the most
interesting and well-motivated formulations of a scalar-tensor theory, namely the f (R)
gravity in the JF. In this respect, in Section 6.2.2, we first evaluated the form of the scalar
field potential inferred from the observed decreasing trend of H0(z), and our data analysis
suggested a model described in Equations (26) and (29). Then, we investigated if, one of the
most reliable models for reproducing the Dark Energy effect with modified gravity, i.e., the
Hu–Sawicki proposal, was able to induce the requested luminosity distance to somehow
remove the observed effect, thus accounting for its physical nature. The non-positive
result of this investigation leads us to explore theoretically the question of reproducing
simultaneously the Dark Energy contribution and the observed H0(z) effect, by a single
f (R) model of gravity in the JF. In Section 8, it has been addressed this theoretical question,
by establishing the conditions that a modified gravity model has to satisfy to reach the
simultaneous aims mentioned above. Finally, we considered a specific model for the late
universe, based on a slow-rolling picture for the scalar field near its today value φ ' 1.
This model was successful in explaining the Dark Energy contribution and the necessary
variation of the Einstein constant, but it seems hard to be reconciled with the earlier
Universe behavior, when the role of the matter contribution becomes relevant. Thus, based
on this systematic analysis, we can conclude that the explanation for H0(z) is probably
to be attributed to modified gravity dynamics, but it appears more natural to separate
its effect from the existence of a Dark Energy contribution. In other words, we are led to
believe that what we discovered about the SNe Ia+BAOs binned analysis must be regarded
as a modified gravity physics of the scalar-tensor type, but leaving on a standard Universe,
well represented by a ΛCDM model a priori.

9. Conclusions

We analyzed the PS together with the BAOs in three bins in both the ΛCDM and
w0waCDM models to investigate if an evolutionary trend of H0 persists also with the
contribution of BAOs and by varying two parameters contemporaneously with H0 (Ω0m
and wa for the ΛCDM and w0waCDM, respectively). The persistence of the trend of H0
as a function of redshift is also shown in the case of the Hu–Sawicki model. We here
stress that the main goal of the current analysis is to highlight the reliability of the trend
of H0(z) and not to further constrain Ω0m or any other cosmological parameters. With
the subsequent fitting of H0 values through the model g(z) = H0/(1 + z)η , we obtain
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η ∼ 10−2, as in the previous work [51]: those are compatible with zero from 1.2 to 5.8 σ
(see Table 1). The multidimensional results could reveal a dependence on the redshift of
H0, assuming that it is observable at any redshift scale. If this evolution is not caused by
statistical effects and other selection biases or hidden evolution of SNe Ia parameters [364],
we show how H0(z) could modify the luminosity distance definition within the modified
theory of gravity. If we consider a theoretical interpretation for the observed trend, new
cosmological scenarios may explain an evolving Hubble constant with the redshift. For
instance, we test in Sections 6.2 and 7 a simple class of modified gravity theories given
by the f (R) models in the equivalent scalar-tensor formalism. In principle, this could be
due to an effective varying Einstein constant governed by a slow evolution of a scalar field
which mediates the gravity-matter interaction. However, the slow decreasing trend of
H0 has proven to be independent of the Hu–Sawicki model application. Indeed, if this
theory had worked we would have observed the trend of the η parameter to be flattened
out and be compatible with 0 in 1 σ at any redshift bin. This is not the case, thus new
scenarios must be explored within the modified theories of gravity or slightly alternative
approaches (see Section 8.2). We can state that this evolving trend of H0 is independent
of the starting values of the fitting for H0 (we here have considered H0 = 70) and, thus,
on the fiducial M and on the redshift bins and even when we consider two cosmological
parameters changing contemporaneously (Ω0m and wa in ΛCDM and w0waCDM models,
respectively). Thus, we need to further investigate the nature of this trend. In addition,
the implementation of GRBs as cosmological probes together with SNe Ia and BAOs has
proven to be not only possible in a near future but also necessary since the redshift range
that GRBs cover is much larger than the one typical of SNe Ia. This last characteristic will
surely allow GRBs to give further information on the nature of the early universe and pose
new constraints in the future measurements of H0.
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Abstract: The possible existence of stable up-down quark matter (udQM) was recently proposed,
and it was shown that the properties of udQM stars are consistent with various pulsar observations.
In this work we investigate the stability of udQM nuggets and found at certain size those objects
are more stable than others if a large symmetry energy and a small surface tension were adopted.
In such cases, a crust made of udQM nuggets exists in quark stars. A new family of white dwarfs
comprised entirely of udQM nuggets and electrons were also obtained, where the maximum mass
approaches to the Chandrasekhar limit.

Keywords: quark matter; up-down quark nuggets; quark star crusts; white dwarfs

1. Introduction

At increasing density of baryonic matter, it is expected that a deconfinement phase
transition will take place and form quark matter. The properties of quark matter is of
particular interest to us since its absolute stability would permit an explanation of dark
matter within the framework of the standard model [1]. In the beginning of the 1970s, it was
suggested that strange quark matter (SQM) comprised of u, d, and s quarks may be more
stable than nuclear matter [1–3], which can exist in various forms, e.g., strangelets [4–7],
nuclearites [8,9], meteorlike compact ultradense objects [10], and strange stars [11–13].
Nevertheless, the absolute stability of SQM was challenged by chiral models due to a too
large strange quark mass with dynamical chiral symmetry breaking [14,15]. Then SQM
only exists in extreme conditions such as the center of compact stars [16–22] and heavy-ion
collisions [23,24]. In recent years, an interesting proposition was raised suggesting that
quark matter comprised of only u and d quarks (udQM) may be more stable [25], so that
udQM nuggets and udQM stars can exist in the Universe. Due to a much smaller surface
tension, the ordinary nuclei would not decay into udQM nuggets [25,26]. In fact, it was
shown that in a large parameter space the energy per baryon of udQM nuggets is larger than
930 MeV at A . 300 [25]. The properties of nonstrange quark stars and their astrophysical
implications are then examined extensively in recent years, e.g., those in References [27–30].
In particular, the merger of binary quark stars would eject udQM nuggets into space. If
those objects become supercritically charged, the e+e− pair production would inevitably
start and release a large amount of energy. The positron emission of the supercritically
charged objects are thus expected to play important roles in the short γ-ray burst during
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the merger of binary quark stars, the 511 keV continuum emission, and the narrow faint
emission lines in X-ray spectra from galaxies and galaxy clusters [26].

Based on various investigations, it was shown that the interface effects of quark matter
play key roles in the properties of strangelets, udQM nuggets, compact stars, and the
processes of quark-hadron transition [26,31,32]. The energy contribution due to the interface
effects is often taken into account with a surface tension σ, while its exact value is still veiled
in mystery. Adopting the bag model [33], linear sigma model [34–36], NJL model [37,38],
three-flavor Polyakov-quark-meson model [39], Dyson-Schwinger equation approach [40],
equivparticle model [41], nucleon-meson model [42], and Fermi gas approximations [43,44],
recent estimations indicate a small value with σ . 30 MeV/fm2, while larger values were
obtained in previous studies [45–47].

In the framework of the bag model, it was shown that a small strangelet can be
destabilized substantially if σ1/3 ≈ B1/4 with B being the bag constant [4], while the
minimum baryon number for metastable strangelets Amin ∝ σ3 [5,48]. Depending on the
values of surface tension, large strangelets and strange stars will face very different fates.
On the one hand, if a moderate value for σ is adopted, larger strangelets are more stable
than smaller ones and strange stars’ surfaces are likely bare [49]. On the other hand, if σ is
smaller than a critical value σcrit, large strangelets will decay via fission [50] and strange
stars’ surfaces may fragment into crystalline crusts [51]. Adopting linearization for the
charge density, it was shown that the critical surface tension can be obtained with [50]

σcrit = 0.1325n2
QλD/χQ, (1)

where nQ is the charge density, λD = 1/
√

4παχQ the Debye screening length, and

χQ = ∑i qi
∂nQ
∂µi

the electric charge susceptibility of quark matter at zero electric charge

chemical potential µe = 0. Assuming noninteracting SQM, Equation (1) suggests σcrit ∝ m4
s

with ms being the strange quark mass [51,52]. As we increase ms, the strangeness per
baryon fs for β-stable SQM decreases and eventually reaches fs = 0, where SQM is con-
verted into udQM. We thus expect that the critical surface tension of udQM is much larger
than that of SQM, so it is more likely that there exist udQM nuggets at certain size that
are more stable than others. Additionally, varying the symmetry energy of quark matter
will alter the values of nQ, λD, χQ, and consequently σcrit according to Equation (1). Since
it was shown that the symmetry energy of quark matter plays an important role on the
structures of quark stars [53–57], in this work we investigate its impact on the properties of
small objects such as udQM nuggets.

The purpose of our current study is thus twofold, i.e., investigate the properties of
udQM nuggets with various symmetry energies and discuss their implications on udQM
stars’ structures. The paper is organized as follows. In Section 2, we discuss briefly the
equivparticle model and present the corresponding Lagrangian density. To investigate the
impact of symmetry energy, an isospin dependent term is added to the quark mass scaling.
Then the properties of udQM nuggets are investigated adopting the method discussed
in our previous publications [58–61], where the stability window for udQM is obtained
according to the binding energy of the heaviest β-stable nucleus 266Hs. The properties
of udQM stars with and without crusts are then examined in Section 4 according to the
stability of udQM nuggets. We draw our conclusion in Section 5.

2. Equivparticle Model

As an example, in this work we adopt the equivparticle model to investigate the
properties of quark matter and their nuggets. The strong interactions are included with
density-dependent quark masses in the equivparticle model, while quarks are considered
as quasi-free particles [53,62–71]. It is thus straightforward to write out the Lagrangian
density, i.e.,

L = ∑
i=u,d,s

Ψ̄i
[
iγµ∂µ −mi(nb)

]
Ψi, (2)
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where Ψi represents the Dirac spinor of quark flavor i, mi(nb) the equivalent mass with
nb being the baryon number density. The Coulomb interactions can also be included by
adding photon field in the Lagrangian density [41].

The strong interaction among quarks are then reproduced by equivalent quark masses,
where many different mass scalings were proposed. For example, for density dependent
masses mi(nb) = mi0 + mI(nb) with mu0 = 2.2 MeV and md0 = 4.7 MeV being the current
masses of u and d quarks [72], the inversely linear scaling mI = B/3nb was obtained by
reproducing bag model results in the limit of vanishing densities [73]. Considering the
contributions of linear confinement and adopting linearization for the in-medium chiral
condensates, an inversely cubic scaling mI = Dn−1/3

b was derived [74], while the one-gluon-
exchange interaction was later included with mI = Dn−1/3

b −Cn1/3
b [66]. Meanwhile, in the

limit of large densities, perturbation theory suggests repulsive interactions among quarks
and the quark mass scaling becomes mI = Dn−1/3

b + Cn1/3
b [68]. An isospin dependent

term was also introduced to examine the impacts of quark matter symmetry energy, which
was given by mI = Dn−1/3

b − τiδDInα
be−βnb with τi being the third component of isospin

for quark flavor i and δ = 3(nd − nu)/(nd + nu) the isospin asymmetry [53].
In this work we adopt the following quark mass scaling

mI(nb) = Dn−1/3
b + Cn1/3

b + CIδ
2nb. (3)

The first term corresponds to linear confinement with the confinement parameter D con-
nected to the string tension σ0, the chiral restoration density ρ∗, and the sum of the vacuum
chiral condensates ∑q〈q̄q〉0 [74]. The second term represents the contribution of one-gluon-
exchange interaction for C < 0 [66] and the leading-order perturbative interaction for
C > 0 [68], where in both cases C is connected to the strong coupling constant αs. Finally,
we have added the third term in Equation (3) to account for the quark matter symmetry
energy, which is increasing with CI . In fact, in addition to the kinetic contribution, it was
shown that the formation of u-d quark Cooper pairs (2SC phase) could effectively enhance
the quark matter symmetry energy [54]. The impacts of quark matter symmetry energy on
compact star properties were extensively investigated in the past few years, e.g., those in
References [53–57]. Note that in contrast to the mass scaling proposed in Reference [53],
here mI is identical for different quark flavor, i.e., neglecting the isovector-scalar channel.
Meanwhile, as will be discussed later, the third term leads to the isovector contributions in
the vector potentials of quarks.

Adopt mean-field and no-sea approximations, the energy density E of quark matter at
zero temperature is obtained with

E = ∑
i

∫ νi

0

gi p2

2π2

√
p2 + mi

2dp = ∑
i

gimi
4

16π2 f
(

νi
mi

)
, (4)

where f (x) =
[

x(2x2 + 1)
√

x2 + 1− arcsh(x)
]
, gi (= 6 for quarks and 2 for leptons)

the degeneracy factor for particle type i, νi the Fermi momentum and is linked to the
number density

ni = 〈ψ̄iγ
0ψi〉 =

giν
3
i

6π2 . (5)

Note that the masses of leptons take constant values with me = 0.511 MeV and
mµ = 105.66 MeV. The chemical potentials µi and pressure P can then be obtained according
to the basic relations of standard thermodynamics.

For udQM without leptons, to investigate its saturation properties, we then expand
the energy per baryon to the second order [26], i.e.,

ε2 f (nb, fZ) = ε0 +
K0

18

(
nb
n0
− 1
)2

+ εs(2 fZ − 1)2, (6)
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where nb = (nu + nd)/3 is the baryon number density, fZ = (2nu − nd)/(nu + nd) the
charge fraction, ε0 the minimum energy per baryon at saturation density n0 and charge
fraction fZ = 1/2, K0 the incompressibility parameter, and εs the symmetry energy. The
corresponding values obtained with equivparticle model using various combinations of
parameters are then indicated in Table 1, where the symmetry energy is found to be
increasing with CI .

Table 1. The adopted parameter sets for the quark mass scaling in Equation (3) and the corresponding
properties of udQM.

C
√

D CI n0 ε0 K0 εs σmin σcrit
MeV MeV/fm3 fm−3 MeV MeV MeV MeV/fm2 MeV/fm2

−0.5 176
0

0.275 900.9 2571.5
16.0 14.0 5.03

40 36.5 13.1 14.5
80 57.5 12.8 24.2

−0.3 167
0

0.241 902.0 2306.4
15.0 12.4 4.24

40 34.1 11.7 12.1
80 53.5 11.4 20.1

0.1 149
0

0.172 897.4 1942.0
12.6 12.1 2.77

40 27.8 11.6 7.58
80 43.1 11.4 12.5

0.5 135
0

0.120 904.6 1786.3
10.4 7.40 1.77

40 22.0 7.03 4.65
80 33.5 6.87 7.65

3. udQM Nuggets

At fixed surface tension values, the energy per baryon of udQM nuggets can be
obtained with a liquid-drop type formula, i.e.,

M
A

= ε2 f (n0, fZ) +
1
5

3
√

36πn0α f 2
Z A2/3 + σ

(
An2

0
36π

)−1/3

, (7)

where the bulk (first) term is fixed by Equation (6). The second term represents the Coulomb
energy with α being the fine structure constant and the third term corresponds to the surface
energy. By minimizing Equation (7) with respect to fZ, one obtains the charge fraction for
β-stable udQM nuggets, i.e.,

fZ =
10εs

3
√

36πn0αA2/3 + 20εs
. (8)

Then we can constrain the parameters by comparing the binding energy of udQM
nuggets with finite nuclei, where udQM nuggets should always be unstable at A . 300 and
stable as A→ ∞. At this moment, the heaviest β-stable nucleus is 266Hs with its energy per
baryon being 931.74 MeV [75–77]. We thus require the energy per baryon obtained with
Equation (7) at A = 266 should always be larger than that of 266Hs, where a lower limit
for the surface tension value σmin is found for various combinations of parameters. The
corresponding constraints are then indicated in Figure 1 for CI = 0. The red curve indicates
the boundary with the minimum energy per baryon ε0 = 922 MeV, so that udQM can be
more stable than nuclear matter at δ = 0 in the lower left region. If we demand udQM star
matter to be more stable than neutron star matter, the stable-unstable boundary is expected
to shift slightly to the lower left region. Meanwhile, the surface tension value should be
larger than σmin, which favors the upper right region at a fixed σ. The combination of
both constraints indicate an stability window for udQM at a given surface tension value σ.
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Finally, it is worth mentioning that the constraints in Figure 1 are insensitive to CI , where
we have only presented the results at CI = 0.
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Figure 1. Various constrains for the parameters of the mass scaling in Equation (3) and minimum
surface tension value σmin for udQM nuggets to be unstable comparing with 266Hs. The open circles
correspond to the choices of parameters in Table 1.

The liquid-drop type formula in Equation (7) is valid for small udQM nuggets. If
we want to investigate the properties of udQM nuggets at larger baryon numbers, the
effects of charge screening and electrons should be considered [78]. In such cases, we adopt
Thomas–Fermi approximation as was done in References [26,58–61]. The total energy of
the system is obtained with

M =
∫ ∞

0

[
4πr2E(r) +

r2

2α

(
dϕ

dr

)2
]

dr + 4πR2σ, (9)

where the energy density E is given by Equation (4) and the electric potential ϕ by solving

r2 d2 ϕ

dr2 + 2r
dϕ

dr
+ 4παr2

(
2
3

nu −
1
3

nd − ne

)
= 0. (10)

The most stable structure of an udQM nugget is fixed by minimizing Equation (9),
which follows the constancy of chemical potentials, i.e.,

µi(~r) =
√

νi(~r)
2 + mi(~r)

2 + Vi(~r) = constant. (11)

Here the vector potential is given by

Vi =
dmI

dni
∑

i=u,d
ns

i + qi ϕ, (12)

where the scalar density is

ns
i = 〈ψ̄iψi〉 =

gimi
3

4π2 g
(

νi
mi

)
(13)
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with g(x) = x
√

x2 + 1− arcsh(x). The quantities ns
i , ni, νi, mi and E represent the local

properties of udQM and vary with the space coordinates. Note that a density derivative
term is added to the vector potential in Equation (12), which is essential in order to maintain
the self-consistency of thermodynamics [62,68,79–82]. Meanwhile, since in Equation (3) we
have added the third term to account for the symmetry energy of quark matter, in contrast
to our previous findings, the density derivative term takes different forms for u and d
quarks, i.e.,

dmI

dnu
=

1
3

dmI

dnb
+

dmI

dδ

3− δ

3nb
, (14)

dmI

dnd
=

1
3

dmI

dnb
− dmI

dδ

3 + δ

3nb
. (15)

In such cases, even though we have assumed the same equivalent masses for u and d
quarks, their vector potentials take different forms, i.e., contributions to the isovector-
vector channel.

Beside the constancy of chemical potentials in Equation (11), the dynamic stability of
the quark-vacuum interface should also be fulfilled, which determines the radius of the
quark core R with

PQM(R) =
2σ

R
. (16)

The obtained energy per baryon for udQM nuggets are then presented in Figure 2,
where we have adopted the parameters indicated in Table 1 as well as the smallest possible
surface tension value σ = σmin. It is found that the energy per baryon for various cases
crosses at A = 266 and is generally decreasing with A. However, if large symmetry energies
with CI = 40 and 80 MeV/fm3 were considered, large udQM nuggets are destabilized and
there may exists udQM nuggets at A ≈ 1000 that are more stable than others. Particularly,
there are even cases where the minimum energy per baryon of udQM star matter is
larger than 930 MeV but that of udQM nuggets smaller than 930 MeV, e.g., C = −0.5,√

D = 176 MeV, and CI = 40 MeV/fm3. Such kind of scenarios occur when the surface
tension value is smaller than the critical one σcrit, which can be roughly estimated with
Equation (1) with the corresponding values presented in Table 1. In such cases, the surface
of an udQM star will fragment into a lattice of udQM nuggets immersed in a sea of electrons,
similar to the cases of strange stars with crusts of strangelets [51,52].

The charge-to-mass ratios of udQM nuggets are indicated in Figure 3, which are
decreasing with baryon number due to Coulomb repulsion. Additionally, for the cases with
a larger symmetry energy (larger CI), udQM nuggets are more positively charged, which
gives larger Coulomb energy and leads to a barrier of energy per baryon as we increase A
for the cases with σ < σcrit.
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Figure 2. Energy perbaryon for udQM nuggets as functions of the baryon number A. The experi-
mental data for the heaviest β-stable nuclei 266Hs is obtained from the 2016 Atomic Mass Evalua-
tion [75–77].
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Figure 3. Same as Figure 2 but for the charge-to-mass ratio of udQM nuggets.

4. udQM Star

By fulfilling simultaneously the local charge neutrality condition 2
3 nu − 1

3 nd = ne + nµ

and β-stability condition µu + µe = µu + µµ = µd, the equation of state (EOS) for udQM

457



Galaxies 2021, 9, 70

star matter can be fixed based on the equivparticle model illustrated in Section 2. Then the
structure of udQM star can be obtained by solving the TOV equation

dP
dr

= −GME
r2

(1 + P/E)(1 + 4πr3P/M)

1− 2GM/r
, (17)

dM
dr

= 4πEr2, (18)

where the gravity constant is taken as G = 6.707× 10−45 MeV−2. The tidal deformability
can also be estimated with perturbation method, where a special boundary treatment on
the surface is required for bare udQM star [83–86].

The energy per baryon of udQM nuggets is decreasing monotonously with baryon
number for certain choices of parameters in Figure 2, which excludes a crust of udQM
nuggets. The corresponding mass-radius relations of bare udQM stars are then presented
in Figure 4. Note that the third term in the quark mass scaling in Equation (3) generally
introduces an repulsive interaction among quarks, so that larger masses and radii are
obtained for larger symmetry energy (larger CI). The obtained maximum masses for the
parameter sets (C,

√
D in MeV): (−0.5, 176), (−0.3, 167), (0.1, 149), and (0.5, 135) reach the

observational mass (2.14+0.20
−0.18M�, 95.4% credibility) of PSR J0740+6620 [87], while the radii

of the two-solar-mass stars are consistent with that of PSR J0740+6620 (12.39+1.30
−0.98 km and

2.072+0.067
−0.066M�) only for C = 0.1 and

√
D = 149 MeV [88]. Nevertheless, if we examine

the tidal deformation of those stars, only the udQM stars obtained with the parameter sets
(−0.5, 176) and (−0.3, 167) meet the constraints 70 ≤ Λ1.4 ≤ 580 from the binary neutron
star merger event GW170817 [89].
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Figure 4. Mass-radius relation of udQM stars without crusts, where CI = 0. For the two cases with
larger radii, CI = 40 MeV/fm3 are adopted.

For the cases where udQM nuggets at certain sizes (A ≈ 1000) are more stable than
others, the surface of udQM star will fragment into a crystalline crust. To obtain the EOSs
of the udQM star crust, as an rough estimation, we neglect the effects of charge screening
and assume vanishing surface tension, i.e., Gibbs construction. By equating the pressures
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of the quark phase [PQM(µb, µe) + Pe(µe)] and electrons [Pe(µe)], we find that the pressure
of pure quark matter should vanish, i.e.,

PQM(µb, µe) = 0. (19)

Then the pressure of the nonuniform phase is exactly the pressure of electrons
P = Pe(µe). The volume fraction χ of the quark phase is fixed according to the global
charge neutrality condition, i.e.,

χ

(
2
3

nu −
1
3

nd

)
= ne. (20)

Combining both the quark phase and electron phase, the energy density is determined by

E = χEQM(µb, µe) + Ee(µe). (21)

The obtained EOSs are presented in Figure 5, where the nonuniform phase takes place
at E . 200 MeV/fm3. Note that the nonuniform phase in udQM star is similar to that of
the outer crust of neutron stars. Since the surface tension is nonzero and the energy per
baryon of the most stable udQM nugget does not reach ε0, we expect the formation of
various geometrical structures in udQM stars. A detailed investigation is thus necessary
to obtain the realistic structures and EOSs [50,52], which is intended in our future works.
Additionally, we should mention that the possible strong attractive interactions among
quark clusters could result in very interesting conclusions [90–92], where the formations of
strangeon matter and strangeon stars are expected [93,94].
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Figure 5. Equation of state for udQM star matter, which includes both the uniform phase at large
densities and nonuniform phase at small densities.

Based on the EOSs presented in Figure 5, we solve the TOV Equation (17) and obtain
the structures of udQM stars with crusts, where the mass-radius relations are presented
in Figure 6. Due to the presence of a crust, the mass-radius relations are similar to those
of neutron stars, where the radius is increasing as we decrease the density in the center.
This is essentially different from that of hybrid stars with unstable quark matter, where
the deconfinement phase transition would reduce the radius and even lead to high-mass
twins in case of a strong first-order phase transition [95]. To show this explicitly, the
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mass-radius relation for hybrid stars is presented in Figure 5, which is obtained with
the combination of a density functional PKDD for nuclear matter, pQCD with C1 = 2.5
and ∆µ = 770 MeV for quark matter, and a surface tension value σ = 5 MeV/fm2 as
indicated in Reference [96]. For udQM stars, it is found that the maximum masses for the
parameter sets (C,

√
D in MeV): (−0.3, 167), (0.1, 149), and (0.5, 135) reach the observational

mass (2.14+0.20
−0.18M�, 95.4% credibility) of PSR J0740+6620 [87], while the radii of the two-

solar-mass stars coincide with that of PSR J0740+6620 (12.391.30
−0.98 km and 2.072+0.067

−0.066M�)
only for C = −0.3 and

√
D = 167 MeV. Similar as the cases of bare udQM stars, the

GW170817 constraint 70 ≤ Λ1.4 ≤ 580 is consistent with the parameter sets (−0.5, 176)
and (−0.3, 167) [89]. Combined with all these constraints, only the case of C = −0.3 and√

D = 167 MeV is consistent with various pulsar observations.
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Figure 6. Mass-radius relations (left) and tidal deformabilities (right) of udQM stars with crusts,
where the EOSs presented in Figure 5 were adopted. The corresponding values for typical hybrid
stars from Reference [96] are presented as well.

In addition to the pulsar-like objects discussed so far, it was realized that for SQM there
exists low-mass large-radius strangelet dwarfs if the surface tension is small enough [97]. A
strangelet dwarf is comprised of a charge separated phase, which is energetically favorable
to form crystalline structures with strangelets and electrons. Adopting the EOSs with
PQM = 0 in Figure 5 and solving the TOV Equation (17), we have observed similar objects
comprised of only udQM nuggets and electrons as indicated in Figure 7. At sufficiently low
temperatures, the udQM nuggets and electrons form crystalline structures inside the star,
which is in analogy with white dwarfs comprised of nuclei and electrons. We thus refer
to them as udQM dwarfs. Comparing with strangelet dwarfs [97], the masses of udQM
dwarfs are much larger and approaching to the Chandrasekhar limit (∼1.4 M�), which is
mainly due to the large charge-to-mass ratio of udQM nuggets. In such cases, it is likely
that some of the observed white dwarfs may in fact be udQM dwarfs. Nevertheless, it is
worth mentioning that the results indicated in Figure 7 should be considered as an upper
limit, where the emergence of geometrical structures with various surface tension values
is expected to play an important role [97]. A detailed investigation is thus necessary and
intended for our future study.
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Figure 7. Same as Figure 6 but for the mass-radius relations of udQM dwarfs.

5. Conclusions

In this work we investigate the stability of udQM and the properties of udQM nuggets,
udQM stars, and white dwarfs comprised of udQM nuggets. The properties of udQM are
obtained based on equivparticle model [62,63,68], where an additional term is introduced
to account for the quark matter symmetry energy. By comparing the binding energies of
udQM nuggets and the heaviest β-stable nucleus 266Hs, the stability window for udQM is
obtained, where there exists a minimum surface tension value below which finite nuclei
cannot decay into udQM nuggets. The properties of udQM nuggets are then examined
considering the effects of charge screening and electrons [78]. By adopting the minimum
possible surface tension values, there are udQM nuggets at certain size that are more stable
than others if a large symmetry energy is adopted. In such cases, a crust made of udQM
nuggets is expected in udQM stars, where we have obtained the EOSs adopting Gibbs
construction. It is found that the mass-radius relation of udQM stars resembles that of
traditional neutron stars. Meanwhile, similar to the cases of strange stars [97], a new family
of white dwarfs comprised entirely of udQM nuggets and electrons is obtained, where its
maximum mass approaches to the Chandrasekhar limit due to the large charge-to-mass
ratio of udQM nuggets.
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