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José-Marı́a Martı́

Numerical Simulations of Jets from Active Galactic Nuclei
Reprinted from: Galaxies 2019, 7, 24, doi:10.3390/galaxies7010024 . . . . . . . . . . . . . . . . . . 33

Demosthenes Kazanas

MHD Accretion Disk Winds: The Key to AGN Phenomenology?
Reprinted from: Galaxies 2019, 7, 13, doi:10.3390/galaxies7010013 . . . . . . . . . . . . . . . . . . 64

Sergey Bogovalov

Physics of “Cold” Disk Accretion onto Black Holes Driven by Magnetized Winds
Reprinted from: Galaxies 2019, 7, 18, doi:10.3390/galaxies7010018 . . . . . . . . . . . . . . . . . . 78

Roman Gold

Relativistic Aspects of Accreting Supermassive Black Hole Binaries in Their Natural Habitat: A
Review
Reprinted from: Galaxies 2019, 7, 63, doi:10.3390/galaxies7020063 . . . . . . . . . . . . . . . . . . 109

Ken-Ichi Nishikawa, Yosuke Mizuno, José L. Gómez, Ioana Duţan, Athina Meli, 
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Preface to ”Cosmic Plasmas and Electromagnetic 
Phenomena”

During the past few decades, plasma science has witnessed a great growth in laboratory studies, 
in simulations, and in space. Plasma is the most common phase of ordinary matter in the universe. 
It is a state in which ionized matter (even as low as 1%) becomes highly electrically conductive. 
As such, long-range electric and magnetic fields dominate its behavior. Cosmic plasmas are mostly 
associated with stars, supernovae, pulsars and neutron stars, quasars and active galaxies at the 
vicinities of black holes (i.e., their jets and accretion disks). Cosmic plasma phenomena can be studied 
with different methods, such as laboratory experiments, astrophysical observations, and theoretical/

computational approaches (i.e., MHD, particle-in-cell simulations, etc.). They exhibit a multitude of 
complex magnetohydrodynamic behaviors, acceleration, radiation, turbulence, and various 
instability phenomena. This Special Issue addresses the growing need of the plasma science 
principles in astrophysics and presents our current understanding of the physics of astrophysical 
plasmas, their electromagnetic behaviors and properties (e.g., shocks, waves, turbulence, instabilities, 
collimation, acceleration and radiation), both microscopically and macroscopically. This Special Issue 
provides a series of state-of-the-art reviews from international experts in the field of cosmic plasmas 
and electromagnetic phenomena using theoretical approaches, astrophysical observations, laboratory 
experiments, and state-of-the-art simulation studies

Athina Meli, Yosuke Mizuno, José L. Gómez

Special Issue Editors
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Abstract: Theoretical models for the electromagnetic launching of astrophysical jets have long
indicated that this process should generate helical magnetic fields, which should then propagate
outward with the jet plasma. Polarization observations of jets are key for testing this idea, since
they provide direct information about the magnetic field structures in the synchrotron-emitting
radio jets. Together with Faraday rotation measurements, it is possible in some cases to reconstruct
the three-dimensional magnetic-field structure. There is now plentiful evidence for the presence of
helical magnetic fields associated with the jets of active galactic nuclei, most directly the detection of
transverse Faraday-rotation gradients indicating a systematic change in the line-of-sight magnetic
field component across the jets. A variety of models involving helical jet magnetic fields have also
been used to explain a great diversity of phenomena, including not only the linear polarization
and Faraday rotation structures, but also circular polarization, anomalous wavelength dependences
of the linear polarization, variability of jet ridge lines, variability of the Faraday rotation sign and
polarization angle rotations. A joint consideration of Faraday rotation measurements on parsec
and kiloparsec scales indicates a magnetic-field and current structure similar to that of a co-axial
cable, suggesting the action of some kind of battery mechanism, such as the Poynting–Robertson
cosmic battery.

Keywords: active galactic nuclei; relativistic jets; magnetic fields; radio interferometry

1. Introduction

In normal galaxies such as our Milky Way, the vast majority of the luminosity is associated
with thermal emission from stars and glowing gas. Although virtually all galaxies are believed to
harbour a supermassive black hole in their central regions, with masses of order 106 solar masses, the
emission associated with accretion onto this central black hole comprises a small fraction of the overall
luminosity of the galaxy. However, the luminosities of a minority of galaxies are dominated by the
contribution of non-thermal activity in their nuclei. The strongest of such Active Galactic Nuclei (AGN)
are about 105-times more luminous than a normal galaxy such as the Milky Way. The activity giving
rise to this tremendous energy is believed to be accretion onto a much more massive supermassive
black hole (∼109 solar masses) at the galactic centre.

This accretion process sometimes, but not always, creates conditions favourable for the generation
and launching of jets of relativistic plasma from the vicinity of the central black hole in the AGN.
Although no direct imaging is available, it is natural to suppose that these jets are ejected along
the rotational axis of the central black hole. The relativistic electrons present in these jets and the
lobes they inflate at their termination points emit radio synchrotron radiation as they move through
regions with magnetic (B) fields. About 10–15% or so of all AGN, said to be “radio-loud”, display
substantial amounts of such radio emission (ratio of the 5-GHz flux to the optical B-band flux ≥10 [1]).
The presence of synchrotron radiation requires both highly relativistic particles and magnetic fields,
suggesting that the jets are regions where particle acceleration and magnetic-field amplification
can occur.

Galaxies 2019, 7, 5; doi:10.3390/galaxies7010005 www.mdpi.com/journal/galaxies1
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The jet launching mechanism is widely believed to be electromagnetic in nature. In the
Blandford–Payne process [2], a magnetic (B) field threading the accretion disk and frozen into the disk
plasma is wound up by the rotation of the disk. This gives rise to a magnetic pressure gradient that
accelerates material from the disk outward along the field lines. The Blandford–Znajek mechanism
[3] provides a means of extracting the rotational energy of the black hole. The rotation of the black
hole in the ambient B field from the accretion disk gives rise to induced electric fields that accelerate
local charged particles, initiating a series of processes that gives rise to jets comprised of electrons and
positrons carried outward by an outgoing Poynting flux. A key factor in both mechanisms is rotation
of the central black hole and its accretion disk in the presence of a magnetic field, giving rise to a
helical B field carried outward along with the jets. The generation of such fields has been investigated
theoretically in a number of studies over the years. Two of the best-known earlier works in this area
are those of Nakamura et al. [4] and Lovelace et al. [5]. Some of the most recent simulations of jet
launching and propagation have been done, for example, by Tchekhovskoy and Bromberg [6] and
Barniol Duran et al. [7]; many more examples can be found in the literature. The azimuthal/toroidal
component of this helical field may well also play a role in collimating the jets. The magnetic field
threading the accretion disk is often taken to be more or less randomly oriented, but it has a preferred
orientation in some scenarios, such as the “cosmic battery” model described by Contopoulos et al. [8]
and Christodoulou et al. [9]. Furthermore, the presence of a toroidal field component unambiguously
implies the presence of a current in the jet, whose direction is given by the usual right-hand rule from
university physics (Figure 1, adapted from [10]); thus, studies of helical fields associated with AGN
jets are intrinsically tied to studies of the currents flowing in AGN jets.

Figure 1. Relationship between an observed transverse Faraday RM gradient (colour scale), the
direction of the associated azimuthal B field component (solid curved arrow) and the inferred direction
of the current, inward in this case (dashed arrow). RM image superposed on intensity contours adapted
from [10].

One of the signatures of synchrotron radiation is significant linear polarization. Synchrotron
radiation can, in principle, be completely unpolarized if the synchrotron B field is fully disordered;
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if the magnetic field is partially or fully ordered, however, this will lead to a corresponding degree
of linear polarization, up to a maximum of about 75% for a fully-ordered magnetic field and a
random pitch angle distribution for the population of radiating electrons [11]. The direction of the
observed plane of linear polarization will be orthogonal to the synchrotron magnetic field in the case
of optically-thin emission. The plane of linear polarization becomes aligned with the synchrotron B

field in sufficiently optically-thick regions; however, this transition actually occurs at an optical depth
considerably exceeding unity [12]. This means that the polarized emission we observe in radio images
of AGN jets is likely all predominantly from optically-thin regions, including polarization from the
“core”, often interpreted as the location along the jet outflow where the optical depth is near unity [13].

Linear-polarization observations are the only source of direct information about both the
orientation of the synchrotron B field and the extent to which this field is ordered. For this reason,
polarization observations play a key role in studies of both AGN jets and the media through which
they propagate. They are also an important means of searching for evidence of the helical B fields
predicted to form during the launching of the jets.

Very Long Baseline Interferometry (VLBI) provides a means of imaging AGN with very high
resolution, in order to obtain information about regions that are as close as possible to the “central
engine” and jet-launching region. The jets of AGN are present on the smallest scales it has been possible
to directly image with VLBI. At the other end, they can extend many kiloparsecs from the galactic
nucleus, often displaying extremely good collimation. Observations of high resolution at multiple
wavelengths are required if we wish to obtain information about the spectrum of the radio emission
and Faraday rotation of the polarization angles arising at various locations between the emission
region and the observer. The detection of a systematic Faraday-rotation gradient across an AGN jet
can reveal the presence of a toroidal B-field component in the immediate vicinity of the jet, possibly
associated with the helical B field predicted to form when the jets are launched (see Section 2.2).

In addition to the helical B fields that should be carried outward with the jets, there are numerous
local phenomena that can also considerably influence the observed jet B fields, such as shocks,
interactions with the surrounding medium, bending of the jets, turbulence and magnetic reconnection.
Thus, one of the observational challenges is to determine which features are mainly associated with the
action of local effects and which are mainly a consequence of the intrinsic helical/toroidal magnetic
fields of the jets.

2. Observational Evidence for Helical B Fields in AGN Jets

2.1. Linear Polarization Structures

Variety of Observed Structures

The observed polarization in the jets of AGN on parsec scales usually tends to lie either parallel
to or perpendicular to the local jet direction, with the inferred direction of the associated jet B field
being orthogonal to the direction of the polarization, assuming the polarized emission arrives from
predominantly optically-thin regions [14]. We should note here that the 90◦ rotation in the orientation
of the observed linear polarization from orthogonal to aligned with the synchrotron B field in the
transition from optically thin to optically thick occurs at an optical depth τ substantially greater than
unity (τ � 6 [12]), so that even polarization observed in the VLBI core region (optical depth � 1) is
expected to arise in predominantly optically-thin regions. Thus, the assumption that the observed
polarization patterns are associated with optically-thin emission is well justified.

Commonly-observed polarization patterns correspond to: (a) extensive regions of B field aligned
with the local jet direction; (b) localized regions of B field oriented perpendicular to the local
jet direction, associated with bright, compact features; (c) extensive regions of B field oriented
perpendicular to the local jet direction; (d) the spine-sheath B-field structure across the jet; (e) B

field aligned with the local jet direction and offset toward one side of the jet; and (f) B field aligned with
the local jet direction around the outer edge of a bend in the jet. For brevity, we will refer to B field (or
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polarization) aligned with the jet as “longitudinal” and B field (or polarization) perpendicular to the jet
as “orthogonal.” A schematic of these various polarization configurations is shown by Gabuzda [15].
Lyutikov et al. [16], for example, have pointed out that this could be a natural consequence of local
cylindrical symmetry displayed by the jets; in this case, the B field can always be described as a sum of
longitudinal and orthogonal components projected onto the sky.

In fact, helical jet B fields could give rise to virtually all of these characteristic polarization patterns,
as outlined below.

• (a), (c) Extended regions of longitudinal or orthogonal B field could be associated with helical jet
B fields with comparatively low and high pitch angles (i.e., comparatively “loosely-wound” or
“tightly- wound” helical fields), respectively. The pitch angle of the helical field should be due in
part to the ratio of the velocities of the rotation and outflow.

• (d) A spine-sheath transverse polarization structure refers to a situation in which the predominant
B field is orthogonal near the jet axis and longitudinal at one or both edges of the jet.
This configuration could be associated with an overall helical field, with the azimuthal component
of the field dominant near the jet axis, where its projection is orthogonal to the jet, and the
longitudinal component of the helical field dominant near the jet edges, where its projection is
along the jet (e.g., [16,17]). In this case, we would also expect to observe an increase in the degree
of polarization from the central axis toward the jet edges.

• (e) Depending on the pitch angle of the helical field and the viewing angle of the jet, situations are
possible in which the longitudinal B field predominates on one side of the jet, while the orthogonal
B is dominant on the other. If the orthogonal B field is too weak to be detected in a particular
image, this may also appear as a region of the longitudinal B field offset toward one side of the jet
on its own (see, e.g., [18]).

• (f) The well-ordered longitudinal B field around the outer part of a bend in the jet could come
about when the longitudinal component of a helical B field is enhanced by the curvature of the jet,
stretching the B field at the outer edge of the bend.

The only type of pattern that is not naturally explained by the presence of helical jet B fields is
regions of the orthogonal B field associated with bright, compact regions, which are probably more
naturally associated with shock compression (see, e.g., [19–22]).

Most of these polarization patterns can also be caused by combinations of other, locally-acting,
phenomena, such as interactions with the ambient medium. However, the principle of Occam’s razor
is relevant here, which can be stated as “if more than one explanation is possible, the simplest should
be preferred”. Another way of expressing this principle is that, the more assumptions that must be
made to explain observations, the more unlikely the explanation. Since helical jet B fields are predicted
theoretically to be present, Occam’s razor suggests an approach in which we initially ask which of
the observed polarization characteristics can straightforwardly be explained by the jet’s helical field;
if all the observed characteristics can be explained by this one theoretically-based assumption, this
provides the simplest explanation of the observations. We can then look to other factors such as
superposed shocks and shear to explain localized, anomalous or unusual features not easily explained
by a helical jet B field, guided by additional information, such as variability or spectral data when
possible. This approach is most likely to provide a relatively complete picture of the jet itself and the
actions of various agents on it as it propagates outward from the AGN.

Another interesting question is whether the jet fluid itself follows helical stream lines, as in the
picture of [23], or possibly even rotates as it propagates from the jet base, and what effect this may
have on the observed polarization patterns in the jets. Marscher et al. [24] have suggested that one
observational manifestation of motion of the jet plasma along helical stream lines could be rapid and
smooth rotations of the observed polarization angles, probably upstream of the VLBI core. More
direct evidence for the existence of streamline-like structures comes from the detection of oscillatory
intensity structures within the overall jet flow in a few well-resolved AGN jets (e.g., [25,26]). However,
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at present, we have no firm information about how the presence of such helical streamlines in the
VLBI jets could potentially affect the observed polarization, although this question is worthy of further
study. In terms of possible rotation of the jet plasma, we have no means of detecting this directly,
and no indirect evidence for rotation of AGN jets has been reported thus far, making it premature to
speculate about possible effects of such rotation on the observed polarization patterns at this time.

It is also of interest to consider how the above polarization patterns could be affected by the
angle at which a jet carrying a helical B field is viewed. This has been analysed, for example, by
Murphy et al. [18], who presented figures summarizing the types of polarization structure observed for
various combinations of helical pitch angle and viewing angle (Figures 1 and 2 of [18]). For example,
taking into account the typical resolution of centimetre-wavelength VLBI observations, a jet carrying
a helical field with a pitch angle in the rest frame of the jet of 80◦ will display the transverse B field
all across the jet when the viewing angle in the rest frame of the jet is 80–90◦, the longitudinal B

field on one side and the transverse B field on the other if this viewing angle is roughly 60–80◦ and
the longitudinal B field at the edges and the transverse B field near the jet axis (a “spine + sheath”
structure) if this viewing angle is less than about 60◦. A technique for deriving the intrinsic speed of
the jet and the viewing angle in the observer’s frame from (i) the pitch angle of the helical B field and
the viewing angle in the rest frame of the jet derived from fitting transverse intensity and polarization
profiles and (ii) the observed superluminal speeds in the jet is described in [18].

2.2. Faraday Rotation Gradients

An electromagnetic wave can be described as the sum of any two mutually-perpendicular
components of the wave’s electric field. In radio astronomy, these are often taken to be the Right
Circularly-Polarized (RCP) and Left Circularly-Polarized (LCP) components of the E field. When
such a wave passes through a magnetized medium present along the path from the source to the
observer, asymmetry in the interactions between free electrons in the medium and the RCP and LCP
components of the polarized electromagnetic wave leads to these two components having different
speeds of propagation in the medium. This means that the RCP and LCP components become more
and more out of phase as the wave passes through the medium, manifest as a rotation of the plane of
polarization of the wave, known as Faraday rotation. The amount of rotation depends on the strength
of the ambient magnetic field B, the number density of charges in the plasma n, the charge e and mass
m of these charges and the wavelength of the radiation λ:

χ = χo + RMλ2 RM =
e3

8π2εom2c3

∫
nB · dl (1)

where χ is the observed and χo the intrinsic emitted polarization angle, RM the Faraday Rotation
Measure, εo the permittivity of free space and c the speed of light in a vacuum, and the integral is
carried out over the line of sight from the source to the observer.

Although Faraday rotation can, in principle, be associated with any free charged particles in the
magnetized plasma in which it arises, due to the 1/m2 dependence in the expression for the RM, it is
usually assumed that the observed RM is due to electrons, rather than protons. Furthermore, because
relativistic electrons have appreciably higher effective masses than non-relativistic ones, the electrons
giving rise to the Faraday rotation are usually assumed to be non-relativistic (thermal). The RM
depends on both the electron density and the Line Of Sight (LOS) B field; however, the sign of the RM
is determined purely by whether the LOS B field is pointed toward (positive) or away from (negative)
the observer. This means that the sign of the RM provides a unique diagnostic of the structure of the
associated B field along the line of sight. In the simplest case when the Faraday rotation occurs outside
the emitting volume in the source, it gives rise to a linear dependence of χ on λ2, as is indicated above,
providing a straightforward means of identifying the action of Faraday rotation observationally.

If a jet and its immediate vicinity carry a helical B field, this will give rise to a monotonic gradient
in the observed Faraday rotation across the jet, due to the monotonic change in the LOS component of
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the helical B field across the jet. Some observers and theoreticians were aware of this effect as long ago
as the 1980s (e.g., [27,28]), but it was largely ignored until the detection of a Faraday-rotation gradient
across the parsec-scale jet of 3C273, reported in 2002 by Asada et al. [29].

Transverse RM gradients with statistical significances exceeding the 3σ level have now been
detected across the jets of about 50 AGNs [30] and also across the kiloparsec-scale jet structures of a
number of AGNs and radio galaxies [9,31]). The overall patterns displayed by these transverse RM
gradients are discussed in the following subsection.

Note that, in principle, an RM gradient across a jet could come about due to a corresponding
gradient in the electron density in a Faraday screen in the vicinity of the jet. However, variations in the
electron density in the region of Faraday rotation cannot cause changes in the sign of the RM, whereas
a transverse RM gradient due to a helical jet B field can encompass RM values of both signs. It is
therefore noteworthy that an appreciable number of the transverse RM gradients detected across AGN
jets change sign across the jet. Note also that, depending on the pitch angle of the helical field and the
jet viewing angle, an RM gradient due to a helical jet B field may include RM values of only one sign,
so that the lack of a sign change across the jet is not an argument against interpreting an RM gradient
as reflecting the presence of a helical magnetic field being carried by the jet.

2.2.1. Overall Patterns of the Transverse RM Gradients on pc and kpc Scales: Evidence for the Action
of a Cosmic Battery

The direction of an RM gradient observed across the jet of an AGN implies a direction for the
azimuthal (toroidal) magnetic-field component that is giving rise to this gradient, which, in turn,
implies the direction for a current associated with this toroidal field (Figure 1). The direction of
the azimuthal component of the jet’s helical field basically comes about due to the combination of
the direction of the rotation of the central black hole and its accretion disk and the direction of the
longitudinal field component that is partially transformed into a toroidal component by the rotation.

In this simplest picture, we would expect to see a particular direction for the observed transverse
RM gradient all along the jet. This is true in some cases; in addition, transverse RM gradients in the
same direction have been observed at multiple epochs in some AGN, indicating that these structures
are fairly stable. However, at the same time, reversals in the directions of observed transverse RM
gradients have been observed in a number of cases, either with distance from the base of the jet or with
time (see [30] and references therein). This can be understood as a consequence of a structure with
nested helical fields surrounding the jet, one inside the other, with the directions of the azimuthal field
components being opposite in the two [32]. In this case, the line of sight passes through both regions
of the helical B field, and the direction of the net observed RM gradient is determined by which region
(inner or outer) makes the greater contribution to the overall Faraday rotation. If conditions in and
around the jet lead to a change in whether the inner or outer region of helical field dominates the
observed Faraday rotation, this will lead to a corresponding change in the direction of the associated
RM gradient across the jet.

In fact, just such a nested helical-field configuration is expected in the “cosmic battery” model
of [8,9]. Further, this model predicts that the orientations of the azimuthal components of the two
regions of helical field are not random: the inner helical field should have a counter-clockwise
azimuthal component projected onto the sky, associated with an inward current along the jet (as in the
example shown in Figure 1), while the outer helical field should have a clockwise azimuthal component
projected onto the sky, associated with a more extended region of outward current (essentially present
between the two regions of the helical field). This situation is shown schematically in Figure 2.
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Figure 2. Schematic views of the set of helical B fields and associated currents inferred from parsec-scale
and kiloparsec-scale Faraday RM gradients looking straight down the jet axis (upper) and viewed at
90◦ to this, in the plane of the accretion disk (lower). The overall configuration of currents resembles a
coaxial cable, with inward current along the jet axis and a more extended region of outward current
farther from the axis.

Sufficient statistics to test this picture have recently become available. Gabuzda et al. [30]
have demonstrated that the collected data on RM gradients detected across about 50 AGN jets
imaged with centimetre-wavelength VLBI indicate a statistically-significant predominance of inward
currents (probability of the predominance being spurious � 0.40%). In contrast, the results of [9],
supplemented by the more recent results of [31], show the opposite tendency: a strong predominance
of outward currents on decaparsec–kiloparsec scales (probability of the predominance being spurious
� 0.05%). These observations are consistent with a picture in which the jets have a nested helical-field
configuration, with huge current loops oriented roughly orthogonal to the accretion disk, with the
current flowing inward along the jet axis, away from the axis in the accretion disk, outward in an
extended region around the jet and back toward the jet axis in a region near the termination of the
jet. Determining the physical origin and nature of this set of B fields and currents will provide key
information for our understanding of the formation and propagation of AGN jets.

This is broadly similar to the set of currents and B fields in a co-axial cable, but extending over
kiloparsec scales. It is important that the data suggest not only a nested helical-field configuration,
but specifically one corresponding to inward current along the jet axis and outward current in a more
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extended region around the jet. It is this clear preference for a particular direction for the currents
flowing in and around the jets that strongly suggests the action of some kind of battery, such as the
mechanism of [8,9]. Of course, other competing mechanisms may come to light; however, at present,
this is the only mechanism specifically predicted to give rise to this configuration of fields and currents.

As was pointed out in [30], it is also interesting that a sizeable minority of the transverse RM
gradients that have been detected on parsec scales correspond instead to outward currents. It may
be that, in these sources, the outer region of the helical field has already become dominant on scales
smaller than those on which the gradient is detected. It may also be that the battery-like mechanism
that is leading to a dominance of inward currents along the jet axis on parsec scales is less efficient
under some conditions; in this case, a relatively small number of the observed transverse RM gradients
could have random directions. One of the most intriguing possibilities is that the cosmic battery
mechanism described above may operate in the opposite sense (“in reverse”) when the central black
hole rotates very rapidly, at more than about 70% of its maximum possible rotational velocity, as
suggested by the numerical computations of [33]. The inner edge of the accretion disk will approach
closer to the black hole event horizon as the rotational velocity increases. If the rotation is fast enough,
the inner edge of the disk is located close enough to the horizon for the rotation of space-time to exert
the dominant effect, rather than the disk’s rotation. This leads to a reversal in the direction of the
radiation force on the electrons in the accretion disk, so that electrons acquire higher, rather than lower,
toroidal velocities in the direction of rotation compared to protons in the disk. Searches for differences
in the properties of AGNs whose transverse RM gradients correspond to predominant inward and
outward currents in their jets on parsec scales would be valuable in this context.

2.2.2. Helical vs. Toroidal Fields

The detection of a transverse RM gradient indicates the presence of an azimuthal B-field
component, but, on its own, this does not demonstrate that this is one component of an overall
helical B field. It is therefore important to identify observational diagnostics that can distinguish
whether this azimuthal field represents a toroidal field or one component of a helical B field. The key
to this is whether the intensity and polarization profiles across the jet are symmetric or asymmetric. A
toroidal field has no net longitudinal component (because this component is either absent or disordered)
and will give rise to symmetric intensity and polarisation profiles across the jet, whereas a helical field
has an ordered longitudinal component, which will give rise to asymmetric profiles across the jet. The
key point here is that the synchrotron intensity and degree of polarization are both determined by the
B field component in the plane of the sky.

When helical and toroidal fields are viewed side-on, it becomes apparent that a toroidal field will
generally appear symmetric about the central jet axis, whereas a helical field will display asymmetry
if viewed at any angle other than exactly 90◦ to the jet axis (Figure 3). A toroidal field should give
rise to symmetric intensity and polarization profiles, independent of the angle at which the jet is
viewed. However, the presence of a longitudinal component in the helical field introduces asymmetry.
The dominant B field along one edge of the jet (top edge of the lower helical field in Figure 3) lies close
to the line of sight, and we observe relatively lower degrees of polarization; in contrast, the dominant
B field along the other edge of the jet (bottom edge of the lower helical field in Figure 3) lies close
to the plane of the sky, and we observe relatively higher degrees of polarization. Only for particular
viewing angles and helical pitch angles will a helical B field give rise to symmetrical intensity and
polarization structures (see, e.g., [18,30]).
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Figure 3. Schematic showing differences in the profiles presented by a toroidal field (upper image),
a helical field viewed exactly side-on (middle image) and a helical field viewed slightly offset from
exactly side-on (lower image). The jet axes are horizontal in each case and run down the centres of the
toroidal and helical configurations shown. The first two cases give rise to symmetrical polarization
profiles, whereas the last case gives rise to asymmetrical polarization profiles (in observations with
sufficient resolution to detect this effect). In the offset side-view shown for the lower helix, the B field is
oriented close to the line of sight along the upper edge of the helix and closer to the plane of the sky at
the lower edge of the helix. Because Faraday rotation is proportional to the LOS B field, we expect the
magnitude of the Faraday rotation to be higher at the upper than at the lower edge of this jet. Because
the degree of polarization of synchrotron radiation is determined by the B field in the plane of the sky
(perpendicular to the line of sight toward the observer), we expect the degree of polarization to be
higher at the lower than at the upper edge of this jet.

In addition, the fact that Faraday rotation is proportional to the LOS component of the ambient B

field provides additional potential tests of consistency of observations with the presence of helical B

fields in jets displaying transverse Faraday RM gradients. The picture depicted in Figure 3 predicts
that the side of such a jet with the higher degree of polarization (dominant B-field component in the
plane of the sky) should display a lower amount of Faraday rotation, whereas the side of the jet with
the lower degree of polarization (dominant B-field component along the line of sight) should display
a higher amount of Faraday rotation. Indeed, some cases where this pattern is observed have been
noted [18], but much more work remains to be done.

We should note that it may seem at first inappropriate to speak of viewing a helical field side-on,
as in Figure 3), since we believe the jets of core-dominated AGN are oriented close to our line of sight.
However, taking into account aberration, a small viewing angle of close to 1/Γ in the observer’s frame
(where Γ is the Lorentz factor for the bulk relativistic motion of the jet) will be close to a viewing angle
of 90◦ in the jet rest frame, corresponding to the situations shown in Figure 3).

2.3. Variability of the Faraday Rotation Sign

During their monthly monitoring of the AGN Mrk421 at 15, 24 and 43 GHz with the Very Long
Baseline Array in 2011, Lico et al. [34] discovered time variability in both the magnitude and the sign of
the Faraday RM in the core region. Since the RM sign is determined by the direction of the LOS B field,

9



Galaxies 2019, 7, 5

it is not trivial to explain such rapid changes in the RM sign. They suggest that the RM sign reversals
observed during their monitoring can be understood if the jet has a nested helical-field configuration
such as the one described in Section 2.2.1 and depicted in Figure 2, with opposite directions for the
azimuthal field components in the inner and outer regions of the helical B field; in this case, the
variability of the RM sign could come about due to changes in whether the inner or outer region of the
helical field dominates the observed Faraday rotation.

In fact, although the RM signs observed for some AGN can be stable over many years, the RM
sign is variable for others. Furthermore, changes in the RM sign are also sometimes observed along
the core–jet structure, even after taking into account the Faraday rotation occurring in our own galaxy.
Such sign changes reflect changes in the direction of the LOS B field relative to our line of sight and so
provide information about the three-dimensional B fields of these jets. The suggestion of Lico et al. [34]
that RM sign changes could be associated with variability in the conditions in a nested-helical-field
configuration is worthy of further study and may provide a relatively simple way to explain RM sign
changes without invoking dramatic bending of the jet relative to the line of sight.

2.4. Inverse Depolarization

Looking at the wavelength dependence of the degree of polarization of a large sample of AGN in
the range 8.1–15.4 GHz, Hovatta et al. [35] found that most of these sources displayed the decrease in
their degree of polarization with decreasing frequency that is expected due to the action of Faraday
and beamwidth depolarization. However, a small number of sources displayed the opposite tendency:
increasing polarization with decreasing frequency, termed “inverse depolarization” by Homan [36].
Homan [36] presented a physical model for this phenomenon in which the structure of the jet magnetic
field is such that internal Faraday rotation acts to align the polarization from the far and near sides
of the jet; this leads to higher fractional polarization at longer wavelengths, where the superposed
polarization from these two regions becomes better aligned. This effect can be produced naturally
in both helical B fields and randomly-tangled magnetic fields; however, in the latter case, the fields
must be tangled on length scales in the jet that are too long to be consistent with the observed levels
of fractional polarization, making helical jet B fields a more attractive option. Homan [36] also notes
that three of the four features that display inverse depolarization are in jets that have transverse RM
gradients—a clear signature of the presence of a toroidal field that may represent one component of a
helical field—increasing the likelihood that the explanation for this anomalous polarization behaviour
lies in helical B fields carried by these jets. Incidentally, this is an example of the role of “Occam’s
razor” in helping us identify the simplest and most likely interpretation of the collected data.

2.5. Variability of Jet Ridge Lines

In their study of the kinematics of ridge lines of the VLBI jet of BL Lac, Cohen et al. [37] identified
transverse patterns in the ridge lines, which moved superluminally downstream. They suggested
that these patterns were analogous to waves on a whip. This behaviour led them to a model for
the observed variability of the jet ridge lines in which the jet carries a tightly-wound helical B field,
and the transverse patterns represent Alfvén waves propagating downstream along the longitudinal
component of this helical field.

2.6. Large Polarization Angle Rotations Associated with Outbursts

Marscher et al. [24] carried out detailed analyses of sequences of VLBI images together with
optical polarization measurements of BL Lac in order to probe the acceleration and collimation region
upstream of the observed VLBI core. They suggested that rapid, smooth rotations of the polarization
could reflect the motion of a polarized region in the jet along a helical stream-line, such as those
expected in the model of [23]. Their analysis showed that a bright feature in the VLBI jet caused
a double flare observed from optical up to TeV energies, accompanied by rotation of the observed
polarization angle and a delayed outburst at radio wavelengths. Marscher et al. [24] concluded that
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this event was initiated in a region of helical B field, which they identified with the acceleration and
collimation zone predicted theoretically, on scales upstream from the observed millimetre-VLBI core.

2.7. Double Polarization Angle Rotations

Cohen et al. [38] observed four double polarization angle rotations in OJ 287, in which the
polarization angle rotated counter-clockwise for �180◦ and then rotated clockwise back to roughly
its initial value, over an overall time of 1–3 years. They were able to explain this phenomenon with
a model in which two successive polarized outbursts occur, with the polarization angles rotating in
each, but in opposite directions, superposed on a constant polarization component corresponding to
the underlying quiescent jet. The question then becomes how to explain the occurrence of such pairs
of counter-rotating polarized outbursts: Cohen et al. [38] suggested that these can be generated by
the supermagnetosonic jet model of Nakamura et al. [39] and Nakamura and Meier [40], in which
the jet carries a strong helical magnetic field. The pairs of outbursts are associated with forward and
reverse pairs of fast and slow magnetohydrodynamical waves; the plasma inside the two fast/slow
pairs rotates in a helical pattern around the axis of the jet, but in opposite directions.

This study supports the earlier suggestion by Cohen [41] that the jet of OJ 287 carries a helical B

field, based on the evolution of the jet ridge lines, which are twisted and can be interpreted as sections
of a rotating helix, as in the model of [39,40].

2.8. Circular Polarization

The circular polarization of synchrotron radiation is intrinsically much less than 1%. At the same
time, a substantial minority (about 15%) of radio-loud AGN display low, but significant levels of
circular polarization, typically a few tenths of a percent [42]. Thus, some other mechanism is required
to explain this, and it is generally believed that the best candidate is the Faraday conversion of linear
to circular polarization in a magnetized plasma [43]. Faraday conversion can operate in any situation
where a linearly-polarized electromagnetic wave propagates through a region of magnetized plasma
with a non-zero component of the ambient magnetic field parallel to the electric field of the wave.
Most importantly, Faraday conversion is more efficient at generating circular polarization than the
synchrotron mechanism under similar conditions. The presence of a helical jet B field provides a
natural configuration facilitating Faraday conversion: linearly-polarized radiation emitted at the far
side of the jet relative to the observer can be partially converted to circularly-polarized emission
as it passes through the part of the helical field that is at the near side of the jet ([44,45]). Thus,
transverse RM gradients and circular polarization exceeding the level expected for the synchrotron
mechanism are both signs of a helical jet B field. When these properties are both detected, they can
be analysed together with the jet’s linear polarization structure to determine uniquely the direction
of the longitudinal component of the helical B field, and hence infer the direction of the rotation of
the central black hole and its accretion disk. Such an analysis was recently carried out for 12 AGN by
Gabuzda [46]. Her results indicate numbers of outward and inward longitudinal B-field components
that are equal within the statistical uncertainties and also statistically equal numbers of central black
holes rotating clockwise and counter-clockwise projected on the sky. At the same time, the results
suggest that the directions of the longitudinal field and of the central rotation are coupled: clockwise
central rotation projected onto the sky is preferentially associated with an inward longitudinal B field,
while counter-clockwise rotation is associated with an outward longitudinal B field. Together, this
gives rise to a preferred orientation for the toroidal component of the resulting helical B field, which
corresponds to inward current along the jet axis on parsec scales, just as is predicted by the cosmic
battery mechanism of [8,9].

3. Summary

AGN jets are expected theoretically to carry helical B fields, due to the joint action of the rotation
of the central black hole and accretion disk and the jet outflow. There is now substantial observational
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evidence that many or all jets do indeed carry helical B fields. The most direct evidence comes from the
detection of statistically-significant transverse Faraday RM gradients across the jets of some 50 AGN
on parsec scales and about a dozen AGN on larger scales of tens to thousands of parsecs. This clearly
indicates that these helical fields persist to substantial distances from the jet base.

Furthermore, many of the characteristic polarization/magnetic-field structures observed in AGN
jets on parsec scales can be understood as manifestations of a helical jet B field. Other evidence comes
from studies of a wide variety of phenomena, including circular polarization, inverse depolarization,
variability in jet ridge lines and the RM sign and polarization-angle rotations. There is considerable
hope for building up links between these observations, since AGN jets carrying helical B fields may
well display more than one of these phenomena, as well as polarization structures characteristic of
helical jet B fields and transverse RM gradients. Joint analyses of the linear polarization structure,
circular polarization sign and transverse RM gradients are a potentially powerful tools for revealing
the full three-dimensional structures of helical B fields carried by AGN jets.

At the same time, some of the characteristic polarization structures observed in AGN jets are also
consistent with the action of local agents, such as shocks, shear and jet bending. It can be difficult to
identify unambiguously the origin of observed polarization structures in particular jets in practice
without incorporating additional information about the distribution of the degree of polarisation, the
morphology of the jet, the distribution of Faraday rotation in the vicinity of the jet and the possible
presence of transverse RM gradients across the jet. In many cases, it is likely that the observed
polarization structure is produced by both the intrinsic helical B field of the jet and the action of various
local factors. One local factor that has been neglected so far in interpretations of observational data,
but that may well play an important role, especially in variability, is magnetic reconnection. Work on
identifying observational signatures of magnetic reconnection in AGN jets is needed.

The direction of a transverse RM gradient across an AGN jet implies a direction for the azimuthal
B-field component producing it, which, in turn, implies the direction for the net current flowing inside
the region occupied by this toroidal field. The collected data on transverse RM gradients observed on
parsec to kiloparsec scales demonstrate a statistically-significant predominance of inward currents
along the jet axis on parsec scales (probability of the predominance being spurious � 0.40%) and of
outward currents on decaparsec–kiloparsec scales (probability of the predominance being spurious
� 0.05%), presumably in a more extended region surrounding the jet. This is fully consistent with
the nested-helical-field structure predicted by the “cosmic battery” model described in [8,9]. In this
picture, the systems of currents and fields in AGN jets and their accretion disks are essentially similar
to those for giant co-axial cables. Simulations of jet launching and propagation taking into account this
type of nested-helical-field structure would be very valuable.

Thus, we are essentially in the process of initiating a new paradigm, in which the observed
polarization (magnetic-field) structures in AGN jets on essentially all scales are at least partially due to
the helical B fields carried by these jets. Superposed on the intrinsic polarization patterns associated
with these helical fields are the results of local effects, such as shocks, shear, turbulence, jet bending,
and magnetic reconnection. Although it may be virtually impossible to determine unambiguously
precisely what factors are contributing to the observed polarization structure of a particular AGN jet,
joint analyses of multiple types of observations provide hope for giving us some idea of how much of
the observed patterns is due to the intrinsic helical jet B field and how much is associated with local
effects. This will present interesting challenges for future studies in this area.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Kellermann, K.I.; Sramek, R.; Schmidt, M.; Shaffer, D.B.; Green, R. VLA observations of objects in the Palomar
Bright Quasar Survey. Astron. J. 1989, 98, 1195–1207. [CrossRef]

12



Galaxies 2019, 7, 5

2. Blandford, R.D.; Payne, D.G. Hydromagnetic Flows from Accretion Discs and the Production of Radio Jets.
Mon. Not. R. Astron. Soc. 1982, 199, 883–903. [CrossRef]

3. Blandford, R.D.; Znajek, R.L. Electromagnetic Extraction of Energy from Kerr Black Holes. Mon. Not. R.
Astron. Soc. 1977, 179, 433–456. [CrossRef]

4. Nakamura, M.; Uchida, Y.; Hirose, S. Production of Wiggled Structure of AGN Radio Jets in the Wweeping
Magnetic Twist Mechanism. New Astron. 2001, 6, 61–78. [CrossRef]

5. Lovelace, R.V.E.; Li, H.; Koldoba, A.V.; Ustyugova, G.V.; Romanova, M.M. Poynting Jets from Accretion
Disks. Astrophys. J. 2002, 572, 445–455. [CrossRef]

6. Tchekhovskoy, A.; Bromberg, O. Three-dimensional Relativistic MHD Simulations of Active Galactic Nuclei
Jets: Magnetic Kink Instability and Fanaroff-Riley Dichotomy. Mon. Not. R. Astron. Soc. 2016, 461, L46–L50.
[CrossRef]

7. Barniol Duran, R.; Tchehovskoy, A.; Giannios, D. Simulations of AGN Jets: Magnetic Kink Instability versus
Conical Shocks. Mon. Not. R. Astron. Soc. 2017, 469, 4957–4978. [CrossRef]

8. Contopoulos, I.; Christodoulou, D.; Kazanas, D.; Gabuzda, D.C. The Invariant Twist of Magnetic Fields in
the Relativistic Jets of Active Galactic Nuclei. Astrophys. J. 2009, 702, L148–L152. [CrossRef]

9. Christodoulou, D.; Gabuzda, D.; Knuettel, S.; Contopoulos, I.; Kazanas, D.; Coughlan, C. Dominance of
Outflowing Electric Currents on Decaparsec to Kiloparsec Scales in Extragalactic Jets. Astron. Astrophys.
2016, 591, A61–A71.

10. Gabuzda, D.C.; Roche, N.; Kirwan, A.; Knuettel, S.; Nagle, M.; Houston, C. Parsec Scale Faraday-rotation
Structure Across the Jets of Nine Active Galactic Nuclei. Astron. Astrophys. 2017, 472, 1792–1801.

11. Pacholczyk, A.G. Radio Astrophysics; W. H. Freeman: San Franciso, CA, USA, 1970.
12. Wardle, J.F.C. The Variable Rotation Measure Distribution in 3C 273 on Parsec Scales. Galaxies 2018, 6, 5.

[CrossRef]
13. Blandford, R.D.; Königl, A. Relativistic Jets as Compact Radio Sources. Astrophys. J. 1979, 232, 34–48.

[CrossRef]
14. Lister, M.L.; Homan, D.C. MOJAVE: Monitoring of Jets in Active Galactic Nuclei with VLBA Experiments. I.

First-Epoch 15 GHz Linear Polarization Images. Astron. J. 2005, 130, 1389–1417. [CrossRef]
15. Gabuzda, D.C. Parsec-Scale Jets in Active Galactic Nuclei. In The Formation and Disruption of Black Hole Jets;

Astrophysics and Space Science Library; Springer International: Cham, Switzerland, 2015; Volume 414,
pp. 117–148.

16. Lyutikov, M.; Pariev, V.I.; Gabuzda, D.C. Polarization and Structure of Relativistic Parsec-scale AGN Jets.
Mon. Not. R. Astron. Soc. 2005, 360, 869–891. [CrossRef]

17. Pushkarev, A.B.; Gabuzda, D.C.; Vetukhnovskaya, Y.N.; Yakimov, V.E. Spine-sheath Polarization Structures
in Four Active Galactic Nuclei Jets. Mon. Not. R. Astron. Soc. 2005, 356, 859–871. [CrossRef]

18. Murphy, E.; Cawthorne, T.V.; Gabuzda, D.C. Analysing the Transverse Structure of the Relativistic Jets of
Active Galactic Nuclei. Mon. Not. R. Astron. Soc. 2013, 430, 1504–1515. [CrossRef]

19. Hughes, P.A.; Aller, H.D.; Aller, M.A. iPolarized Radio Outbursts in Bl Lacertae—Part Two—The Flux and
Polarization of a Piston-Driven Shock. Astrophys. J. 1985, 298, 301–315. [CrossRef]

20. Hughes, P.A.; Aller, H.D.; Aller, M.A. Synchrotron Emission from Shocked Relativistic Jets. II. A Model for
the Centimeter Wave Band Quiescent and Burst Emission from BL Lacertae. Astrophys. J. 1989, 341, 68–79.
[CrossRef]

21. Laing, R. A Model for the Magnetic-field Structure in Extended Radio Sources. Mon. Not. R. Astron. Soc.
1980, 193, 439–449. [CrossRef]

22. Marscher, A.P.; Gear, W.K. Models for High-frequency Radio Outbursts in Extragalactic Sources, with
Application to the early 1983 Millimeter-to-infrared Flare of 3C 273. Astrophys. J. 1985, 298, 114–127.
[CrossRef]

23. Vlahakis, N. Disk-Jet Connection. In Blazar Variability Workshop II: Entering the GLAST Era; Astronomical
Society of the Pacific: San Francisco, CA, USA, 2006; Volume 350, pp. 169–177.

24. Marscher, A.P.; Jorstad, S.G.; D’Arcangelo, F.D.; Smith, P.S.; Williams, G.G.; Larionov, V.M.; Oh, H.;
Olmstead, A.R.; Aller, M.F.; Aller, H.D.; et al. The Inner Jet of an Active Galactic Nucleus as Revealed
by a Radio-to-γ-ray Outburst. Nature 2008, 452, 966–969. [CrossRef] [PubMed]

13



Galaxies 2019, 7, 5

25. Lobanov, A.; Hardee, P.; Eilek, J. Double Helix in the Kiloparsec-Scale Jet in M 87. In Future Directions in High
Resolution Astronomy: The 10th Anniversary of the VLBA; Astronomical Society of the Pacific: San Francisco,
CA, USA, 2005; Volume 340, pp. 104–106.

26. Lobanov, A.P.; Zensus, J.A. A Cosmic Double Helix in the Archetypical Quasar 3C273. Science 2001, 294,
128–131. [CrossRef] [PubMed]

27. Blandford, R.D. Astrophysical Jets; Cambridge University Press: Cambridge, UK, 1993; p. 26.
28. Perley, R.A.; Bridle, A.H.; Willis, A.G. High-resolution VLA Observations of the Radio Jet in NGC 6251.

Astrophys. J. Suppl. 1984, 54, 291–334. [CrossRef]
29. Asada, K.; Inoue, M.; Uchida, Y.; Kameno, S.; Fujisawa, K.; Iguchi, S.; Mutoh, M. A Helical Magnetic Field in

the Jet of 3C 273. Publ. Astron. Soc. Jpn. 2002, 54, L39–L43. [CrossRef]
30. Gabuzda, D.C.; Nagle, M.; Roche, N. The Jets of AGN as Giant Coaxial Cables. Astron. Astrophys. 2018, 612,

A67–A79.
31. Knuettel, S.; Gabuzda, D.C.; O’Sullivan, S.P. Evidence for Toroidal B-Field Components in AGN Jets on

Kiloparsec Scales. Galaxies 2017, 5, 61. [CrossRef]
32. Mahmud, M.; Coughlan, C.P.; Murphy, E.; Gabuzda, D.C.; Hallahan, D.R. Connecting Magnetic Towers

with Faraday Rotation Gradients in Active Galactic Nuclei Jets. Mon. Not. R. Astron. Soc. 2013, 431, 695–709.
[CrossRef]

33. Koutsantoniou, L.; Contopoulos, I. Accretion Disk Radiation Dynamics and the Cosmic Battery. Astrophys. J.
2014, 794, 27–38. [CrossRef]

34. Lico, R.; Gomez, J.L.; Asada, K.; Fuentes, A. On the Time Variable Rotation Measure in the Core Region of
Markarian 421. Galaxies 2017, 5, 57. [CrossRef]

35. Hovatta, T.; Lister, M.L.; Aller, M.F.; Aller, H.D.; Homan, D.C.; Kovalev, Y.Y.; Pushkarev, A.B.; Savolainen, T.
MOJAVE: Monitoring of Jets in Active Galactic Nuclei with VLBA Experiments. VIII. Faraday Rotation in
Parsec-scale AGN Jets. Astron. J. 2012, 144, 105–138. [CrossRef]

36. Homan, D.C. Inverse Depolarization: A Potential Probe of Internal Faraday Rotation and Helical Magnetic
Fields in Extragalactic Radio Jets. Astrophys. J. 2012, 757, L24–L28. [CrossRef]

37. Cohen, M.H.; Meier, D.L.; Arshakian, T.G.; Clausen-Brown, E.; Homan, D.C.; Hovatta, T.; Kovalev, Y.Y.;
Lister, M.L.; Pushkarev, A.B.; Richards, J.L.; et al. Studies of the Jet in Bl Lacertae. II. Superluminal Alfvén
Waves. Astrophys. J. 2015, 803, 3. [CrossRef]

38. Cohen, M.H.; Aller, H.D.; Aller, M.F.; Hovatta, T.; Kharb, P.; Kovalev, Y.Y.; Lister, M.L.; Meier, D.L.; Pushkarev,
A.B.; Savolainen, T. Reversals in the Direction of Polarization Rotation in OJ 287. Astrophys. J. 2018, 862, 1.
[CrossRef]

39. Nakamura, M.; Garofalo, D.; Meier, D.L. A Magnetohydrodynamic Model of the M87 Jet. I. Superluminal
Knot Ejections from HST-1 as Trails of Quad Relativistic MHD Shocks. Astrophys. J. 2010, 721, 1783–1789.
[CrossRef]

40. Nakamura, M.; Meier, D.L. A Magnetohydrodynamic Model of the M87 Jet. II. Self-consistent Quad-shock Jet
Model for Optical Relativistic Motions and Particle Acceleration. Astrophys. J. 2014, 785, 152–157. [CrossRef]

41. Cohen, M.H. OJ 287 as a Rotating Helix. Galaxies 2017, 5, 12. [CrossRef]
42. Homan, D.C.; Lister, M.L. iMOJAVE: Monitoring of Jets in Active Galactic Nuclei with VLBA Experiments.

II. First-Epoch 15 GHz Circular Polarization Results. Astron. J. 2006, 131, 1262–1279. [CrossRef]
43. Jones, T.W.; O’Dell, S.L. Transfer of Polarized Radiation in Self-absorbed Synchrotron Sources. I. Results for

a Homogeneous Source. Astrophys. J. 1977, 214, 522–539. [CrossRef]
44. Ensslin, T.A. Does Circular Polarisation Reveal the Rotation of Quasar Engines? Astron. Astrophys. 2003, 401,

499–504.
45. Wardle, J.F.C.; Homan, D.A. The Nature of Jets: Evidence from Circular Polarization Observations. In Particles

and Fields in Radio Galaxies; Astronomical Society of the Pacific: San Francisco, CA, USA, 2001; pp. 152–163.
46. Gabuzda, D.C. Determining the Jet Poloidal B Field and Black-Hole Rotation Directions in AGNs. Galaxies

2018, 6, 9. [CrossRef]

c© 2018 by the author. 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 (http://creativecommons.org/licenses/by/4.0/).

14



galaxies

Review

Generation and Transport of Magnetic Flux in
Accretion–Ejection Flows

Ioannis Contopoulos 1,2,†

1 Research Center for Astronomy and Applied Mathematics, Academy of Athens, 11527 Athens, Greece;
icontop@academyofathens.gr; Tel.: +30-210-6597167

2 National Research Nuclear University (Moscow Engineering Physics Intitute), 31 Kashirskoe Highway,
115409 Moscow, Russia

† Current address: Research Center for Astronomy and Applied Mathematics, Academy of Athens, 4 Soranou
Efessiou Str., 11527 Athens, Greece.

Received: 9 November 2018; Accepted: 3 January 2019; Published: 9 January 2019

Abstract: Astrophysical accretion flows are associated with energetic emission of radiation and
outflows (winds and jets). Extensive observations of these two processes in X-ray binary outbursts
are available. A convincing understanding of their dynamics remains, however, elusive. The main
agent that controls the dynamics is believed to be a large scale magnetic field that threads the system.
We propose that during the quiescent state, the field is held in place by a delicate balance between
inward advection and outward diffusion through the accreting matter. We also propose that the
source of the field is a growing toroidal electric current generated by the aberrated radiation pressure
on the innermost plasma electrons in orbit around the central black hole. This is the astrophysical
mechanism of the Cosmic Battery. When the return magnetic field outside the toroidal electric
current diffuses through the surrounding disk, the disk magnetic field and its associated accretion
rate gradually increase, thus leading the system to an outburst. After the central accretion flow
approaches equipartition with radiation, it is disrupted, and the Cosmic Battery ceases to operate.
The outward field diffusion is then reversed, magnetic flux reconnects with the flux accumulated
around the central black hole and disappears. The magnetic field and the associated accretion rate
slowly decrease, and the system is gradually driven back to quiescence. We conclude that the action
(or inaction) of the Cosmic Battery may be the missing key that will allow us to understand the
long-term evolution of astrophysical accretion–ejection flows.

Keywords: black holes; accretion disks; X-ray binaries; active galactic nuclei; magnetic fields

1. Accretion–Ejection Flows around Astrophysical Black Holes

Active galactic nuclei (AGN), X-ray binaries (XRB) and other energetic astrophysical sources are
believed to be powered by the infall (accretion) of gaseous matter (plasma) into a central black hole.
The infall proceeds as a rotating disk along which matter gradually releases enormous amounts of
gravitational energy in the form of energetic outflows (winds and jets) and radiation across the full
electromagnetic spectrum.

In their seminal paper [1] (hereafter SS73), Shakura and Sunyaev proposed that the structure
and radiation spectrum of the accretion disk depend mainly on the matter accretion rate Ṁdisk in
the disk. They went on to calculate the radiation spectrum as a superposition of black-body spectra
emitted as matter locally converts gravitational energy into radiation at all radii in the disk. Their
model serves as the standard model of accretion flows to the present day. It is interesting that SS73
realized that high-energy radiation can evaporate the gas and counteract the matter inflow in the disk.
They concluded that, at high accretion rates, most of the gas will outflow along the way from the
outer to the central regions of the disk, and only a small fraction will accrete into the central black
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hole. The observational fact that accretion disks indeed generate outflowing winds and jets from their
surfaces nevertheless remains rather surprising.

Morover, it has been observed that, in many cases, the kinetic power of the outflow exceeds
the total luminosity of the disk by several orders of magnitude [2–4]. This may be explained by the
presence of an external agent that removes angular momentum and thus also gravitational energy
from the accretion flow. In the SS73 picture, angular momentum is removed through viscous stresses
in the disk, and, therefore, gravitational energy is released locally at all radii as high-energy radiation.
Recent observations suggest that angular momentum is removed via a large scale magnetic field that
threads the accretion and ejection flows. In doing so, gravitational energy is transformed into the
kinetic energy of the outflow, thus there is no need for it to be radiated locally in the disk. This action of
the large scale magnetic field suppresses the total radiation from the disk and modifies its high-energy
spectrum [5–7].

The study of accretion flows is very complicated by itself. Now that we have concluded that
accretion flows co-exist and as it seems to depend strongly on ejection flows, one needs to study
accretion and ejection as one coherent process. Over the past couple of decades, several works
contributed to the development of our understanding of accretion–ejection flows (e.g., [8–16]). This
may not be the common view of the community, but we consider the work of Ferreira and collaborators
as the most comprehensive. Due to the high degree of complexity of the problem, their treatment of
the accretion flow has been similar to that of SS73. Accretion proceeds in the form of a more-or-less
standard Shakura–Sunyaev-type disk, and ejection takes place as a gradual small perturbation above
its surface. Let us denote with Ṁdisk(r) the accretion rate at radius r in the disk, and Ṁwind(r) the total
outflow rate enclosed within radius r in the wind. We assume that the accretion–ejection structure
extends from an internal boundary near the black hole horizon at radius rin out to an outer boundary
at radius rout. We also assume that the densities ρdisk(r) in the disk and ρwind(r) at the base of the
outflow vary as power laws with distance, namely,

ρwind(r) ∝ ρdisk(r) ∝ r−p (1)

(in a radially self-similar configuration all densities have the same power-law dependence), and that
both the ejection velocity vz at the base of the wind and the accretion velocity vr in the disk follow
Keplerian profiles

vz(r) ∝ vr(r) ∝ r−1/2 (2)

Finally, we assume that the disk scale-height h ≡ rcs/vK is proportional to r (cs is the speed of
sound at the midplane of the disk, vK ≡ (GM/r)1/2 is the Keplerian velocity, and M is the mass of the
central black hole). Putting all the above together, we obtain that

Ṁdisk = 2πrhvrρdisk ∝ r1.5−p (3)

Ṁwind =
∫ rout

rin

2πrvzρwinddr (4)

and since mass conservation requires that dṀwind/dr = dṀdisk/dr, we obtain

ξ ≡ 1.5 − p =
ρwind
ρdisk

r
h

vz

vr
(5)

where ξ is the local ejection efficiency parameter of [8]. In general, we expect that vz at the base of the
wind is comparable to vr in the disk. When Ṁdisk ≈ const., ξ ≈ 0, ρwind 	 ρdisk, and, therefore, the
flow is dominated by a strong accretion disk, a small fraction of which outflows to infinity in the form
of a wind. On the contrary, when ξ differs significantly from zero, ρwind may be a significant fraction
of ρdisk, and, therefore, Ṁwind(rout) ≈ Ṁdisk(rin)(rout/rin)

ξ 
 Ṁdisk(rin). Ferreira and collaborators
concluded that the ejection efficiency parameter must be very small [8,9]. More specifically, they
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concluded that, in cold flows, the disk winds are only a small perturbation of the accretion process.
For ξ ≈ 0, the wind above the disk may be described by the Blandford and Payne (hereafter BP82)
radially self-similar wind solution with B ∝ r−5/4 and ρ ∝ r−3/2 [17]. This has been the canonical
model of disk winds for almost three decades now.

It is very interesting that BP82-type solutions do not extend to infinity, but are diverted toward
the axis beyond some distance [18,19]. Several years later, the scaling of the density in the wind with
radial distance was generalized to ρwind ∝ r−p [19,20]. Contopoulos showed that, among radially
self-similar solutions, only the ones with p ≤ 1 extend to infinity in the form of cylindrically collimated
jets. What is most interesting though is that the analysis of observations of X-ray absorption lines
in extended winds from AGN and XRB by Fukumura and collaborators [21–25] have shown that
such extended disk winds may be modeled best by power-law exponents p closer to 1 than 1.5 (e.g.,
p ≈ 1.2 in the wind of GRO J1655-40 [25]). This observational result prompted [26] to propose that
disk winds may actually be generated by a “warm” (instead of “cold”) disk. On the other hand,
ref. [27] even considered the possibility that the magnetic field in the disk is not held in place by
a balance between inward advection of the field by the accreting matter and outward diffusion of
the field through the disk. Our present understanding is that a value of p different from 1.5 does not
necessarily imply flux imbalance. We expect that a density scaling with p �= 1.5 may be compatible
with Ṁdisk ≈ const. if h ∝ rp−1/2 (and not ∝ r). In the present work, we assume that p = 1.5, but our
conclusions should remain valid even for a different density scaling in the wind (although this has not
been formally verified).

The issue of the transport of magnetic flux through the disk is not new. The assumed presence of
the large-scale magnetic field threading the disk required the efficient inward transport of magnetic
flux. This issue has been strongly debated over the years (e.g., [28–30]). What is even more perplexing
is that the most recent state-of-the-art numerical simulations of magnetized accretion–ejection flows
performed by the Harvard group (e.g., [31,32]) reach a so-called Magnetically Arrested Disk (MAD)
state where, seemingly, accretion proceeds continuously, whereas the total magnetic flux accumulated
over the central black hole saturates to a limiting maximum value. However, if one studies these
numerical simulations more closely, one realizes that every parcel of accreting matter brings the
magnetic flux associated with it very close to the black hole horizon. Then, right before that parcel of
matter plunges into the horizon, it gets rid through reconnection of the magnetic flux that it carried
all along. Matter continues to accrete, but magnetic flux accumulates in the vicinity of the black hole,
continuously reducing the average density of the accreting matter. It is straightforward to see that, over
time in these simulations, Ṁdisk(rin) and the total magnetic flux ΨBH accumulated onto the central
black hole indeed both remain unchanged on average. However, the density of the surrounding disk
continuously decreases with time as one can see by the color becoming more and more yellow in the
top panel of Figure 1 in [31]. The duration of these simulations may be very long in numerical terms
(several tens of thousands of dynamical times GM/c3), but in actual physical terms, the time scale is
tiny. To our understanding, the issue of magnetic flux transport in accretion disks remains open, and
the numerical simulations of the Harvard group did not produce a convincing answer.

The origin of the magnetic field itself remains an open question. Ref. [32] argued that “observations
do show patches of coherent magnetic flux surrounding astrophysical systems that can feed black
holes”. They reached the conclusion that even if only about 10 percent of it manages to accrete via the
accretion disk, it would be enough to generate all the interesting accretion–ejection phenomena that
we are investigating (see references in their paper). Here, we discuss another possibility, namely that
constant-polarity flux is generated by the Poynting–Robertson drag effect on the plasma electrons in a
so-called Cosmic Battery around the central black hole [33,34]. As we show below, the astrophysical
implications of this effect, first proposed by Contopoulos and Kazanas more than twenty years ago,
may be the missing key needed to understand the long time-evolution of accretion–ejection structures.
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2. The Origin of the Magnetic Field: A Cosmic Battery

Let us discuss first how radiation acts on a plasma. In non-relativistic dynamics, radiation is
introduced as an extra term in the equation of motion of the plasma, namely

ρ
dv

dt
= · · ·+ ρ

mp
frad , (6)

where ρ and v are the plasma matter density and velocity, respectively, and mp is the mass of the
proton (for ease of presentation, we assume a simple electron–proton plasma). It is well known that
radiation acts on the plasma electrons, and much less on the plasma protons, and in fact frad is the
radiation force per electron. Thus, how is it possible that radiation contributes to the dynamics of
the plasma as a whole, e.g., how is it possible that radiation holds stars from collapsing under their
own weight? The answer is that, in the presence of radiation, an inductive electric field E develops in
the interior of the plasma. Why is this electric field important becomes clear when we consider the
equations of motion not only of the protons, but also of the electrons. In the presence of radiation, the
equation of motion of the protons contains an extra term

mp
dvp

dt
= · · ·+ eE , (7)

and the equation of motion of the electrons also contains the radiation force term

me
dve

dt
= · · ·+ frad − eE . (8)

Here, vp, ve are the velocities of the protons and the electrons, respectively, me is the mass of
the electron, and e is the magnitude of the electron charge. The velocities of the electrons and the
protons do not differ much and me 	 mp, therefore, Equation (8) is equal to zero to a very good
approximation. Thus,

E =
frad

e
. (9)

This is how the radiation force appears in the equation of motion for the protons and the plasma as
a whole. This effect is often ignored by the younger generation of researchers. Another way to explain
this result is that, without the electric field, the radiation force would have disturbed the motion of the
electrons so dramatically that an enormous electric current and an associated magnetic field would
have appeared in the interior of the highly conducting astrophysical plasma. This is, however, not
the case. It is not possible to “simply turn on” an electric current inside a highly conducting plasma.
Maxwell’s equations and in particular Faraday’s induction law teach us that the plasma will react, and
an induction electric field will appear in the direction opposite to the direction of the growing electric
current that will counteract its growth. It is thus not correct to study the growth of the electric current
and the associated magnetic field by considering the velocity difference between the electrons and the
protons, and their number densities in the plasma. This approach ignores the inductive reaction of the
plasma, and leads to wrong conclusions.

The radiation force per electron is calculated in the rest frame of the electron. Even if the radiation
field is isotropic, the moving electron absorbs photons coming from the direction opposite to its
direction of motion, and then re-emits them isotropically, losing momentum in the process. This is
how the electrons feel the radiation force. In relativistic tensor notation, the spatial components of the
radiation force are equal to

f i
rad =

σT Fi
rad

c
(10)
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where σT is the electron Thomson cross-section and Fi
rad is the radiation flux (flow of radiation energy

per unit surface) as seen in the frame of the electron. The radiation flux components are given by the
projection of the stress-energy tensor of the radiation Tμν

rad in the frame of the electron as

Fi
rad = hi

νTμν
raduμ , (11)

where, uμ is the electron 4-velocity which almost coincides with that of the plasma, and hμ
ν ≡ −δ

μ
ν −

uμuν is a tensor that projects opposite to the target electron 4-velocity [35].
The calculation of the radiation field in the vicinity of an astrophysical source of X-rays is complex

and involves radiation transfer with absorption, emission, and detailed ray tracing. Another simpler
approach is to consider the radiation field as a fluid, but this is not as accurate (see [36] for details).
Ref. [37] performed ray-tracing calculations over several optically thick equatorial distributions of
matter (thin and thick disks, thick torus) extending beyond the Innermost Stable Circular Orbit (ISCO)
around the central spinning black hole. Koutsantoniou (unpublished work) recently extended this
calculation over an optically thin radiation-emitting torus.1 In Figure 1, we show in Mollweide
projection2 the view of the torus as seen from the frame of the plasma rotating with Keplerian velocities
at various distances in the equatorial plane. The central black hole and its associated “light ring” can
be discerned. The direction of rotation is to the right of the black hole. The region to the left of the
black hole is the region opposite to the direction of the rotating plasma. It is interesting to notice here
that inside about 3GM/c2, the radiation field becomes stronger along the direction of motion. This
effect is due to the rotation of spacetime which forces most photons near the black hole horizon to
reach the rotating plasma from behind. The normalized azimuthal radiation force per electron at the
ISCO around a 5 M
 Kerr black hole with various spin parameters a are listed in the third column of
Table 1.

We can obtain a crude estimate of the radiation force per electron in the idealized case of a central
point radiation source emitting with luminosity L, and an electron in circular motion around it at
distance r. In that case,

frad =
LσT

4πr2ce
r̂ − LσT

4πr2ce

(
vφ

c

)
φ̂ . (12)

The latter is the same expression as the well known Poynting–Robertson azimuthal drag force
on dust grains in orbit around the sun, only in that case the Thomson cross-section is replaced by
the geometric cross-section of the grains [38,39]. Obviously, the radiation field around an accreting
rotating black hole is far more complex, as suggested by the calculated sky maps shown in Figure 1.

We will now discuss the growth of the magnetic field generated by the intense radiation and
rotational velocity fields in the innermost accretion flow around an astrophysical black hole. The correct
way to do this is via the induction equation, which in the case of an astrophysical accretion disk
threaded by a large scale poloidal magnetic field B takes the form

∂B

∂t
= −∇× (−v × B + Ec + η∇× B) , (13)

where η is the magnetic diffusivity in the interior of the disk. If ∇× E = 0, as is the case in stellar
interiors, radiation does not generate electric currents neither magnetic fields. In stars, radiation
pushes the electrons outwards leading to a surplus of electrons in the outer layers of the star, and a
depletion in its center. As a result, stars become electrically polarized along their radius and develop

1 The distribution of matter in that torus is ad hoc, not a result of a numerical simulation. The torus has a circular cross section
between rISCO and 2rISCO, and a density distribution that drops exponentially such that the optical depth from the center to
the surface is taken to be equal to 2. The motion is everywhere Keplerian.

2 The Mollweide or homalographic projection is a common map projection generally used for global maps of the world or the
sky. The equator is represented as a straight horizontal line perpendicular to the central meridian in the direction of the
black hole.
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an electric potential difference between the center and the surface (in the case of the sun, this is on the
order of one volt), but no magnetic fields are generated. As we now see, rotation introduces electric
fields with non-zero rotation (curl).3

Combining the simple expression obtained in Equations (12) and (9), and the integrated form of
Equation (13), we obtain

∂Ψ
∂t

≈ 2πr

(
(v × B)φ − c f φ

rad
e

+ η(∇× B)φ

)
, (14)

where Ψ is the magnetic flux contained inside radius r (see also [41] for a generalized expression).
The second term in the right-hand side of the above equation generates a poloidal magnetic field in
the direction of the angular velocity vector ω in the disk ( f φ

rad is negative in most parts of the disk
except possibly in its innermost part just above the horizon, as suggested by the results obtained
in Figure 1). The magnetic flux thus generated closes in the outer parts of the disk not reached by
radiation from the center where f φ

rad drops to zero. This poloidal magnetic flux will be advected
inwards by the ideal accretion flow represented by the first term in Equation (14). We assume that,
inside the ISCO, ideal MHD conditions apply, and flux accumulated inside the inner edge of the disk
will keep growing. The growth will cease and the accumulated magnetic flux will saturate if the flow
also carries along the return polarity of the magnetic field [33,41,42]. However, if the return polarity lies
in a region with significant magnetic diffusivity so that the third term in Equation (14) dominates over
the first [28–30] (see also, however, [43]), the growth of the accumulated magnetic flux will proceed
unimpeded. This latter point was emphasized by Contopoulos and Kazanas (see Figure 1b in [33]) and
was missed by [41]. As we show in the next section, actual accretion disks may favor both types of
field evolution at different stages of their evolution (outward flux diffusion followed by the generation
of poloidal magnetic field loops around the disk’s inner edge, and inward flux advection followed by
field reconnection with the flux accumulated inside the inner edge of the disk).

The field growth cannot proceed beyond equipartition. There are various definitions of
equipartition (e.g., balance of gravity by radiation pressure, balance of gravity by magnetic forces, etc.).
Whatever the definition, it is clear that the field cannot keep growing steadily beyond its equipartition
value Beq at the inner edge of the disk, because the innermost accretion region will be severely
disrupted, and our analysis will break down. Nevertheless, we can estimate a rough timescale τCB for
the innermost magnetic field to grow to astrophysically significant magnetic field values of order Beq

if we assume that the system radiates continuously at roughly its Eddington value. That timescale
may be obtained from a dimensional analysis of Equation (14) as

τCB ∼ eBeqrISCO

c f φ
rad

. (15)

The values of τCB obtained for a 5M
 black hole with various black hole spin parameters and
Beq = 107 G are shown in the fourth column of Table 1. These characteristic timescales vary from
about one hour (for maximally rotating stellar mass black holes) to several days (for slowly rotating
ones). These times scale roughly proportionally to M3/2 with black hole mass, and therefore, the
corresponding times to reach equipartition range from one to ten billion years for 108 M
 supermassive
black holes. We emphasize that these rough estimates have been obtained for accretion flows that
radiate continuously at close to their Eddington limit. As we show in the next section, in realistic
astrophysical sources such as XRB outbursts, this is not the case.

3 Notice, however, that the contribution of rotation to the growth of the solar magnetic field by the Poynting–Robertson effect
is insignificant [40].
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Figure 1. Sky maps in Mollweide projection obtained by ray-tracing of the radiation field emitted by an
equatorial torus as seen from an equatorial Keplerian observer at various distances r in units of GM/c2

(see Footnote 1 for details). The central black hole and its associated “light ring” can be discerned.
Black hole spin parameter a = 0.9 M. The direction of rotation is to the right of the black hole. The color
scale corresponds to the intensity of radiation.

Table 1. Azimuthal Radiation Force per electron at the ISCO and Cosmic Battery Timescales.

a/M rISCO/(GM/c2) f φ
rad/(GMmp/r2

ISCO) τCB in Hours

0 6 −0.11 39
0.1 5.7 −0.12 31
0.2 5.3 −0.13 25
0.3 5.0 −0.15 19
0.4 4.6 −0.18 15
0.5 4.2 −0.21 11
0.6 3.8 −0.27 8
0.7 3.4 −0.38 5
0.8 2.9 −0.59 3
0.9 2.3 +1.19 2
0.92 2.2 +1.46 2
0.94 2.0 +1.87 1
0.96 1.8 +2.58 1
0.98 1.6 +4.17 1

Observational confirmation of the Cosmic Battery in astrophysical systems (or any other kind of
battery mechanism) may be found in observations of magnetic field asymmetries [44–47]. As is well
known, the equations of motion in MHD involve only quadratic terms in the magnetic field through
the Lorentz and electric forces J × B ∼ (∇× B)× B ∼ B2 and ρeE ∼ (∇ · E)E ∼ E2 ∼ B2, respectively.
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In other words, the dynamics of the flow do not depend on the direction of the magnetic field, unless
some kind of battery mechanism is in action. Ref. [47] compared the direction of galactic rotation and
the direction of the line-of-sight magnetic field in the central regions of nine spiral galaxies seen edge
on. The observations were found to be in agreement with the magnetic asymmetry B ‖ ω predicted by
the Cosmic Battery. Another asymmetry has to do with the helical structure of the magnetic field in
the jet, and, in particular, with the direction of its axial electric current. The Cosmic Battery predicts
that the axial electric current contained in the electron–proton disk wind/jet always flows away from
the black hole (see Figure 2 of [46] for details). A definite direction of axial electric current is related
to a steady Faraday rotation measure gradient across the wind/jet. We were able to observe steady
gradients across parts of the kpc-scale wind/jet in only 18 cases, and, in all of them, the direction of
the axial electric current was found to be outwards, in agreement with the prediction of the Cosmic
Battery. For a more detailed review, the reader may consult [34].

3. A New Paradigm

We hope that we managed to convince the reader that the Cosmic Battery is one plausible origin
for the large-scale magnetic field that threads the accretion–ejection flows around astrophysical black
holes. Other options may be found in the recent work on mean-field dynamos in disks [48–50]. In fact,
the Cosmic Battery could be considered as the source for the mean field dynamo in these simulations.

We now argue that the Cosmic Battery may be precisely the missing key that controls the
general evolution of these systems. The ideal laboratory to test our ideas are X-ray binary outbursts
where a multitude of temporal and spectral observations still awaits the development of a coherent
self-consistent picture. Let us first consider the angular momentum conservation equation in the
disk, namely

Ṁdisk
∂(rvK)

∂r
+

∂

∂r
(4πr2trφh) + r2BφBz = 0 . (16)

Here, trφ is the tangential viscous stress and Bφ, Bz are the toroidal and vertical components of
the magnetic field at the base of the wind (notice that the product BφBz is negative in a magnetic field
configuration that removes angular momentum from the disk). Recent numerical simulations (see
Figure 2 of [51]) suggest that the origin of the disk viscosity may be the Magneto-Rotational Instability
(MRI) [52], and that

trφ ∼ B2

4π
, (17)

where B is the average value of the magnetic field in the disk midplane. This numerical result allows
us to simplify our analysis and to assume that the main factor that controls the removal of angular
momentum in order for accretion to proceed is the large scale magnetic field that threads the accretion
disk. In fact, Equation (16) may be rewritten as

Ṁdisk ∼ 2r2BφBz

vK
+

2
vK

∂

∂r
(r2B2h) =

εr2B2

vK
, (18)

where ε is a factor of order unity. Ref. [53] argued that B2 (calculated in the interior of the disk) may
be much larger than |BφBz| (calculated on the surface of the disk). In the present paper, we make the
more natural assumption that the two are of the same order. In what follows, we also drop factors of
order unity in our calculations.

In their seminal paper SS73, Shakura and Sunyaev were the first to emphasize the role of
the magnetic field in the transport of angular momentum in astrophysical disks. They considered
a turbulent magnetic field in the disk and incorporated its contribution to the disk viscosity in their
now famous α-parameter. Many years later, several researchers realized that a similar effect may be
due to the action of a large scale magnetic field that threads the accretion disk, only now magnetic
torques remove angular momentum to large distances (“infinity”) above and below the disk, and not
radially through the disk. There exist many solutions in the literature in which the magnetic breaking
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mechanism is shown to work (e.g., [9,54]), but it seems that the astrophysical community still tries to
“do everything” through the α-parameter without specifically mentioning the magnetic field.

In a slight departure from the work of Ferreira and collaborators, we consider the possibility that
the distribution of magnetic field through the disk may evolve due to a slight imbalance between
inward advection and outward diffusion through the disk, with one winning over large or small parts
of the disk over the other. The timescale of this evolution is much longer than the dynamical timescale
in the disk, and, therefore, the conclusions of previous works where the magnetic field was considered
to be perfectly balanced in its position across the disk remain valid to a very good approximation.

Let us now discuss the evolution of a typical black-hole X-ray binary outburst, in particular
GX 339-4 during its 2002–2003 outburst, through its associated Hardness-Intensity Diagram (HID).
For this system,

M ≈ 14 M
 , rin ≈ 6GM/c2 = 1.3 × 107cm , and rout = 1.5 × 109 cm = 100 rin . (19)

Five positions in the HID are very important during the system’s evolution (see Figures 2–4).

Figure 2. Typical XRB Hardness-Intensity Diagram (HID) (shown the one for XRB GX 339-4 during
its 2002–2003 outburst). A: Quiescent state; B: High Hard state with fully developed compact jet; C:
Bright Intermediate state where the compact jet is destroyed; D: Soft High state with no jet; E: Faint
Intermediate state; Fa: Intermediate state traversed downwards (compact jet reappears but decreases
in size); Fb: Intermediate state traversed upwards (compact jet grows in size). Red fonts: states where
the Cosmic Battery operates (adapted from [55]).

A: The Quiescent state, which lasts for several months to a few years. In that state, the accretion disk
is threaded by a large scale weak magnetic field that generates weak radio emission, probably also a
weak magnetically driven wind, but no compact jet. In such a configuration, the mass loss in the wind
is very weak, Ṁdisk ≈ const., ξ ≈ 0, thus Equation (18) yields

B(r) ≈ Bin

(
r

rin

)−5/4
, (20)
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where Bin ≡ B(rin). This is the canonical radial magnetic field scaling first proposed in BP82. In that
case, the total magnetic flux threading the accretion disk that extends from r = rin to rout is equal to

Ψdisk =
∫ rout

rin

2πrB(r)dr ≈ 8π

3
Binr2

in

(
rout

rin

)3/4
≈ 260 Binr2

in (21)

In the present work, we assume that ξ remains always very close to zero, and that the radial
field configuration always remains close to the canonical BP82 one. Notice that the investigation of
BP82-type Magnetized Accretion–Ejection Structures (MAES) by Ferreira and collaborators required
that the magnetic field stays in place and does not diffuse inwards or outwards through the accreting
flow. In reality, the total magnetic flux threading the disk may slowly change as the system evolves in
the HID, and, therefore, to keep the BP82 radial scaling, the field will re-arrange itself as the system
evolves during the XRB outburst. We conclude that, in practice, the delicate balance between inward
advection and outward diffusion is not one hundred percent satisfied. We show below why this is
very important during an XRB outburst, and how it may be related to the action of the Cosmic Battery
around the central black hole.

B: The High Hard state. At some point in time, without any prior indication, the system “decides”
to flare up. It takes a few months for the outburst to rise to its highest luminosity. During that time,
a compact jet appears, whose radius at its base seems to increase with time as the system evolves from
the quiescent to the high-hard state [56]. Quoting [5], “whenever a disk is capable of driving jets, these
will carry away a fraction of the released accretion (gravitational) energy, and the disk luminosity
will be quenched (it radiates only a small fraction of the accretion power)”. It is well known that
we can interpret the observed spectra and spectra variations during an XRB outburst with a low
radiative efficiency ADAF disk model inside an evolving transition radius rtr (e.g., [57–60]). Ferreira
and collaborators argued that it is possible to interpret the observations equally well with their JED
model [5–7]. We prefer the latter explanation since, as we show below, it requires a minimum number
of assumptions and free parameters. Notice that the rise from the Quiescent to the High state must
be explained.

C: The Bright Intermediate state. The system transitions from the Hard to the Soft High state, and the
radius of the compact jet quickly diminishes in size at its base [56]. We associate this with a reduction
of the size of the inner JED. At some point, the jet disappears abruptly and episodically in the form
of a micro-quasar. According to the theory of JEDs, this corresponds to an abrupt reduction of the
magnetization in the jet. Obviously, if the system is threaded by a large scale unidirectional magnetic
field, there is no way to make the magnetic flux disappear. On the contrary, if magnetic flux is carried
inwards by the shrinking JED, the magnetic field and its associated magnetization are both expected to
increase and not decrease. This sudden reduction of the magnetization in the inner accretion disk
must be explained.

D: The Soft High state. In that state, the JED has disappeared, and the soft emission originates in a disk
of Shakura–Sunyaev type. The system stays in the soft state but gradually decreases in luminosity in
the course of several months. This decrease in luminosity is not monotonic, and the system makes
several unsuccessful efforts to return to the hard state. This non-monotonic decrease in luminosity
must be explained.

E: The Faint Intermediate state. After several months, the system transitions to a state beyond which
the system is “ready” to return to the Hard state without hesitating. It is interesting that a particular
bursting XRB system may reach differing levels of peak luminosity in different outbursts, but always
returns to approximately the same Faint Intermediate state before it decides to return to the quiescent
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state in the HID. This observation must be explained.

F: The Low Hard state. The return point. The system reaches the Low Hard state and then decides
to turn downwards in the HID and return to the quiescent state. Position Fa during the descending
phase is very close to position Fb during the ascending crossing of the Low Hard state. The system
configuration must be very similar at Points Fa and Fb (similar spectra and luminosities, similar disk
types, similar radio emissions, and similar distributions of large-scale magnetic field through the
disk), yet in the former the system traverses the HID downwards, whereas in the latter it traverses it
upwards. Why that happens remains unexplained.

We believe that the answer to the latter question holds the key to understanding the dynamics of
Magnetized Accretion–Ejection Structures. We propose that the answer has to do with the delicate
balance (or better imbalance) between inward flux advection and outward flux diffusion. In our
physical picture, the action (or inaction) of the central Cosmic Battery plays a key role as follows:

The Cosmic Battery generates the magnetic field in the immediate vicinity of the central black
hole. One polarity of the field is held by the accreting matter infalling onto the central black hole,
whereas the return polarity diffuses outward through the outer accretion disk. Let us denote the rate
of return field generation by the Cosmic Battery as Ψ̇CB. Obviously, Ψ̇CB depends on the innermost
disk luminosity L, which depends on the accretion rate in the disk (see below). The pressing question
is to understand why the system beyond Fa evolves in the ascending part, whereas beyond Fb in the
descending. We propose that the answer lies with the direction of magnetic flux redistribution: in the
ascending part of the HID, outward diffusion slightly wins over inward advection, and, therefore,
the disk is slowly filled with magnetic flux generated by the CB. According to the discussion in the
previous section, the CB yields an approximate rate of generation of magnetic flux in the disk

Ψ̇CB ≈ LσT

4πr2
inec

(
vK(rin)

c

)
2πrinc = fCB

Ṁdiskc2σT
2rine

, (22)

where the factor in front is defined as fCB ≡ (L/Ṁc2)(vK(rin)/c). Combining Equations (18), (21)
and (22) then yields

∂Bin

∂t
≈ fCBc2σT

8er1/4
in r3/4

out vK(rin)
B2

in . (23)

This equation has the solution

Bin(t) =
Bquiesc

1 − t/τasc
, (24)

where the time t is measured from the beginning of the outburst in the quiescent state, and the
characteristic ascending timescale τasc is equal to

τasc ≈
8erinvK(rin)

fCBc2σT Bquiesc

(
rout

rin

)3/4
=

1
fCB

(
Bquiesc

106 G

)−1

yr . (25)

This timescale is much longer than the characteristic timescales of Table 1 because according
to our present model, most of the time, the system accretes at rates two orders of magnitude below
equipartition, thus most of the time, the Cosmic Battery operates very inefficiently. Notice that the
imbalance between inward flux advection and outward flux diffusion is just a very small fraction of
each one of these terms, namely

Ψ̇CB

2πrinvr(rin)Bin
= fCB

Binc2σT
2πevK(rin)vr(rin)

<∼ 10−8
(

Bin

107 G

)
. (26)
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It is impossible to simulate such a small effect in global numerical simulations like the ones
performed by [31]. In the ascending phase of the HID (the growing phase of the outburst), the disk is
slowly filled with magnetic flux, and the field at its inner edge becomes stronger and stronger with
time according to Equation (24). As a result, the disk accretion rate and luminosity also rise as

L(t) ∝ Ṁdisk(t) ∼
r2

inB2
quiesc

vK(rin)(1 − t/τasc)2 . (27)

At the same time, the magnetic flux ΨBH accumulated around the central black hole
continuously increases. The accretion rate becomes stronger and stronger according to Equation (18).
At some point, the accretion will approach equipartition with radiation and the innermost accretion
flow will be disrupted. Equipartition corresponds to

Beq ≈
(

4πGMmpv2
K(rin)

fCBr2
inσTc2

)1/2

≈ 7 × 106 f−1/2
CB G . (28)

Notice that, according to Equation (27), as the luminosity rises by two orders of magnitude with
respect to the quiescent state, the magnetic field rises only by one order of magnitude. Therefore,
we naturally expect that the innermost value of the magnetic field in the disk during quiescence is on
the order of

Bquiesc ≈
Beq

10
∼ 106 G . (29)

Beyond that point, the inner accretion flow is disrupted, the Cosmic Battery ceases to operate, and
no new magnetic flux is generated. The delicate balance between inward flux advection and outward
flux diffusion is now reversed, and the magnetic flux in the disk is gradually brought to the center
where it reconnects with the magnetic flux accumulated around the central black hole. As a result,
in the descending return part of the HID, inward advection slightly wins over outward diffusion, and
the total flux in the disk decreases. The overall field in the disk becomes weaker and weaker, and,
as a result, the disk accretion rate and luminosity also decrease. During the descending phase, the
system remains close to equipartition. This keeps disrupting the innermost accretion flow. At the same
time, the field annihilation proceeds through a series of field reconnection events, and is therefore, not
clearly monotonic. This explains why the decrease of the outburst luminosity is rather irregular and
often non-monotonic.

As in the ascending phase, the magnetic field in the descending phase is strong enough to be
able to support a JED at the inner part of the disk. However, because the innermost accretion flow
is disturbed so dramatically around equipartition, the conditions for restarting the inner compact
jet are not favorable. Eventually, the central magnetic field decreases well below equipartition so
that the JED forms without further disruption. Why this takes place at that particular value of the
disk luminosity that corresponds to Point E in the HID is not yet clear to us. We need to investigate
in greater detail what happens to the overall accretion–ejection around equipartition, possibly with
numerical simulations.

After the compact jet reappears, the disk magnetic flux continues to “drip” towards the inner
edge of the disk, and, therefore, the Cosmic Battery does not operate to halt the field decay and reverse
the decrease of the disk accretion rate. This is why at Point Fa the system continues to traverse the
HID downwards towards the quiescent state, and does not start a new outburst as is the case at Point
Fb where the system traverses the HID upwards.
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Figure 3. Schematic of our proposed model. Ascending phase of the HID. Blue strip: accretion disk;
Black circle: central black hole; Solid lines with arrows: magnetic field. The direction of the angular
velocity vector ω is along the z-axis. Magnetic field directions shown according to the predictions
of the Cosmic Battery: B parallel to ω around the black hole, B anti-parallel to ω in the disk. Blue
arrows: opening up of poloidal loops generated by the Cosmic Battery; White arrows: direction of flux
redistribution in the disk; Orange arrows: reconnecting magnetic flux; Light blue: weak disk wind;
Light orange regions: compact jet from JED; Light orange oval: ejected blobs of matter as the inner part
of the JED is destroyed.

Figure 4. Descending phase of the HID (similar to Figure 3). Notice how similar the intermediate states
Fa and Fb are (they differ only in the direction of field redistribution through the disk). Notice also that
the direction of flux redistribution during the ascending and descending phases is opposite to that in
the model for XRB state transitions of [61].
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4. Summary and Conclusions

We believe that the key element missing from most previous efforts to understand the dynamics
of accretion–ejection flows in X-ray binary outbursts may be the action of the Cosmic Battery in the
innermost accretion region around the central black hole. Our model is plausible, but has not yet been
conclusively proven by simulations (see however [36]). The Cosmic Battery offers the possibility to
generate poloidal magnetic field loops around the inner edge of the accretion disk. Due to differential
rotation, these loops open up above and below the disk. As a result, one polarity of the field (the one
where B and ω are parallel) is brought to the center and inundates the black hole horizon, whereas the
return field polarity (the one where B and ω are anti-parallel) threads the surrounding disk.

What is crucial for the distribution of magnetic flux in the disk is the delicate balance between
inward flux advection and outward flux diffusion. We propose that the field reaches such a balance
in the disk and therefore attains a large scale configuration similar to the one proposed by [17].
The balance, however, is not perfect and is influenced by what happens around the center, namely by
the action of the Cosmic Battery.

During the ascending part of the XRB outburst, the Cosmic Battery is in operation and magnetic
flux is introduced to the accretion disk at its inner edge. As a result, the total magnetic flux that
threads the disk continuously increases at a particular rate given by Equation (22). Similarly, the disk
accretion rate and its associated luminosity also increase according to Equation (27). Eventually, the
accretion rate reaches equipartition with radiation, at which point the innermost accretion flow is
dramatically disturbed. The outward field diffusion is reversed, and magnetic flux is advected inwards
towards the central black hole. The Cosmic Battery ceases to operate, and the total magnetic flux that
threads the accretion disk is gradually lost via reconnection with the magnetic field that is accumulated
around the center. At the same time, the energetic jet is destroyed and the accretion disk transitions to
a Shakura–Sunyaev type. The total magnetic flux that threads the disk continuously decreases, as does
the disk accretion rate and its associated luminosity. Notice that the directions of flux redistribution
during the ascending and descending phases of the outburst that we propose in the present work are
opposite to those proposed by [61] in their model for XRB state transitions. In both models, however,
the accumulated magnetic field increases/decreases during the ascending/descending phase of the
outburst. The difference between the two models is precisely the operation of the Cosmic Battery
around the central black hole.

It is interesting that, during the descending phase of the outburst, the system may make several
attempts to generate a compact jet, i.e. to form a JED in its innermost part. This may happen several
times as the luminosity decreases, and a transient compact jet may form several times before the
system eventually reaches the so-called Faint Intermediate state (point E in the HID) where it makes
a final transition to a JED and subsequently returns to the quiescent state. According to [5], for a JED to
form, the magnetization μ in the disk, defined as the ratio of magnetic to gas pressures must be greater
than unity. In our present formulation, and with the help of Equation (18),

μ ≡ B2/8π

ρdiskc2
s
∼ ṀdiskvK/(εr2)

(Ṁdisk/2πr2hvr)(hvK/r)2 ≈ vr

vK
· r

h
(30)

The magnetization parameter μ may exceed unity (within detailed numerical factors that are
missing from our crude calculation), either when the accretion velocity approaches the Keplerian
rotational velocity and h ∼ r, either when h 	 r. The latter is a possibility in a Shakura–Sunyaev-type
disk. We are more interested here in the former possibility where vr ∼ vK. It seems to us that the
system can always support an inner JED, but when it reaches equipartition, the JED is destroyed.
However, whenever it finds the opportunity, as in the multiple attempts of the system to cross the
so-called jet line in the HID, the field is strong enough for a JED to form. Why the disk changes type
and generates a persistent (not transient) JED in its innermost parts at the particular luminosity that
corresponds to point E in the HID is not yet clear to us (see, however, also [61,62] for interesting ideas).
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We acknowledge that much more work must be done to understand all the details of the dynamics
of bursting XRB systems. We have not investigated ourselves how the various spectral states of the
HID arise in our picture of an inner JED and an outer Shakura–Sunyaev-type disk, and only refer
to the work of other groups. The assumption that accretion proceeds only via magnetic torques due
to the large scale magnetic field that threads the disk is clearly simplistic. This allows us, however,
to make very definite simple predictions about the rise and fall of the outburst that can directly be
compared to observations. Finally, our treatment of the Cosmic Battery is too simplistic since it ignores
general relativity and the complicated geometry of the central source of radiation, and assumes a point
central source of radiation as in the Poynting–Robertson effect in our solar system.

We would like to note that our results are also applicable to AGN with or without jets. It is
possible that, as in the case of bursting XRB sources, jets appear only during a small fraction of the
system’s lifetime. This may be the answer why only a small fraction of AGN develop large scale
jets. The scales of those systems are much longer, namely M ∼ 109 M
, rin ∼ 1015 cm, and therefore,
Beq ∼ 103 G. If Bquiesc ∼ 103 G, then τasc ∼ 1011 yr, which is longer than the Hubble time. Obviously,
the model that we used in GX 339-4 (where most of the time the system accretes several orders of
magnitude below equipartition and the Cosmic Battery operates very inefficiently) does not directly
apply here. We expect that AGN with jets accrete at rates close to equipartition. More work needs to
be done to understand the role of the Cosmic Battery in AGN with jets.

In summary, we hope that we have convinced the reader that the action (or inaction) of the Cosmic
Battery in the central regions of XRB and AGN may be the missing key in the study of the dynamics of
outbursts in these systems.
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Abstract: Numerical simulations have been playing a crucial role in the understanding of jets from
active galactic nuclei (AGN) since the advent of the first theoretical models for the inflation of
giant double radio galaxies by continuous injection in the late 1970s. In the almost four decades
of numerical jet research, the complexity and physical detail of simulations, based mainly on
a hydrodynamical/magneto-hydrodynamical description of the jet plasma, have been increasing
with the pace of the advance in theoretical models, computational tools and numerical methods.
The present review summarizes the status of the numerical simulations of jets from AGNs, from the
formation region in the neighborhood of the supermassive central black hole up to the impact
point well beyond the galactic scales. Special attention is paid to discuss the achievements of
present simulations in interpreting the phenomenology of jets as well as their current limitations
and challenges.

Keywords: active galactic nuclei; relativistic jets; magneto-hydrodynamics; plasma physics;
numerical methods

1. Introduction

Theoretical models of jets from active galactic nuclei (AGN) motivated by observations have been
the subject of thorough testing by numerical simulations for almost forty years, since the simulations
of supersonic jets performed in the early 1980s by Norman and collaborators [1] confirmed the viability
of the beam model proposed by Scheuer [2], and Blandford and Rees [3] one decade before to explain the
powering of lobes of extended radio sources and quasars (classic doubles or symmetric doubles, as these
sources were known at those dates).

According to our present understanding [4], jets are produced on scales of a few gravitational
radii of the central black hole (BH) powering the AGN (RBH ≈ 10−4 (MBH/109 M
) pc, where
MBH is the BH mass) but extend to hundreds of kiloparsecs. This disparity in scales is exacerbated
when considering those microphysical processes involved in the formation of the jet or the particle
acceleration. The viscosity of the accretion disc from which the jet originates is thought to be generated
by the magneto-rotational instability [4] affecting the magnetic field in the disc on scales orders of
magnitude smaller than RBH. Besides that, the acceleration of particles in the jet is ultimately governed
by processes occurring on scales of the gyroradius of mildly relativistic electrons/protons, again several
orders of magnitude smaller than the radius of the central BH, for typical jet non-thermal particle
energies and magnetic fields. Interestingly, however, the fact that the gyroradius (that establishes the
effective collisional mean free paths by suppressing particle diffusion perpendicular to the magnetic
fields) and the Debye length (governing the scales of effective charge neutrality) are much smaller than
the jet width, Rj, supports a continuum (i.e., magneto-hydrodynamical) approximation of the otherwise
collisionless plasma forming the jet [5,6].

Incorporating all the relevant microphysics (shock acceleration, magnetic reconnection, radiative
processes, etc.) into a global (general relativistic) magneto-hydrodynamical simulation describing the
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formation of the jet from an accreting BH and its propagation across the interstellar and intergalactic
media along hundreds of kiloparsecs represents a daunting task for present-day computational tools
and numerical methods. However, numerical simulations have been accumulating important (although
partial) triumphs along their decades of development. This review is aimed to summarize them as
well as their current limitations and challenges.

The book edited by Böttcher, Harris and Krawczynski [7] is a basic reference covering many
theoretical, observational and numerical aspects of the physics of AGN jets of relevance for the
present review. A major break-through in the field of Computational Relativistic Astrophysics (and,
in particular, in the simulation of jets from AGN) was accomplished in the 1990s when the so-called
high-resolution shock-capturing (HRSC) methods were applied to integrate the equations of relativistic
hydrodynamics (RHD), and few years later, those of relativistic magneto-hydrodynamics (RMHD)
overcoming the traditional difficulties of standard finite-differencing methods in simulating flows with
high Lorentz factors. Two recent reviews [8,9] summarize the implementation of these methods in
special-relativistic and general-relativistic magnetohydrodynamics (GRMHD) codes and a description
of relevant numerical applications in different areas of Relativistic Astrophysics.

The review is organized as follows. In Section 2, we give an overview of the status of the
observations and theoretical models of jets that establish the framework for the numerical simulations.
Simulations have traditionally divided the study of the jet phenomenon into separate problems.
Section 3 goes into the domain of the simulations of jet formation. Section 4 focuses on simulations of
jets at parsec scales up to the smallest scales accessible to observations with present-day instruments.
Section 5 analyzes the present status of the simulations of jets at the largest spatial and temporal scales
including the connection with the formation and evolution of galaxies and clusters of galaxies. The
contribution ends with a summary of the achievements, limitations and challenges of contemporary
numerical simulations in Section 6.

2. Observations and Theoretical Models

2.1. Models of Jet Formation

Models proposed to explain the origin of the relativistic jets found in several astrophysical
scenarios involve accretion in the form of a disc onto a compact central object. In the case of the jets
emanating from AGNs, the central object is a rotating supermassive BH fed by interstellar gas and
gas from tidally disrupted stars. There is a general agreement that MHD processes are responsible for
the formation, collimation and acceleration up to relativistic speeds of the outflows. In the models of
magnetically driven outflows [10–13], poloidal magnetic fields anchored at the basis of the accretion
disc generate a toroidal field component and consequently a poloidal electromagnetic flux of energy
(Poynting flux) that accelerates the magnetospheric plasma and plasma from the disc along the
poloidal magnetic field lines, converting the Poynting flux into kinetic energy of bulk motion reaching
relativistic speeds at extended (≈pc) scales [14–17]. Energy can also be extracted from rotating BHs
via the Blandford–Znajek (BZ) mechanism [18,19]. Several parameters are potentially important for
powering the jets: the BH’s mass and spin, the accretion rate, the type of accretion disc, the properties
of the magnetic field, and the environment of the source [20].

Since in any version of a central engine powering an AGN the accretion disc is magnetized,
we expect a wind to be driven from its surface (close to the BH) shrouding the BZ jet, producing
transversely stratified outflows in both composition (outer electron–proton wind and inner
electron–positron jet) and speed. Furthermore, the disc wind can provide the initial confinement
of the jets.

Even at the highest angular resolutions achievable today (tens of micro-arcseconds
with space very long baseline interferometry (VLBI) imaging using RadioAstron [21];
1 μas ≈ 1 (D/20 Mpc)(109 M
/MBH)RBH, where D is the distance to the source), the scales
of jet launching are still inaccessible to observations (although they are the target of the Event Horizon
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Telescope (EHT) [22], for the M 87 jet −3.9 μas BH). In these conditions, numerical simulations boosted
by the development of specific HRSC techniques to solve the GRMHD equations in the last two
decades still provide the main guide for further theoretical advances.

2.2. Parsec-Scale Jets and Superluminal Radio Sources

At parsec scales, AGN jets, imaged via their synchrotron emission at radio frequencies with VLBI
networks, appear to be highly collimated with a bright spot (the core) at one end of the jet and a series
of components which separate from the core, sometimes at superluminal speeds [23]. In the standard
model of Blandford and Königl [24], these speeds originally predicted by Rees [25] are the consequence
of relativistic bulk motion in jets propagating at small angles to the line of sight with Lorentz factors up
to 20 or more. Moving components in these jets, usually appearing after outbursts in emission at radio
wavelengths, are interpreted in terms of traveling shock waves [24]. The evolution of the continuum
spectrum of the ejected components fits nicely with this interpretation [26].

An ongoing, important debate is concerned with the nature of the radio core. Whereas in the
standard Blandford and Königl’s conical jet model the core corresponds to the location near the BH
where the jet becomes optically thin, recent multi-wavelength observations of several sources (e.g.,
3C 120 [27], BL Lac [28], 3C 111 [29], and 1803+784 [30]) suggest that the radio core can be a physical
feature in the jet (as, e.g., a recollimation shock in Daly–Marscher’s [31] model) placed probably parsecs
(i.e., tens of thousands of gravitational radii of the central BH) away from the central engine.

In the acceleration region the width of the jet broadens rather slowly with distance (with
a parabolic-like surface [14,16,17]) and the jet collimates. The collimation and acceleration continues
until the flow ceases to be Poynting dominated. At this point, the flow has reached its terminal
speed and becomes inertial. If the jet is not confined by the external pressure, then the flow becomes
conical. Signatures of the acceleration/collimation region can be investigated in those jets where the
BH position is matched with the radio core. Parabolic/conical transitions in the jet shape have been
observed in M 87 at scales of 105–106 RBH [32] and Cyg A at scales ≈ 2.5 × 104 RBH [33].

Observations of jets at subparsec scales also show signs of transversal stratification which could
be revealing the duality of the jet formation mechanism. The transversal structure could also be the
observational counterpart of the growth of different kinds of instabilities triggered at the jet base
and/or at the jet/wind or jet/ambient medium interfaces. In 3C 84, the ridge-to-limb brightening
change in a scale of years [34] is interpreted as a change in the viewing angle of a jet with a highly
relativistic spine and a mildly relativistic sheath. A fast central spine with a slow sheath is also
inferred in Cyg A [33] and M 87 [35]. In this last case, the limb brightened structure points towards
a subrelativistic layer associated either with an instability pattern speed or an outer wind, and a fast,
accelerating stream. Moreover, the systematic difference of the apparent speeds in the northern and
southern limbs of the jet provides evidence for jet rotation about the jet axis. The angular velocity of
the magnetic field line associated with this rotation suggests that the jet in M 87 is launched in the
inner part of the disc, at a distance ≈5 RBH of the central engine. In 3C 273, the double-rail structure
has been consistently interpreted as created by helical Kelvin–Helmholtz instabilities [36].

The composition of jets is still a major undecided issue. The presence of protons in the jet can
be inferred from a weak component of circular polarization (CP) in the synchrotron emission (which
would be exactly zero in the case of a pure pair plasma jet due to the cancellation of the electron and
positron separated contributions). However, the CP can be contaminated from Faraday conversion of
linear polarization. Recently, VLBI imaging of both circular and linear polarization have been carried
out for a few blazars on sub-parsec scales [37,38]. Gabuzda and collaborators [37] detected CP in
eight AGN, the most likely origin being Faraday conversion in helical magnetic fields. Homan and
collaborators [38] obtained the full polarization spectra of 3C 279 and modeled them by radiative
transfer simulations to constrain the magnetic field and particle properties of the pc-scale jet and
concluded that the jet is kinetically dominated by electron–proton plasma with a non-negligible

35



Galaxies 2019, 7, 24

contribution of pair plasma to the jet radiation. However, this conclusion is based on an estimate of
the low-energy cutoff of the power-law electron distribution, a parameter prone to large uncertainties.

Another way to determine the jet composition is fitting its multiwavelength spectrum. Potter and
Cotter [39] developed a multizone inhomogeneous fluid jet emission model to fit with unprecedented
accuracy the entire multiwavelength spectrum of a large sample of quiescent blazar spectra with
a pure electron–positron plasma trhough their synchrotron, self-Compton and external Compton
emission. The model can be viewed as providing an estimate of the power contained in the magnetic
and non-thermal electrons in the jet hence establishing a lower limit of the jet power.

Finally, hadronic emission models [40] currently seem to require implausibly large proton kinetic
luminosities to match the data (although the recent observation of a highly energetic neutrino from the
blazar TXS 0506+056 is best explained by a hadronic emission process [41]).

The quest for the signatures of helical magnetic fields (as those invoked by the jet formation
mechanisms) in the inner regions of extragalactic jets represents another observational challenge.
Observational signatures for the existence of such helical magnetic fields can be obtained by looking
for Faraday rotation measure (RM) gradients across the jet width, produced by the systematic change
in the net line-of-sight magnetic field [42] and have been reported for 3C 273 [43,44] and more recently
for 3C 454.3 [45] and BL Lac [21]. The paper by Gabuzda in this volume reviews the observational
evidences for helical magnetic fields associated with AGN jets.

2.3. Kiloparsec-Scale Jets

At kiloparsec scales, jets divide into two main classes following the classification established by
Fanaroff and Riley [46] in the 1970s according to their large scale morphology. Fanaroff–Riley type I
(FR I) jets are decollimated at kiloparsec scales and display extended lobes of diffuse emission (e.g.,
3C 31 [47]). On the contrary, jets from Fanaroff–Riley type II (FR II) objects (e.g., Cyg A [48]) remain
highly collimated until the hot-spots, the regions where the jet flow impacts with the ambient medium.
Whereas current models [49] interpret FR I morphologies as the result of a smooth deceleration from
relativistic to non-relativistic, transonic speeds on kpc scales, flux asymmetries between jets and
counter-jets in FR II radio galaxies and quasars indicate that relativistic motion extends up to kpc
scales in these sources [50].

Beyond the original divide in power between FR I and FR II sources [46,51], and the differences in
their hosts, the widely accepted explanation for the FR I jet deceleration is the entrainment of cold and
dense gas through a mixing-layer [52–54] or from stars within its volume [55]. Parameterized models
assuming intrinsically symmetrical, axisymmetric, relativistic, stationary jets (see [49] and references
therein) have been successful in interpreting the brightness distributions of FR I jets characterized
by an extended flaring region. However, the ultimate validation/rejection of the different models
must rely on long-term (M)HD simulations to account for the non-linear processes leading to the flow
deceleration and decollimation.

2.4. AGN Jets in the Cosmological Context

Observational evidence is growing that the baryonic part of the low-redshift Universe has
been shaped by the energy and momentum output of BHs, through AGN feedback, with profound
implications for our understanding of galaxy, group, and cluster evolution [56]. In the so-called kinetic
or radio-jet mode, the powerful jets emerging from the AGN push the galactic halo (as inferred from
the observed anti-correlation between the radio lobes formed by the jets and the X-ray emission from
the cluster gas) and are responsible for inhibiting radiative cooling, which would otherwise lead to
unrealistically high star formation rates. The proof of this connection between radio jet heating and
radiative cooling suppression is provided by the fact that most cool core clusters (i.e., those with the
shortest central cooling times) contain radio lobes [57] and by the direct correlation found between the
estimated energy content of the lobes and the cooling rate/luminosity of the intra-cluster medium
(ICM) [58].
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The morphology, particularly in the closest clusters, of the X-ray holes has led to the interpretation
of these cavities as bubbles of relativistic gas [57] blown by the AGN and rising against the cluster’s
potential well by buoyancy. Whereas this description does apply to the so-called ghost cavities, recent
observations of shocks with low Mach number surrounding the lobes in powerful radio sources (e.g.,
Her A [59], Hydra A [60], MS0735.6+7421 [61], and HCG 62 [62]), tell us that these cavities have not yet
reached the buoyancy stage. Hence, although the gross energetics of the AGN/ICM feedback process
is roughly understood, the details are not.

On the other hand, the modeling of the feedback processes induced by AGNs is a crucial ingredient
to understand the mass distribution of galaxies and their morphologies, the star formation rates and
some spatial distributions of the stellar populations (such as the radial gradients of age, metallicity
and velocity dispersion).

3. Simulations of Jet Formation

3.1. Jet Formation Mechanisms on the Test Bench

With the advances in the numerical methods in RMHD incorporated into general relativistic codes
in the late 1990s, the possibility to explore for the first time the formation mechanism of relativistic
jets opened. The first papers considered the problem of jet formation from Schwarzschild and Kerr
BHs surrounded by accretion discs. In the case of Schwarzschild black holes [63–65], jets were formed
via Blandford–Payne’s mechanism [12] with a two-layered concentric structure with an inner fast gas
pressure-driven jet and an outer slow magnetically-driven outflow both being collimated by the global
poloidal magnetic field that penetrates the disc. For Kerr BHs [66], qualitative differences arise between
corotating and counter-rotating disc cases. Whereas corotating discs around Kerr BHs produce almost
the same kind of outflows as those from Schwarzschild BHs, counter-rotating discs lead to powerful
(although still subrelativistic) magnetically-driven jets accelerated by the magnetic field anchored in
the ergospheric disc inside the gas pressure-driven jets. Although there is an agreement about the
ultimate source of energy for the outflow (the rotational energy of the BH), whether this extraction
was the result of a kind of Penrose process [19] that uses the magnetic field to extract rotational energy
of the BH at the cost of swallowing plasma with negative energy at infinity, or a purely electromagnetic
mechanism, was in dispute [67,68]. The debate now seems to have been settled on the basis of
recent theoretical and numerical work [69] which establishes the absorption of negative energy and
angular momentum as the necessary and sufficient conditions for arbitrary fields or matter (in the
case under study, the magnetic field piercing the BH ergosphere) to extract the BH rotational energy
(BZ/Penrose mechanism).

Despite the ground-breaking character of the simulations discussed in the previous paragraph,
none of them was able to generate sustained, relativistic outflows. Simulations lasted typically for
less than a couple of rotation cycles at the accretion disc’s innermost stable circular orbit (ISCO).
Besides that, in these simulations, both the accretion discs and the magnetic fields were prescribed
in the initial conditions. As a next step, a couple of studies [70,71] focused on the influence of the
initial magnetic field configuration around the rotating BH on the outflow properties and considered
monopole magnetospheres as in the original BZ mechanism. Koide [70] obtained outflows with
Lorentz factors of ∼2 but again the simulation was extremely short (a fraction of a rotation at the
ISCO). In a longer simulation [71], the numerical solution evolved towards a stable steady-state
solution very close to the force-free solution found by Blandford and Znajek. For the first time,
numerical solutions showed the development of a Poynting-flux dominated ultrarelativistic particle
wind (Lorentz factor ∼15). The wind was mostly radial and had the largest Lorentz factors on the
equatorial plane. Finally, direct numerical simulations of the BZ mechanism were performed [72,73]
by solving the time-dependent equations of force-free electrodynamics in a Kerr BH magnetosphere.
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3.2. Long-Term Simulations of Jet Formation

In parallel, the first simulations of self-consistent jet production (i.e., without assuming
a large-scale magnetic field right from the beginning) from accretion discs orbiting Kerr BHs in
2D (axisymmetric) [74] and 3D [75–77] were performed. In all the cases, the outflows (formed at the
edge of a funnel about 0.5 rad wide around the BH’s rotation axis) were sub-relativistic. However,
in the axisymmetric case, McKinney [78] succeeded in generating a collimated, long-lived (∼1000
orbital periods at the BH horizon), super-fast magnetosonic, relativistic Poynting-flux dominated
jet by tuning the floor model used to refill the evacuated funnel. Interestingly, the flow accelerates
along paraboloidal field lines in agreement with analytic models [14,16,17] reaching up to a Lorentz
factor ∼10 beyond 103 RBH (although still only a factor ∼10−2 to 10−3 of the estimated asymptotic
value). Komissarov and collaborators [79] revisited McKinney’s work with a simplified setup where
the low-speed outflow wrapping around the relativistic Poynting-flux dominated jet was replaced
by a rigid boundary of a prescribed shape in order to reduce the effects of the numerical dissipation,
and fixed injection conditions at the jet base. In all cases, the outcome was a steady state characterized
by a spatially extended acceleration region and an efficient transfer of Poynting flux into kinetic energy
(much more efficient than that of McKinney’s work).

The extended-acceleration scenario raised the question of the stability of the jets against the
development of kink instabilities at large distances where the toroidal magnetic field dominates
over the poloidal one [78]. Starting with a realistic setup, McKinney and Blandford [80] simulated
the generation and propagation of a relativistic highly magnetized jet in 3D and explored both the
stability of the jet against the development of the highly-disruptive non-axisymmetric helical kink
mode (angular frequency of the radial perturbation, m = 1), and the stability of the jet formation
process itself during accretion of dipolar and quadrupolar fields. In their dipolar model, despite strong
non-axisymmetric disc turbulence, the jet reaches Lorentz factors of ∼10 with an opening half-angle
∼5◦ at 103RBH without significant disruption (see Figure 1).

Figure 1. Inner ±100 MBH cubical region at t = 4000 MBH of a 3D global GRMHD simulation of the
formation of a jet starting with an equilibrium magnetized matter torus, whose angular momentum is
aligned with the BH spin. The figure shows the BH, accretion disc (pressure, yellow isosurface), outer
disc and wind (log rest-mass density, low green, high orange, and volume rendering), relativistic jet
(Lorentz factor Γ ≤ 4, low blue, high red, volume rendering) and magnetic field lines (green) threading
BH. (Figure 1 of [80].)
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A series of papers [81–83] concentrate on the process of accretion onto rapidly rotating BHs and
the role of magnetic fields in regulating both the accretion process and the jet production. The chosen
numerical setup led to magnetically arrested discs [84,85] where the excess in magnetic flux near the
BH impedes the accretion of gas hence maximizing the magnetic flux threading the BH per unit of
accreted mass. As a result, very powerful outflows are produced, which in the case of rapidly rotating
BHs reach efficiencies (power flowing out of the BH over rest-mass energy flux flowing into the BH)
greater than 100%, demonstrating the net energy extraction from spinning BHs via the BZ/Penrose
mechanism (see Figure 2). Recent numerical simulations along this line [86,87] have examined the
interplay among the properties of the magnetized disc flow, the spin of the central BH, and the jet
in producing warped discs and precessing jets as well as in controlling the alignment/misalignment
properties of the jet with the disc/BH rotation axes. Let us note that the simulations presented in [87]
(which qualify as the simulations of BH accretion discs at the highest resolutions to date) were carried
out with a 3D-GRMHD code accelerated by GPUs performing 10 times faster than on last-generation
multi-core CPUs.

Figure 2. Evolved snapshot of an initially weakly magnetized thick accretion disc around a rotating
BH at t = 15,612 rg/c (rg ≡ GMBH/c2, where MBH is the BH mass). Top panels show the logarithm
of rest-mass density in color (see the legend on the right-hand side) in both the z–x plane at y = 0
(top left-hand panel) and the y–x plane at z = 0 (top right-hand panel). The black lines trace field
lines, where the thicker black lines show where field is lightly mass-loaded. The bottom panel has
three subpanels. The top subpanel shows Ṁ through the BH (ṀH), out in the jet (Ṁj, at r = 50 rg),
and out in the magnetized wind (Ṁmw,o, at r = 50 rg) with legend. The middle subpanel shows
the magnetic flux (Υ) for similar conditions. The bottom subpanel shows the efficiency (η) for
similar conditions. Horizontal lines of the same colors show the averages over the averaging period,
while square/triangle/circle tickers are placed at the given time and values. A sustained efficiency for
ηH, the power flowing out of the BH over rest-mass energy flux flowing into the BH, demonstrates the
net energy extraction from spinning BHs via the BZ/Penrose mechanism. (Figure 4 of [83].)

3.3. Current-Driven Kink Instability and Magnetic Energy Dissipation

The noticeable large-scale stability of the newly-born fully three-dimensional jets emanating
from accreting, rapidly rotating BHs in the first long-term simulations [78,80] prompted a series of
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studies addressed to re-evaluate the development of 3D instabilities in relativistic magnetized jets
under controlled conditions. We concentrate on these studies here and leave for Section 4.2 a more
general description of the instabilities arising in relativistic, magnetized flows and their role in the
interpretation of the phenomenology in AGN jets at larger scales. Mizuno, Hardee and Nishikawa [88]
focused on the stability of magnetized relativistic precessing spine-sheath jets with purely poloidal
magnetic fields proving the stabilization effect of weakly relativistic sheaths against Kelvin–Helmholtz
instabilities (KHI). In a series of papers, Mizuno and collaborators studied the development of the
current-driven kink instability in relativistic force-free jets under idealized conditions (temporal
analysis within the periodic box): comoving plasma columns [89]; sheared jets [90]; and differentially
rotating jets [91]. The last papers in this series [92,93] have concentrated on the spatial growth of
the current-driven instability (CDI) in relativistic jets. On its own, Porth [94] studied the stability of
jets from rotating magnetospheres along the initial acceleration and collimation region by means of
high-resolution adaptive mesh refinement (AMR) simulations in 3D. His analysis showed that the
m = 1–5 modes saturate at a height of ∼20 inner disc radii.

The models of jet acceleration discussed thus far have considered a gradual acceleration of the jet
by magnetic forces. However, dissipation via reconnection of alternating magnetic fields [95,96] has
been suggested as an alternative energy conversion mechanism. On the other hand, the large-scale
magnetic field may dissipate if the regular magnetic structure is destroyed as a result of a global MHD
instability, the CD kink instability being the most plausible candidate. O’Neill and collaborators [97]
considered the development of CDI in comoving plasma columns in initial radial force balance through
various combinations of magnetic, pressure and rotational forces, and examined the resulting flow
morphologies and energetics. Models in which the initial magnetic field is force-free deform, but do
not become disrupted. Systems that achieve initial equilibrium by balancing pressure gradients and/or
rotation against magnetic forces, however, tend to shred, mix and develop turbulence. Consistently
with this result, CDI-driven kinetic energy amplification is slower and saturates at a lower value
in force-free models. Singh and collaborators [93] also explored the possible link between CD kink
instability and magnetic reconnection in their study of the spatial grow of CDI in relativistic jets. It is
interesting to note however that, in these papers, based on (ideal) RMHD simulations, none of the
solutions in the non-linear regime can be regarded as converged. For convergence, a physical dissipation
scale provided by either, e.g., a Navier–Stokes viscosity or Ohmic resistivity (in most astrophysical
scenarios, many orders of magnitude smaller than the numerical dissipation scales attainable by
magneto-fluid dynamical codes with present-day computational resources) would have to be included
in the problem. Additionally, magnetic reconnection can play a major role in regulating the accretion
process and hence the production of jets [98–100].

3.4. General Relativistic Radiative Transfer Simulations

Impelled by the forthcoming EHT observations of Sgr A∗ and the radio core of M 87, spectra and
images of the accretion disc/BH/jet system are currently being performed by post-processing GRMHD
simulations using relativistic radiative transfer (for radiative processes such as synchrotron emission,
self-absorption, and inverse-Compton processes) and ray-tracing including general relativistic
effects ([101] and references therein; see also Figure 3) after modeling the location-dependent
distribution functions of the emitting particles. However, it is important to note that, despite the huge
advances experienced by the numerical simulation of the jet formation process, they still suffer
from important theoretical uncertainties. A remarkable example is the mass-loading of the jets,
caused by the known failure of up-to-date GRMHD codes inside the highly magnetized funnel [102],
with important implications in the jet composition issue (see Section 2.2) and the interpretation of
the future observations from the EHT [103]. O’Riordan and collaborators [104] investigated the
observational signatures of mass loading in the funnel by performing general-relativistic radiative
transfer calculations on a range of 3D-GRMHD simulations of accreting BHs by removing the
contribution to the spectrum of the artificially supplied floor material, i.e., restricting the analysis to the

40



Galaxies 2019, 7, 24

case where the funnel material is highly magnetized. Conversely, Broderick and Tchekhovskoy [105]
considered the creation and acceleration of pairs at the stagnation surface of Poynting-dominated jets
and the subsequent inverse Compton cascade as the mechanism for filling the jets with non-thermal
particles near the horizon to explain the compact radio emission in M 87.

Figure 3. Top panels: Intensity maps (λ = 7 mm) for a viewing angle of 20◦ (left) and 160◦ (right)
from a time-dependent model of a radiatively inefficient accretion flow onto a BH based on a fully
3D GRMHD simulation and scaled to the M 87 disc/BH/jet system. Bottom panels: Contour maps
of the model convolved with a telescope beam to simulate current observations of M 87. For details
about the numerical simulation as well as the emission model and the electron distribution function
in the disc and in the jets, see [106]. (Figure adapted from Figures 4 and 6 of [106], reproduced with
permission ©ESO.)

4. Simulations of Jets at Parsec and Subparsec Scales

4.1. (Magneto-)Hydrodynamical Simulations

The first simulations of compact jets studied the structure of shocks of steady, relativistic jets
propagating through pressure decreasing atmospheres [107,108] and the evolution of relativistically
moving perturbations travelling down the underlying steady flow [109–112]. To account for the
relativistic effects (relativistic Doppler boosting, light aberration, and time delays) dominating the
emission of parsec-scale jets and compare with observations, calculations of the synchrotron radiation
transfer were performed by post-processing the hydrodynamical models. These calculations led to the
first synthetic radio images of compact jets reproducing the basic phenomenology of these sources
(with steady quasi-periodic as well as superluminal radio components), and the first multifrequency
(radio) light curves. In particular, Gómez and collaborators [110] simulated the interaction of standing
shocks and relativistic perturbations mimicking the ejection of superluminal components from the
VLBI core as in the Daly–Marscher’s [31] model, and studied the dependence of the structure of radio
components with frequency [113]. Next simulations [114–117] aimed to explain the complex behavior
observed in many sources as, e.g., the dragging of steady components in 3C 279 [118], the presence of
trailing components in 3C 120 [113,115] and 3C 111 [119], and the tangled evolution of components
in 3C 111 [117]. In a very recent work, Fromm and collaborators [120] analyzed the influence of the
thermal absorption of the obscuring torus in the appearance of radio jets.
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The preceding simulations were based upon pure (relativistic) hydrodynamical models and the
synchrotron emissivity was computed after adding an ad-hoc magnetic field with ordered and random
components. Hence, as a natural improvement, subsequent simulations incorporated consistent
magnetic fields from RMHD models of jets. Broderick and McKinney [121] used jets formed from
rapidly rotating, accreting BHs through GRMHD simulations [80] extrapolated to parsec scales,
and analyzed the RM generated in the disc wind wrapping the jet, containing ordered toroidally
dominated magnetic fields. Porth and collaborators [122] studied the synchrotron emission from
RMHD jets with large-scale helical magnetic fields along the acceleration and collimation region.
Both simulations [121,122] reproduce the expected gradients in RM across the jet width due to the
toroidal component of the helical magnetic field [42]. In addition, Porth et al. [122] provided detailed
insights regarding the polarization structure throughout the jet, which depends strongly on the helical
magnetic field pitch angle, jet viewing angle, Lorentz factor, and opacity.

Several papers have concentrated on the observational signatures of recollimation shocks in
relativistic, magnetized, overpressured jets, commonly associated with the stationary components
often seen in parsec-scale VLBI observations of AGN jets [21,123–125]. Mizuno and collaborators [126]
considered kinematically-dominated jets with axial, toroidal, and helical force-free magnetic
fields to investigate the effects of different magnetic field topologies and strengths on the
recollimation structures. Martí, Perucho and Gómez [127] extended the previous study to jet models
with (non-force-free) helical magnetic fields and different energy compositions (internal, kinetic,
and magnetic) including models with high magnetizations. The total-pressure mismatch between the
jet and the ambient medium combines with the radial Lorentz force to generate jets with a complex
superposition of periodical recollimation shocks and gentle expansions and compressions along the
jet, and steep transversal gradients. In [128], the authors modeled the optically thin total and linearly
polarized synchrotron emission from a selection of models of [127] (see Figure 4), with the ultimate
goal to connect the properties of the magneto-hydrodynamical jets with the structures observed
in extragalactic jets at parsec scales. In particular, these simulations show a top-down emission
asymmetry along the jet produced by the helical magnetic field and a noticeable spine brightening for
highly magnetized jets. The bright stationary components associated with the recollimation shocks
(whose separation and strength depend on the magneto-hydrodynamical parameters) present relative
intensities modulated by the Doppler boosting ratio between the pre-shock and post-shock states.
Models at small viewing angles display a roughly bimodal distribution in the polarization angle, due
to the helical structure of the magnetic field.

Complementing the above studies on overpressured jets propagating through homogeneous
ambient media, the large-scale structure of initially free-expanding jets through pressure-decreasing
atmospheres, pa ∝ z−κ , has been tackled using various approximate analytical approaches
and numerical simulations for both purely hydrodynamical and magnetized relativistic jets (see,
e.g., [129,130] and references therein). Values of κ � 1 − 2 produce reconfinement shocks reaching
the jet axis, whereas values of κ ≥ 4 keep the jets expanding freely. Most importantly, κ governs the
global stability of the jets: beyond κ = 2, the jet suffers such a rapid lateral expansion that the causal
communication across the jet is completely lost and hence global instabilities of any type become totally
suppressed [131]. Fromm and collaborators [132] have computed synthetic radio maps of hot, mildly
magnetized jets propagating down a pressure-decreasing atmosphere with κ = 1. Most interestingly,
these authors incorporated the characteristics of the observing array (VLBA in this case) and of the
observing experiment, and the imaging algorithm (Difmap’s [133] CLEAN deconvolution [134]) in the
computation of the radio maps.
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Figure 4. (Left) Steady structure of a magnetically dominated relativistic jet model. From top to bottom:
Distributions of rest-mass density, gas pressure, toroidal flow velocity, flow Lorentz factor, and toroidal
and axial magnetic field components. Poloidal flow and magnetic field lines are overimposed onto
the Lorentz factor and axial magnetic field panels, respectively. (Right) Synthetic total and polarized
synchrotron intensities and degree of linear polarization from RMHD jet models at 20◦ to the line
of sight. Top panel (M1B3 model): magnetically dominated jet corresponding to the RMHD models
on the left; middle panel (M3B1): hot jet; bottom panel (M5B2): kinetically dominated jet. (Figure
adapted from Figures 2 and 14 of [128] ©AAS. Reproduced with permission.)

4.2. Instabilities

Magneto-hydrodynamic flows can exhibit KH as well as CD instabilities. Whereas KHI grow
in the contact discontinuity or shear layer of flows with relative speeds (and can develop in both
magnetized and unmagnetized flows), the growth of CDI modes is driven by the distribution of the
electric density current flowing along the jet in magnetized models. Strictly speaking, it is not possible
to unambiguously separate their effects in a magnetized jet, although, in general, CDI prevail in
magnetically dominated jets, whereas kinetically dominated jets are subject to KHI. In the case of CDI,
the stability conditions can be predicted theoretically in the force-free approximation. In kinetically
dominated jets, the KHI conditions follow from the linearized (R)MHD equations. Hardee [135]
provided a condensed review of both KHI and CDI including references to papers on linear stability
analyses (see also [8]). The analysis of the stability against these types of perturbations allows one
to constrain the space of flow parameters leading to a successful jet launch and propagation. On the
other hand, instability modes can grow to finite amplitudes without destroying the jet and leave
observational imprints (in the form of radio knots, transverse structure, bends, etc.) whose properties
can be used to pinpoint the jet flow parameters. This analysis has been successfully applied to probe
the physical conditions in the jets of several sources (e.g., M 87 [136–138], S5 0836+710 [139–142],
3C 273 [36,143], 3C 120 [144–146], and Bl Lac [147]).
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Beyond the linear regime, the analysis requires numerical (hydrodynamic or magneto-
hydrodynamic) simulations. Here, the main purpose is to assess the stability, collimation, and mass
entrainment properties of jets at large (temporal and spatial) scales. We restrict ourselves to the
relativistic case. In a series of papers, Perucho and collaborators studied the effects of relativistic
dynamics and thermodynamics on the development of KH instabilities in relativistic slab jets—both in
the vortex-sheet approximation [148,149] and for sheared flows [150]—covering the linear, saturation,
and non-linear phase of the evolution by means of hydrodynamic simulations. In [150,151], the authors
considered the effects of very high-order reflection modes on sheared relativistic (both kinematic and
thermodynamic) slab jets, and in full 3D for initially cylindrical jets, in [152]. Other authors [153–155]
have focused on the properties of the fully-developed turbulence flow driven by the KHI and check its
consistency (velocity power spectrum, flow intermittency) with the classical Kolmogorov’s model in
the inertial range in which the turbulent eddies interact without external forcing or dissipation.

In the context of the magnetic KHI, Mizuno, Hardee and Nishikawa [88] focused on the
stability of magnetized relativistic precessing spine-sheath jets with purely poloidal magnetic fields
(see Section 3.3), whereas other papers [156,157] have been devoted to elucidate the basic properties
(dynamo amplification of magnetic fields, power spectra) of the KHI-driven RMHD turbulence.
In particular, Beckwith and Stone [157] presented preliminary results on the turbulent amplification
of the magnetic field in the cocoon formed along the propagation of a kpc-scale jet. Let us note that,
instead of starting from a shearing flow, Zrake and MacFadyen [158] studied the development of
RMHD turbulence from initial spatially-uniform conditions.

The non-linear development of the CDI have concentrated on the most disruptive mode, the kink
mode. The state of the art of these numerical studies as well as of the CDI-driven RMHD turbulence
are summarized in Section 3.3 in the context of the magnetically-dominated flows arising at the jet
formation region.

The KHI and CDI are by far the best studied instabilities in the context of (relativistic) jets.
However, in the last years, other fluid instabilities have deserved the attention of theorists and
numerical simulators in the context of reconfining jets. These instabilities are the Rayleigh–Taylor (RTI)
and the centrifugal instabilities (CI). The radial force arising from the pressure mismatch between the
jet and the surrounding ambient medium in the expanding/compressing jet flow is the driving force
of the RTI [159–161]. In the case of the CI considered in [162], the driving force is the centrifugal force
experienced by the fluid parcels moving along the poloidally curved trajectories in the course of the
reconfinement process. The transverse structure of the jet is remarkably deformed by the non-linear
growth of these radial oscillation-induced instabilities, which can evolve into turbulence leading to
the complete jet disruption. These instabilities could be behind the division of AGN jets (although
see Section 5.2) into two morphological types in the Fanaroff–Riley classification (see Figure 5). It is
also worth noting that the CI is also present in the rotating flows forming the jets near the central
engine [163–165]. Further work is needed to untangle the competition between the KHI and CI in the
context of the FR division [162], and to analyze the effect of including strong magnetic fields which
may inhibit the growth of CI and KHI modes and promote CDI [166].
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Figure 5. (a,b) Jet density (ρ) in arbitrary units; and (c,d) Lorentz factor (Γ) for a model corresponding
to a CI-driven FR I jet making its way through a galactic corona. A section of the jet, containing the jet
axis is shown for ρ (a) and Γ (c) in the steady state solution and ρ (b) and Γ (d) in the final 3D solution.
The results correspond to simulation C1 in [162]. The jet to ambient density ratio is 1.6 × 10−2 and the
initial jet Lorentz factor is 5. The jet kinetic power is 2 × 1044 ergs/s. (Figure adapted from [162] kindly
provided by the authors.)

4.3. Microphysics

The simulations discussed previously rely on a pure macroscopic (magneto-)fluid dynamical
modelization of the jet that accounts only for the evolution of the thermal plasma. However, the
emission in these sources is produced by non-thermal particles (NTPs) accelerated at shocks [167] or
in magnetic reconnection events [168] that require a microscopic description whose implementation in
macroscopic fluid dynamical models is a challenge for present-day scientific computing.

Current models of blazar jet emission (e.g., [39] and references therein) focus on the microscopic
processes (acceleration of NTPs, emission processes, and adiabatic losses) and a simplified jet structure
model (in this case, a 1D time-independent relativistic fluid flow with a variable shape and bulk Lorentz
factor) with the goal of fitting simultaneous multifrequency observations. Marscher [169] presented
a parameterized model for variability of the flux and polarization of blazars in which turbulent
plasma flowing at a relativistic speed down a jet crosses a standing conical shock representing the
mm-wavelength core of these sources.

On the opposite side, RMHD simulations produce self-consistent models for the underlying jet and
implement simplified recipes to describe the NTPs. Several papers [109–111,122,128,170] set the energy
density of the NTPs proportional to the pressure of the thermal plasma. Since the pressure is a good
tracer of shocks, this approach mimics the emission if the process of shock acceleration were dominant.
Alternatively, other works [121,122,128] consider the energy density of the NTPs as proportional to the
magnetic energy density more suitable to account for the particle acceleration in the case of magnetic
reconnection. Anantua and collaborators [171] suggested some other similar recipes where the energy
density of the NTPs is assumed proportional to a power of the magnetic energy density.

An alternative approach in the numerical modeling of non-thermal emission from astrophysical
jets treats the population of NTPs as a separate population advected by the fluid. Transport of
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NTP populations in classical jets in radio galaxies were carried out in [172–174]. Mimica and
collaborators [175] improved the approach of Gómez et al. [109,110] by incorporating a transport
algorithm for the advection of the NTPs including synchrotron losses to study the spatial and temporal
variations of the spectral index of the radio components. The same numerical treatment of the NTP
transport and the synchrotron emission is used in [176] to interpret the light-curve and the VLBI
observations of the 2006 flare of CTA 102 within the shock-shock interaction model devised in [110].
Vaidya and collaborators [177] incorporated a particle module in an RMHD code that includes particle
acceleration at shocks and synchrotron and (external) inverse Compton emission.

Particle-in-cell (PIC) methods appear as the most realistic way to simulate the kinetic dynamics
of the plasma forming the jet. PIC codes model plasmas as a collection of charged macroparticles
(representing many physical particles) that are moved by integration of the Lorentz force. Currents
associated with the macroparticles are deposited on a grid on which Maxwell’s equations are
discretized. Electromagnetic fields are then advanced via Maxwell’s equations, with particle currents
as the source term. Finally, the updated fields are extrapolated to the particle locations and used for
the computation of the Lorentz force, so the loop is closed self-consistently. To ensure that kinetic
effects are resolved in the simulation, it is necessary that the grid spacing be much smaller than the
plasma skin depth, c/ωp, and that the timestep be much smaller than the corresponding timescale
ω−1

p , where ωp is the plasma frequency (ωp ≈ 5.3 × 105/
√

ne cm; ne is the electron density). PIC
methods are described in this volume by Nishikawa. This approach is capable of treating all effects
present in collisionless plasmas, including particle acceleration at shocks [178] and through magnetic
reconnection [179] and incorporate them into global simulations of relativistic jets [180,181]. Finally,
there are efforts to combine the dynamical evolution of the thermal and non-thermal components via
MHD-PIC equations [182–184] (see Figure 6). In this approach, it is not necessary to resolve the plasma
skin depth and it is enough to resolve the much larger Larmor (gyration) radius.

Figure 6. Color maps of the magnetic field amplitude (top panels), NTP density (middle panels) and
plasma density with the magnetic field stream lines (bottom panels) in the early stages of a parallel
shock simulation by [183] with a hybrid PIC-MHD code. The gas is streaming through the shock from
right to left. Left panels (t = 225 ω−1

c ; ωc is the ion gyrofrequency): the upstream medium shows
the start of the streaming instability, while the downstream medium shows the onset of turbulence.
Right panels (t = 675 ω−1

c ): Both the upstream streaming instability and the downstream turbulence
are now fully developed. The shock is warping in response to the instabilities. (Figure adapted from
Figures 2 and 4 of [183].)
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5. Simulations of Kiloparsec-Scale Jets

5.1. Morphology and Dynamics of kpc-Jets

The first numerical simulations of kiloparsec-scale jets aimed at probing the standard model of
FR II radio sources [5]. Among them, the numerical simulations of supersonic (non-relativistic) jets
propagating through a homogeneous atmosphere performed by Norman and collaborators [1,185]
concentrated on the identification of the basic structural elements (supersonic beam, cocoon, terminal
shock, bow shock) and the connection with the morphological elements in powerful radio sources
(radio jet, radio lobes, hot spots). These early simulations also served to reveal the mechanism of
the jet’s working surface governing the jet propagation. The review paper by Burns, Norman and
Clarke [186] summarizes the status of the numerical simulations of extragalactic radio sources up to
1990, comprising the first simulations of magnetized jets, the first synthetic images of kiloparsec-scale
jets based on synchrotron emission, and the first 3D simulations.

The advent of relativistic codes based on HRSC techniques triggered the study of the effects
of relativistic flow speeds and/or relativistic internal energies in the morphology and dynamics of
jets in 2D [187–193] and 3D [194–196] simulations. These exploratory relativistic simulations soon
incorporated the effects of magnetic fields. The first simulations focused on the propagation of
relativistic jets with pure poloidal magnetic fields through ambient media with aligned [197,198] and
oblique [199,200] magnetic fields to study how the fields affect the bending properties of relativistic
jets. Later studies of large-scale RMHD jets explored the dependence of morphological and dynamic
properties of jets on the magnetic field configuration ([201–203]: toroidal fields; [204]: toroidal and
poloidal fields), and on the ratios of magnetic energy density and thermal pressure, and magnetic
energy density and rest-mass energy density.

5.2. Large-Scale Simulations of kpc-Jets and the FR I/FR II Dichotomy

The simulations discussed in the previous section concentrated on the characterization of the
morphology and dynamics of jets in terms of the jet-to-ambient density ratio, jet Mach number,
relativistic effects, magnetic field configuration and strength, or injection opening angle. However,
none of those simulations have considered the evolution of powerful radio sources as a whole.

The long-term propagation of a powerful jet (FR II jet) through the ambient medium generates
a characteristic and well understood structure, formed by: (i) a terminal or reverse shock at the head
of the jet where the flow decelerates and heats (the hot-spot); (ii) a hot and light region shrouding
the jet (the cocoon), inflated by the shocked jet particles; and (iii) a dense shell of shocked ambient
medium. Begelman and Cioffi [205] described the expansion of this structure assuming a constant jet
propagation speed, a complete and instantaneous conversion of the injected jet energy into internal
energy in the cocoon and a sideways expansion mediated by a strong shock. Guided by observations
showing that cocoons of powerful sources with very different physical size have similar axial ratios,
several authors [206–208] developed self-similar expansion models by tuning parameters such as the
initial jet opening angle and the ambient density gradient, ignored in the Begelman–Cioffi model.

The first (non-relativistic) long-term simulations of jets aimed to decipher the extended emission
of powerful radio sources. Several authors [209–211] used postprocessed bremsstrahlung emission
maps to explain the X-ray observations showing evidences of interaction between the radio emitting
plasma and the X-ray emitting gas in the ambient medium (see Section 2.4). Other papers [172,174,212]
concentrated on the interpretation of the emission at radio wavelengths from MHD simulations of radio
galaxies including a detailed treatment of the microphysics: relativistic electron transport, diffusive
acceleration at shocks and (synchrotron, inverse Compton from CMB photons) radiative and adiabatic
cooling. More recent simulations [213–215] focused on the structure of the magnetic field in the radio
lobes and the properties of the synchrotron linearly-polarized emission.
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Among the first relativistic simulations of powerful radio sources, are those of Scheck and
collaborators [216] aimed at looking for clues on the jet composition (e±, e/p plasmas) in the
large-scale morphology of (2D, axisymmetric, purely hydrodynamical) jets, and the first high-resolution
(20 zones per jet radius) 3D simulations of relativistic magnetized jets presented by Mignone and
collaborators [217].

Many papers based on simulations of powerful radio sources have focused on the consequences of
the interaction of the jet with the interstellar and intergalactic media in an on-going task to comprehend
the AGN feedback phenomenon at galactic and supra-galactic scales. These papers are described
briefly in the next section. First, let us examine the contribution of numerical simulations of jets
to the solution of the FR I/FR II dichotomy issue. As stated in Section 2.3, the ultimate process
leading to the morphological division between FR I and FR II sources is the deceleration of the flow
to transonic speeds in the low power sources at kpc scales. Numerical simulations have explored
different mechanisms responsible of this deceleration. One of these mechanisms is the jet mass
loading by stellar winds [55]. However, axisymmetric numerical simulations [218] show that only
weak (Lj ≈ 1041–1042 erg s−1) FR I jets can be decelerated by mass entrainment rates consistent with
present models of stellar mass loss in elliptical galaxies on scales of 1 kpc. Effective deceleration
mechanisms for more powerful jets (Lj ≥ 1043 erg s−1), involve the development of instabilities and/or
strong recollimation shocks. Rossi and collaborators [219] discussed the deceleration of FR I jets
resulting from the growth of KH helical instabilities developing at the jet surface, whereas Perucho
and collaborators [152] studied the properties of the KHI-driven entrainment in the case of sheared
jets. However, none of these papers deal with the origin of the instabilities, which were imposed
as initial/boundary conditions. Perucho and Martí [220] connected the jet deceleration with the
entrainment of colder and denser ambient gas within the jet due to the growth of KHI pinching modes
downstream of a strong recollimation shock. Krause and collaborators [221] studied the properties
of this recollimation shock (and the resulting flows) as a function of the initial jet opening angle.
A recent work [162] (see Section 4.2) proposes the development of the CI [165] in the outer layers
of the reconfining flow passing a recollimation shock as the trigger of the turbulent entrainment
of the jet and its subsequent deceleration. Relying on 3D, purely hydrodynamical, non-relativistic
simulations of supersonic jets, Massaglia and collaborators [222] studied the morphologies of FR I jets.
Interestingly, for low enough kinetic powers (Lj ≤ 1043 erg s−1), the energy of jets propagating down
an inhomogeneous ambient medium, instead of being deposited at the terminal shock, is gradually
dissipated by turbulence producing the plumes characteristic of FR I objects.

The simulations discussed in the previous paragraph ignore the effects of magnetic fields in the
FR division. In the model of Tchekhovskoy and Bromberg [223], jets with powers below some critical
value depending on the galaxy core mass and radius and the magnetic field strength can become
kink-unstable within the core, stall, and inflate cavities filled with relativistically hot plasma leading to
FR I morphologies (see Figure 7). Finally, let us note that a recent work [224] has considered the impact
of the environment (galaxy cluster-like, poor group-like) in the jet morphology. Although focused
on FR II sources, these and future simulations of this kind could shed light on how the observable
properties of the FR I and FR II jets change due to jet–environment interaction.
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Figure 7. Volume rendering of simulated jets shows the logarithm of density (yellow-green shows high
and blue shows low values). White lines show magnetic field lines. (a) High-power jets reach 100 kpc
distances in 6 Myr. They are mostly straight apart from subtle, large-scale bends seen in FR II sources
such as Cygnus A; after running into the ambient medium, the jets end up forming strong backflows,
as characteristic of FR II jet sources. (b) Same high-power jets as those in panel (a) with a break in
the ambient density power-law at 10 kpc. Their backflows are less well collimated. (c) Low-power
jets reach a distance of 5 kpc in 3 Myr. Once there, they succumb to a global kink instability and
remain stalled at this distance for 3 Myr. These jets inflate large cavities (shown in yellow) filled with a
relativistically-hot plasma, as characteristic of FR I jet sources. (Figure 4 of [223].)

5.3. AGN Feedback

The impact of AGN jets on their galactic scale environment was realized when the first X-ray
observations of galaxies and clusters of galaxies showed a clear anticorrelation of the radio- and X-ray
emitting plasmas [225]. At the same time, it became apparent that the energy deposition of the jets
in the galactic environment could be an important agent in solving the cooling flow problem which
manifests itself on a variety of scales, from isolated elliptical galaxies to large clusters of galaxies [226].

As mentioned in the previous section, some works [209–211] aimed at reproducing the X-ray
cavities in powerful radio sources. Besides these active cavities associated to ongoing jet injection,
we also find the so-called ghost cavities, which appear disconnected from the active jet-fed cocoon.
This second type of cavities are associated with past periods of jet activity and/or low power (FR I)
jets. The (axisymmetric) simulations of Churazov and collaborators [227] described the dynamics of
buoyant bubbles inflated by an earlier phase of nuclear activity of the galaxy to explain the complex
morphology of the X-ray and radio maps in the central 50 kpc region around the galaxy M 87.
Quilis and collaborators [228] studied the effect of the energy injection on the cooling rate of a
cluster core by means of 3D simulations of the evolution (rise, fall, and mixing) of a hot bubble
inflated close to the core center. Their results confirmed this mechanism as a very efficient one for
regulating cooling flows. Unlike these simulations, where the lobe inflation was modeled artificially
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by adding a low-density hot bubble [227] or injecting internal energy [228] within a region close to the
gravitational center, Reynolds and collaborators [229] followed the evolution of cavities of powerful
jets (Lj ≥ 1045 erg s−1) across the initial supersonic phase up to their fate as buoyantly rising plumes
long after the jet activity has ceased. Let us note by passing that methods similar to that of Quilis
and collaborators [228] (i.e., the injection of thermal energy into bubbles placed around the central
black hole) have been subsequently implemented into full cosmological simulations [230] and used
for example in the Illustris project [231], a series of large-scale hydrodynamical simulations of galaxy
formation. Such feedback is a necessary ingredient in cosmological simulations to reproduce the
properties of galaxy populations realistically. A more sophisticated AGN jet feedback method [232,233]
which deposits mass, momentum and energy has been developed recently.

The early simulations discussed in the previous paragraph focused on the (hydro)dynamics of the
cavity/bubble expansion in the cluster medium. However, the results by Bîrzan and collaborators [234]
on a systematic study of radio-induced X-ray cavities in 18 systems show that the energy associated
with the cavity inflation is about 10–50% the energy necessary to quench the cooling. The conclusion
is that a major part of the AGN energy must be transferred to the ICM in other ways not related with
the simple hydrodynamic expansion of the bubbles. Options include dissipation of weak shocks and
sound waves, turbulence, thermal conduction, shock-heating, heating by cosmic rays, or magnetic
fields [235]. Moreover, among the open problems remaining is also to find a robust mechanism by which
the (intrinsically directional) AGN jets succeed in heating the ICM isotropically. In the following lines,
we concentrate on a few representative papers facing this problem. The 3D-AMR simulations performed
by Yang and Reynolds [236] set the state of the art of purely hydrodynamical, non-relativistic simulations
including radiative cooling (no viscosity, no heat conduction). The (time-dependent) BH accretion/bipolar
jet ejection is modeled via a simplified subgrid model. According to these authors, the isotropization of
the heating is the result of a sustained circulation of ambient gas originally displaced by the jets towards
the cluster center. Magneto-hydrodynamical simulations performed by the same authors [237] show
that anisotropic (along the magnetic field lines) conductive heating is likely significant only for the most
massive clusters. Martizzi and collaborators [238] performed (non-magnetized) simulations of jet heating
similar to those of Yang and Reynolds and analyzed the dependence of the results on the diffusion
of the numerical algorithms, specially the Riemann solver. The work reflects the difficulty to achieve a
proper numerical convergence for the heating/cooling problem derived from the disparity in scales of the
processes involved. Finally, recent papers (e.g., [239,240]; this last reference using a moving-mesh code)
have simulated the heating by cosmic rays as a mechanism for the AGN energy thermalization in clusters.
Supplied by the AGN jets, cosmic rays (likely protons) disperse in the magnetized ICM via streaming,
and interact with the ICM via hadronic, Coulomb, and streaming instability heating. Moreover, jets
energetically dominated by cosmic rays lose momentum more quickly causing the jet to expand laterally
and to displace the ICM close to the center of the clsuter more isotropically.

The papers cited above consider static, idealized cluster cores. Heinz and collaborators [241,242]
were the first to take into account the dynamic nature of the cluster gas and detailed cluster physics
in their simulations of the interaction of AGN jets with galaxy clusters. The conclusion is that in
a cosmologically evolved cluster, the motions of cluster gas effectively distribute the effects of the AGN
over a wide angle. Using a more relaxed cluster, Mendygral and collaborators [243] performed MHD
simulations confirming the distortion of the morphology of jets and lobes due to the ICM weather.
Finally, the recent work by Bourne and Sijacki [244] (using a moving-mesh code) shows that the
large-scale turbulence generated by orbiting substructures result in line-of-sight velocities and velocity
dispersions consistent with the Hitomi observations of the Perseus cluster [245].

Following a different line of work, Perucho and collaborators [246–248] examined the properties of
the cluster core heating by relativistic jets. The ultimate motivation behind this study is that modeling
the energy input of a powerful jet within a non-relativistic framework leads to inconsistent sets of
injection parameters. On one hand, the modeled jets are unrealistically slow (or unphysical). On the
other hand, without the contributions of the flow Lorentz factor and the relativistic enthalpy to the
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inertia, jets are unrealistically massive [249]. The results from 2D axisymmetric simulations [246,247]
show that the cavities of powerful relativistic jets are more symmetrical (less elongated) than their
non-relativistic counterparts and produce more powerful and long-living bow shocks, and hence
are less prone to break into buoyant bubbles, alleviating the problem of the heat isotropization
(see Figure 8). Additionally, since the jet particles store much less energy in the form of rest-mass,
a larger fraction of energy can be transferred (and, in fact, it is) to the ICM. These basic conclusions
seems to survive in 3D simulations [248]. Three-dimensional simulations of lobe inflation in cluster
environments by mildly-relativistic magnetized jets below equipartition have been recently performed
by English and collaborators [250].

Figure 8. Density (left); and temperature (right) of two simulations of a powerful jet (Lj = 1046 erg/s)
propagating through the ICM after jet’s switch-off. Top panel: non-relativistic, electron-proton jet;
bottom panel: relativistic leptonic jet. In both cases, the jet density at injection (1 kpc from the cental
engine) is 8.3 × 10−29 g cm−3. The jet flow speeds at injection are 0.3 c for the non-relativistic jet,
and 0.984 c (Lorentz factor ≈ 5.61) for the relativistic one. To compensate the smaller inertia, the jet
radius at injection of the non-relativistic jet has the unrealistic value of 3 kpc (0.1 kpc in the relativistic
jet). (Adapted from Figures 7 and 8 of [247].)

As important as unraveling the role of the jet-driven AGN feedback in the solution of the
cooling flow process is to determine its influence in the evolution of the host galaxy, in particular
through the galaxy’s star formation history [251,252]. Gaibler and collaborators [253] performed 3D
non-relativistic AMR simulations of the interaction of a powerful AGN jet with the massive gaseous
disc of a high-redshift galaxy to asses the impact on the star formation. In [254], special attention
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is paid to the description of the galaxy ISM described as a two-phase fractal medium with different
maximum cloud sizes and volume filling factors. The feedback efficiency, measured by the amount
of cloud dispersal generated by the jet–ISM interactions, is investigated through 3D relativistic AMR
simulations (see Figure 9).

Figure 9. Logarithmic density maps of three simulations of jets propagating through the ISM for
different ISM warm gas distributions. Panels are 1 kpc × 1 kpc wide. Left column: Face on view of the
initial warm gas distribution. Center and right columns: Midplane slices at an advanced stage of the
simulations for z = 0 (reflected about x = 0) and y = 0, respectively. Top row: Very low filling factor
run (=0.027); Middle row: maximum cloud sizes of 50 pc; Bottom row: maximum cloud sizes of 10 pc.
(Figure 1 of [254] ©AAS. Reproduced with permission.)

6. Summary and Conclusions

The present review offers a perspective of the contribution of numerical simulations to the
understanding of the AGN jet phenomenon along the last four decades of research in the field.
Given the disparate scales involved, present simulations of jets concentrate on partial aspects of the
problem. These can be broadly divided into the jet formation process (BH accretion, plasma acceleration
and collimation), the understanding of the phenomenology of jets at parsec and sub-parsec scales,
and the interplay between the jet and the ISM/ICM with important implications in the jet morphology,
and the galaxy and cluster evolution (see Section 2). Since these three scenarios also require different
physical ingredients, we have reviewed them separately, focusing in their achievements.

Over time, the complexity and physical detail of the simulations have been increasing with
the pace of the advance in theoretical models, computational tools and numerical methods.
The development of suitable numerical techniques for the (G)RMHD equations (mainly the HRSC
methods; Section 1) brought about a revolution in the description of the thermal component of
jets (Sections 3.1–3.3, 4.1, 4.2 and 5). Nevertheless, present simulations now demand incorporating
microphysical processes (shock acceleration, magnetic reconnection, and radiative processes) in a
realistic (i.e., consistent) way. In this regard, the recent attempts to combine (R)MHD and PIC methods
into a single hybrid code (Section 4.3) seem very promising.

The AMR finite-volume/finite-difference methods and the more recent moving-mesh techniques
(with great impact in the modeling of AGN feedback; Section 5.3) represent elegant and effective ways

52



Galaxies 2019, 7, 24

to improve the numerical resolution in critical regions of the flow, in combination with high-order
finite differencing methods. Their use must extend to other areas of the jet modeling.

Finally, as important as the development of suitable numerical techniques is the increase in
computing power. In this respect, the use of GPU-accelerated codes (Section 3.2) may represent
a significant jump in computing speed.
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Abstract: Accretion disks are the structures which mediate the conversion of the kinetic energy of
plasma accreting onto a compact object (assumed here to be a black hole) into the observed radiation,
in the process of removing the plasma’s angular momentum so that it can accrete onto the black
hole. There has been mounting evidence that these structures are accompanied by winds whose
extent spans a large number of decades in radius. Most importantly, it was found that in order to
satisfy the winds’ observational constraints, their mass flux must increase with the distance from the
accreting object; therefore, the mass accretion rate on the disk must decrease with the distance from
the gravitating object, with most mass available for accretion expelled before reaching the gravitating
object’s vicinity. This reduction in mass flux with radius leads to accretion disk properties that can
account naturally for the AGN relative luminosities of their Optical-UV and X-ray components in
terms of a single parameter, the dimensionless mass accretion rate. Because this critical parameter is
the dimensionless mass accretion rate, it is argued that these models are applicable to accreting black
holes across the mass scale, from galactic to extragalactic.

Keywords: accretion disks; MHD winds; accreting black holes

1. Introduction-Accretion Disk Phenomenology

Accretion disks are the generic structures associated with compact objects (considered to be black
holes in this note) powered by matter accretion onto them. Their formation is a consequence of the
fact that the specific angular momentum of the accreting matter at the outer boundary of the flow is
larger than its Keplerian value on the accreting body vicinity. The role of the accretion disk is to rid
this excess angular momentum of the disk plasma and allow it to accrete onto the gravitating compact
object. This process is effected by viscous stresses which at the same time cause the heating of the
accreting matter and emission of radiation with rather specific spectral characteristics.

The present article is not a review of accretion disks (the interested reader can consult several
such reviews e.g., [1]); instead, it aims to present alternatives to the more conventional accretion disk
views which are driven by accumulating phenomenology of the spectroscopic properties of the winds
that are ubiquitous in accretion powered compact objects. The hope is that these alternative views
will lead to novel, fruitful insights on the structure of these systems. As such, this note focuses on
only certain specific issues while ignoring many others along with some of the important works on
the subject. Because it argues for the scale invariance of the accretion disk winds, it includes in the
discussion properties of winds and accretion disks onto black holes of both Galactic X-ray binaries
(XRB) and active galactic nuclei (AGN) to support the mass invariance by as large of mass range as
possible. At the end, it is argued that, in their broader sense, the global spectral properties of accreting
black holes can be accounted for in terms of a small number of parameters, if one is willing to accept
certain facts associated with the general properties of their observed outflows obtained through X-ray
spectroscopy.
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Much of the work on accretion powered sources has been based on and influenced by the seminal
work on the subject, namely that of Shakura and Sunyaev (hereafter SS73) [2]. This work assumes the
disks to be steady–state, roughly Keplerian (vr 	 vφ), thin (h 	 R) and in hydrostatic equilibrium in
the vertical direction. The disk temperature is obtained by solving their thermal balance (local energy
dissipation equals the energy radiated; see Section 2.1). The dissipation is effected by the viscous
stresses, assumed to be proportional to the local gas pressure P (trφ � αP); α ∼ 0.1 is an unknown
parameter to be determined by observation or simulation. The same viscous stresses serve also to
transfer outward the excess angular momentum of the disk plasma, allowing its further accretion.

The usual assumption in most treatments is that all energy involved in the transfer of angular
momentum is dissipated locally. However, one should note that since angular momentum cannot
be destroyed and since essentially all the disk kinetic energy is stored in its angular motion, none of
that energy could be dissipated. However, viscous stresses can dissipate circulation and presumably
it is the dissipation of circulation that powers the observed radiation of accretion disks. Because in
axisymmetry circulation has the same form as the non-dissipative angular momentum, one can
speculate that the observed presence of dissipation in accreting objects involves non-axisymmetric
fluid modes.

A further simplifying assumption generally made in modeling accretion disks is that the dissipated
energy is thermalized, i.e., that the disk particles achieve a thermal distribution of temperature
determined by energy balance, with the emitted radiation being of black body form. This then can
determine the disk temperature radial profile: In steady-state disks (mass flux Ṁ independent of time
and radius) the local energy dissipation per unit area is proportional to 3GMṀ/8R3; setting equal
to σT4 (black body emission), implies a disk temperature dependence T ∝ R−3/4, with a multi-color
flux density Fν ∝ ν1/3 photons cm−2 s−1 (R denotes the cylindrical radial coordinate along the disk
equatorial plane and r the spherical coordinate).

The innermost disk temperature can be estimated assuming that the emitting surface is roughly
πr2

ISCO (ISCO is short for the innermost stable circular orbit; for a Schwarzschild black hole
rISCO � 3RS � 106 M0 cm, where RS = 2GM/c2 is the Schwarzschild radius and Mn = M/10n M
 is
the black hole mass in 10n solar masses). An estimate of the disk highest temperature, then, requires
a value of the disk luminosity. Because the maximum luminosity of an accretion powered source
is generally considered to be the object’s Eddington luminosity, LEdd � 1.3 × 1038 M0 erg/s, the
corresponding maximum disk temperature is T � 107.5 M−1/4

0 K = 105.5 M−1/4
8 K. The fact that

quasi-thermal, multi-colo features at the corresponding temperatures were observed at approximately
these energies in galactic XRBs and AGNs have established the SS73 disk as a ubiquitous structure in
both these classes of sources.

However, besides these quasi-thermal, multi-color spectral components it was established, that a
large fraction of these objects’ luminosity is shared by a spectral component of power-law form that
extends to energies E � 100 keV, clearly inconsistent with that of thermal radiation by an accretion disk.
In analogy with the Sun, this component was then attributed to the presence of a hot (T ∼ 108–109 K)
corona, overlaying the accretion disk [3]. Again, in analogy with the solar corona, this was proposed
to be powered by magnetic fields that thread the accretion disk and dissipate part of its energy in this
hot corona, which then Compton-scatters the disk thermal radiation to produce the observed high
energy photons.

The advent of observations and data accumulation, then, established that the ratio of luminosities
of these major accretion disk spectral components is not random but varies in a systematic way,
generally with the contribution of the quasi-thermal disk component increasing with the objects’
bolometric luminosity (a proxy for the accretion rate Ṁ) and that of the harder, power-law one
waning. Thus, for AGN (where the multi-color component referred to as the Big Blue Bump (BBB) is
in the UV/Optical band, well separated from the power-law X-ra component) it was found that
the logarithmic flux slope between the UV (2500 Å) and 2 keV X-ray fluxes, the so-called αOX
parameter, increases (in absolute value; it becomes more negative) with increasing source luminosity [4].
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A similar correlation appears to be present in XRBs between their multi-color disk component and
their power-law X-rays (see [5] for a review). The reason for the observed correlation (Figure 4 of
[4]), is not clear (we will present an account in Section 4). Another open issue is the geometry of
the X-ray emitting plasma relative to the BBB component. Earlier models based on emission by
a magnetically powered corona, assumed that the X-ray emitting plasma was overlying the BBB
emitting thin accretion disk. However, issues concerning the cooling of the corona electrons [6], and
the corresponding variability due to reprocessing of the X-rays on the thin disk [7], appear to require
refinement of this geometric arrangement.

Accretion disk theory got a big boost in the 90’s with two significant developments: (i.) Balbus and
Hawley [8] showed that a fluid rotating with angular velocity Ω and threaded by poloidal magnetic
field is stable if dΩ2/dr > 0 (in disagreement with Rayleigh criterion for unmagnetized flows that
demands d(Ω2r4)/dr > 0). According to this criterion, Keplerian accretion disks are unstable, with
the magnetic field acting as the agent that helps mediate the transfer of angular momentum necessary
for accretion to take place (for a pedagogical discussion of this instability and why it does not reduce
to the Rayleigh criterion as the magnetic field goes to zero see [9,10]). (ii.) Narayan and Yi [11,12]
produced models of accretion disks that are optically thin and geometrically thick (h � R), supported
at each radius by the pressure of ions, referred to as Advection-Dominated Accretion Flows (ADAF).
The rotational velocity of these disks is sub-Keplerian with vr � vφ <∼ vK.

The reason the ADAF disks are thick is that the proton cooling time (assuming they achieve
at some radius r their virial temperature, i.e., kTp � GMmp/r, heated both by the dissipation of
the azimuthal motions and the pdV work of accretion) through Coulomb collisions with the cooler
electrons, is longer than the local viscous time scale, which for h � R is only α times longer than the
free fall time t f f � R/vr. Such thick flows, are therefore possible only for tcool > tvisc. As shown in
Section 2.2, the condition tcool > tvisc reduces to a condition involving just the normalized accretion
rate (see Section 2) ṁ < α2. It is interesting that this condition involves neither the mass of the object M
nor the radius of the flow x (see however [12] for a weak x−dependence), implying that such flows are
self-similar and scale free if expressed in normalized parameters. Flows with ṁ < α2 , if they start hot
(i.e., with virialized protons), they will remain so all the way to the horizon of the accreting body with
their azimuthal and radial velocities a fraction of the Keplerian one (vφ � vr ∼ 0.7vK). Because their
disk height h � R, they resemble spherical accretion; also, because their cooling time is longer than the
advection time onto the accreting object, their radiative efficiency is reduced by a factor tvisc/tcool ∼ ṁ
and the accretion luminosity L is no longer simply proportional to ṁ but to ṁ2. As such they are
referred to as either ADAF or RIAF (Radiatively Inefficient Accretion Flows).

The great advantage offered by the ADAF paradigm is that it provides the hot electrons demanded
by the hard X-ray observations of (galactic and extragalactic) black holes as a result of the general
accretion flow dynamics, rather than as a corona, unrestricted by the dynamics of accretion and
introduced so that it would accommodate the observations. The notion of ADAF, then, led to a hybrid
picture for the spectral decomposition of galactic binary X-ray sources [13] (see Section 2.2).

Besides the above features, ADAF have an additional distinct property: Their Bernoulli integral,
Be, the sum of their kinetic, thermal and potential energies per unit mass is positive, a fact noted in the
original references on the subject [11,12]; therefore, these flows provide for the potential presence of
outflows that are apparently ubiquitous in accretion powered sources [14] (this is not the case in SS73
disks whose internal thermal energy is radiated promptly away resulting in Be < 0). The reason for the
positivity of Be was elucidated in a (very important in this author’s opinion) paper by Blandford and
Begelman [15]: The viscous stresses that transfer outward the fluid’s angular momentum, so that it is
allowed to sink deeper into the gravitational potential, transfer also mechanical energy (see Section 2.1);
while in an SS73 disk this energy is radiated away on time scales shorter than its viscous time scale,
in an ADAF it remains stored in the fluid for longer time, that being reason behind the positivity of Be.

The solution of the conundrum, offered in [15], is that the excess energy and angular momentum
are expelled off the disk in the form of a wind providing thus a combination of advection-dominated
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inflow - outflow solutions (ADIOS). This leaves the disk with less matter to accrete but with matter that
it is now bound gravitationally, i.e., with Be < 0. As a result, the accretion rate ṁ is no longer constant
but depends on the (normalized) radius x = r/RS, i.e., ṁ = ṁ(x) (RS is the black hole Schwarzschild
radius). The authors of [15] did provide simple models of radius dependent winds with mass flux of
the form ṁ(x) ∝ xp and 1 > p > 0. The positive value of p implies that these flows eject to a wind
most of the mass available for accretion at their outer edge, thereby the name ADIOS.

The structure of this article is as follows: In Section 2 we give a brief review of the structure
of accretion disks and the modifications and effects introduced by the notion of ADAF and ADIOS.
In Section 3 we outline the X-ray spectroscopic observations and indicate that they support winds and
accretion disks of the form of ADIOS; we present and discuss the results of photoionization calculations
of ADIOS-like MHD winds, to show they are consistent with the X-ray absorber observations.
In Section 4 we indicate how these winds can reproduce the trend in αOX on luminosity in AGN
and conclude in Section 5 with a brief summary of these results and conclusions.

2. The Physics of Accretion Disks

2.1. The Structure of Accretion Disks

The structure of accretion disks is given by the transfer of angular momentum, hydrostatic
equilibrium in the direction perpendicular to the disk plane and the mass and energy flux conservations.
Finally, the disk spectrum is computed assuming that all energy released locally is dissipated and
emitted in black body form.

i. Hydrostatic equilibrium: This assumption of a thin disk implies

dP
dz

= −ρ
GM
r2

z
r

or
P
h
� ρ

GM
r2

h
r

(1)

upon setting ΔP ≈ P and Δz ≈ h ≈ z

P
ρ
� c2

s � GM
r

h2

r2 = V2
K

h2

r2 � Ω2h2 (2)

where Ω, VK are the disk Keplerian frequency and velocity; then the disk height read h � cs/Ω, where
cs � (P/ρ)1/2 is the sound speed in the disk.

ii. Angular Momentum Conservation: If J̇ = Ṁ(GMr)1/2 is the rate at which angular momentum
is transported inward at radius r by the accretion of matter at accretion rate Ṁ, and J̇I = Ṁ(GMrI)

1/2

the rate at which angular momentum accreted onto the black hole at its innermost, stable, circular
orbit radius (ISCO) rI = 3RS (RS is the black hole Schwarzschild radius), their difference implies the
presence of a torque T = trφ(2h · 2πr)× r = J̇ − J̇I , which transfers their difference outward. In this
expression trφ is the viscous stress (i.e., the force per unit area in the φ−direction) and 2h the total
thickness of the disk. It is generally assumed [2] that the viscous stress is proportional to the local
pressure P, so that trφ = α P with α < 1.

Angular momentum conservation then leads to the expression for the stress trφ

2htrφ =
Ṁ

2πr2 (GMr)1/2
[

1 − ζ
( rI

r

)1/2
]
=

Ṁ
2πr2 (GMr)1/2 J(r) (3)

The term in square brackets indicates the fact that matter freely falls onto the black hole for radii
r < rI with ζ = 1 if the torques are also zero at the same point.

With the above expression for the stresses, one can then compute the heat generation rate per
disk unit area, 2Q (Q is the emission from each side of the disk), considering that the energy so
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generated per unit volume is ε̇ = 2trφσrφ, on substituting 2h trφ from Equation (3) above, with
σrφ = (3/4)Ω = (3/4)(GM/r3)1/2. So,

2hε̇ = (2htrφ)(2σrφ) = 2Q =
3Ṁ

4πr2
GM

r
J(r) (4)

Therefore, the heat generated from a radius r1(
 rI) to infinity is

2Qtot(r1) =
∫ ∞

r1

2hε̇ 2πr dr � 3
2

Ṁ
GM
r1

(5)

One should note that gravitational energy V from infinity to r1 is released at a rate GMṀ/r1,
but because of the virial theorem, 2T + V = 0, only half of this can be converted to heat, with the rest
remaining as orbital energy (T = V/2). Thus, the rate at which gravitational energy is converted into
heat is GMṀ/2r1.

The difference between the above expression and that of Equation (5) is provided by the viscous
stresses which transport outward not only angular momentum but also energy at a rate [16]

Ė = ΩT = Ω2πr2 2htrφ =
GMṀ

r1
J(r1) �

GMṀ
r1

(r 
 rI) (6)

As noted in [15], this is an important issue because in cases that the energy transferred by viscous
stresses cannot be radiated away on a viscous time scale (e.g., ADAF), it leads to positive Bernoulli
integral. Flows in 2D (i.e., r, φ) with Be > 0 would not be then possible to accrete. To remedy this
situation, [15] proposed that the excess energy and angular momentum escape in the θ-direction in the
form of a wind, thereby allowing matter in the disk to flow to the compact object. Because the disk span
a large number of decades, the authors of [15] provided simple wind models with wind mass flux Ṁw

depending on the radius e.g., Ṁ = Ṁ(r) ∝ rp, 0 < p < 1, i.e., with mass flux increasing with radius;
this should not be surprising, considering that so does the disk specific angular momentum. Therefore,
as matter accretes through the disk, it also “peels-off" in a wind away from the disk plane, carrying
away the excess disk angular momentum and torque - transferred energy from its inner sections,
setting the disk Be to a negative value, while at the same time reducing the mass flux remaining in
the disk to be accreted onto the compact object (the notion of a decreasing mass flux in the disk goes
against the overwhelming majority of works on the subject). The outward increasing mass flux of these
winds has significant observational consequences that appear consistent with observations [17,18].
We propose that this last fact is responsible for much of the AGN and XRB phenomenology, as it will
be discussed below.

2.2. General Accretion Disk Scalings

It is instructive to present the accretion disk equations in dimensionless form, as this makes
apparent the dependence of their properties relative to their natural units, most notably their accretion
rate in terms of the Eddington accretion rate and the Schwarzschild radius. Normalizing the disk
radius r by RS, i.e., setting r = x RS, and its accretion rate by the Eddington accretion rate, i.e., setting
Ṁ = ṁ× ṀEdd, with ṀEdd = LEdd/c2 = 2π mp cRS/σT ∝ M, the hydrostatic equilibrium and angular
momentum transfer equations (Equations (2) and (3)) can be both solved for the disk pressure P to
obtain (bearing in mind the prescription trφ = αP)

P = ρ
GM
r2

h2

r
=

mpc2

2
n(x)x−1

(
h
r

)2
(7)
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Ṁ

4πhα

(GMr)1/2

r2 J(r) =
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σT RS
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2
√

2α
(8)
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with J(x) = 1 − (3/x)1/2, and following the arguments given in the introduction we assume that the
accretion rate ṁ is also a function of the radius x.

From the above equations one can obtain an expression for the disk density n(x)

n(x) =
ṁ(x)
σT RS

x−3/2
( r

h

)3 J(x)
21/2α

(9)

and for the energy emitted per unit disk area (from one of its sides)

Q =
3

8π

GMṀ(r)
r3 J(r) =

3
4

mp c3

σT RS
x−3ṁ(x)J(x) (10)

The total luminosity can be obtained by integrating the above expression over the surface of the
disk 2πr dr from rI to infinity, i.e., (one must use 2Q to take into account both sides of the disk)

L =
∫ ∞

rI

(2Q) 2πr dr =
GMṀ

rI

(
3
2
− ζ

)
=

π mpc3

σT

RSṁ(x)
xI

(
3
2
− ζ

)
(11)

It is generally assumed that the pressure P is given either by the sum of gas and radiation pressures,
each becoming dominant at different radii of the disk and for different values of the accretion rate
ṁ(x). Each such approximation leads to different run of the disk parameters with the radius x (see [19]
for a detailed study). At present we will include also magnetic pressure. For simplicity, herein we
will assume only gas and magnetic pressures Pg, PB, with the magnetic pressure being dominant (see
also [20]) and the stresses being again proportional to α(Pg + PB). The presence of three components of
the magnetic stresses makes the problem necessarily more complicated; however, we will consider here
only their contribution to the vertical disk structure. The inclusion of magnetic field contribution in the
disk vertical structure divorces the disk height from the local plasma temperature, thereby allowing
transitions between hot and cool states as implied by observations and detailed in the next subsection.

Even at this simplified approach, the system likely entails far more detail than presented herein
(e.g., field annihilation on an equatorial current sheet). Our simplified model averages all that over the
disk height. Then the total pressure, in conjunction with the hydrostatic equilibrium expression, reads

P =
B2

φ(x)

4π
+ n(x)mpc2

s = ρ(x)
GM
r3 h(x)2 (12)

where cs(x) is the sound speed of the gas. Considering that B2
φ/4πρ(x) = V2

A with VA the Alfvén
velocity, and that GM/r = V2

K, the disk Keplerian velocity, the hydrostatic equilibrium condition reads

h2

r2 =
B2

φ

4πρV2
K
[1 + β(x)] =

V2
A

V2
K
[1 + β(x)] (13)

where β(x) is the usual gas-to-magnetic pressures parameter of the plasma.
From mass conservation (bearing in mind that, as discussed above the accretion rate depends on

the radius r),
Ṁ(x) = 2πhr n(x)mpVr (14)

and employing Equation (9), we obtain an expression for the radial flow velocity Vr

Vr

c
=

1
x1/2

(
h
r

)2 α

J(x)
or

Vr

VK
�

(
h
r

)2 α

J(x)
(15)
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Considering that the viscous time scale

tvisc �
r2

ν
� r

Vr
� RS

c
x3/2

( r
h

)2 J(x)
α

(16)

(with ν the coefficient of viscosity), the above expression implies ν � r Vr � hVA[1 + β(x)]1/2, which if
VA is replaced by the disk thermal velocity we obtained the standard result of ν � h cs.

Finally, assuming proportionality of the magnetic field with the pressure P one can employ the
equation of hydrostatic equilibrium and the expression of Equation (9), to obtain the scaling of the
magnetic field Bφ, i.e.,

B2
φ

4π
� n(x)mpc2

2
1
x
=

mpc2

σT RS

ṁ(x)
2

x−5/2
( r

h

) J(x)
α

(17)

and from that an expression for the Alfvén velocity; then one can easily see that the scaling of the rate
at which magnetic flux is annihilated at the disk plane, B2

φVA, is very similar to that of Equation (10),
suggesting that magnetic field annihilation could be the major contributor of accretion disk dissipation.

2.3. On ADAF and the Black Hole States

The introduction of Advection-Dominated Accretion Flows [11,12] brought a totally different
perspective in accretion flow physics from that of the standard Shakura-Sunyaev [2]. Accretion flows
are now allowed to be thick (h � r), with their ion temperatures Ti ∼ mp(GM/r) 1. The radial force
balance is now effected not only by the centrifugal force Ω2r, but also by the gradient of the radial
pressure, and the value of Ω is below its Keplerian value ΩK. At the same time, the gas is also heated,
in addition to viscous stress heating, also by the radial compression of the flow; this alone leads to
a temperature T ∝ n(x)(γ−1), which for adiabatic index γ = 5/3 and density n(x) ∝ x−3/2, leads
to T ∝ 1/r and combined with viscous heating implies Ω2 ∝ (5γ − 3)/r3 → 0 as γ → 5/3, i.e.,
it precludes rotation of the flow [15]. This issue is circumvented (see [11]) by including the magnetic
field contribution to the plasma pressure, which reduces the effective γ below the value 5/3.

As noted in [11], the presence of an ADAF, i.e., a flow with h � r implies that the plasma remains
hot, close to its virial temperature on time scales longer than its accretion time scale. Therefore,
demanding its cooling time through Coulomb collisions, tcool ∼ 1/n(x)σTc be longer than its viscous
(or flow) time scale of Equation (16) implies

RS
c

x3/2
( r

h

)2 J(x)
α

<
RS
c

1
ṁ(x)

x3/2
(

h
r

)3 α

J(x)
or (18)

ṁ(x) < α2 (19)

assuming in the last step that h � r and J(x) � 1, i.e., x 
 3. Thus, the presence or not of an ADAF
depends on a single, global condition on the normalized accretion ṁ and it is independent of the flow
radius x or the mass of the system M. This provides a huge economy of assumptions in interpreting
the spectra of accreting black holes, of wide applicability because of the mass independence of this
criterion. However, while these flows are mass scale invariant they are of reduced radiative efficiency:
Because the viscous time scale is ṁ(< 1) times shorter than the radiative time scale, the power of
viscous dissipation, released to heating the protons (same as in the SS73 disks), is advected into the
black hole before it can be radiated away; the radiated power then ṁ time smaller than that produced

1 The electron temperatures are also hot, but their temperature is determined from the balance between Coulomb heating by
the much hotter ions and the cooling processes that produce the observed X-ray emission; the cooling of electrons with
Te ∼ 109 K becomes faster than their heating by protons of any temperature and limits their temperatures at the smallest
flow radii to roughly this value.
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by viscous dissipation. So for ADAF the expression for the luminosity of Equation (11) should be
L ∝ RSṁ(x)2 ∝ ṁ(x)2 M, rather than L ∝ ṁ(x) M that is the case with the standard disks.

The possibility offered by ADAF, namely to include the high energy (E > 2 keV) emission of
AGN and XRB as an integral part of the global accretion dynamics, has led to models that combine
an SS73 disk at large radii (to produce the quasi-thermal component generally present in the spectra)
with a transition of the flow to an ADAF at a radius r < rtr that accounts for their high energy X-rays.
This way, one could reproduce the entire spectrum with a single accretion flow [13]. To account for the
increasing dominance of the quasi-thermal disk component with the source luminosity, observed in
individual XRBs on increase of their bolometric luminosity and in AGN statistically (by the variation
of their αOX index with luminosity [4]), they proposed that the transition radius, rtr, decreases with
increasing luminosity. While appealing at first sight, these models vitiate the ADAF dependence of the
single global ṁ. It is also hard to see how a cool, thin outer disk will convert into an ADAF at r < rtr;
finally, it is also not obvious why rtr would decrease with source luminosity. Some of these issues will
be discussed in Section 4 with consideration of radius dependent accretion rates.

3. Accretion Disks Winds: An AGN Rosetta Stone?

The launch of HST, Chandra and XMM-Newton, ushered a new era in the study of accreting black
holes and especially AGN. These observatories discovered that � 50% of AGN exhibit blue-shifted
absorption features in the UV and X-ray spectra [14], presumably a manifestation of the presence of
winds that are ubiquitous in accreting black holes. Of particular interest are the absorption features
of their X-ray spectra, because they span a large range in velocity (v ∼ 0.5 c to v � 300–500 km/s)
and in ionization states of the plasma (from Fe XXVI to Fe II, much larger than their UV counterparts;
the power of X-ray spectroscopy lies in that in the span of 1.5 decades in energy it encompasses ions
that span 5 decades in ionization parameter ξ). These absorption features are thought to be the result
of a wind photoionized by the AGN continuum and are broadly referred to as Warm Absorbers (WA),
because of the inferred temperature of the corresponding plasma.

3.1. X-Ray Absorbers: Their Phenomenology and Implications

Considering that the observed winds are photoionized by the radiation of a point-like X-ray source
and that we observe the radiation along a pencil beam from the X-ray source to us, the absorption
spectra should probe the continuum of velocities, v(r), columns, NH(r), and densities, n(r), of the
outflowing plasmas and the continuum of ionization parameter ξ = L/n(r)r2 = L/NH(r)r along the
observer’s line of sight (LoS). Therefore, measurement of the absorption depth i.e., equivalent width
(EW), (and also the velocity width if possible) of a transition, known to exist at a given range in ξ,
provides the local wind column, NH (and velocity), while its ξ−value (for the observed NH and L)
provides a measure of the distance of the given ion from the ionizing source, along the observer’s LoS .
Observations of NH , ξ for multiple ions can then be inverted to probe the wind density (and velocity)
structure along our LoS.

This was in essence the approach of Behar and collaborators, ([21], hereafter HBK07) and ([22]
hereafter B09). In these two important papers, HBK07 and B09 introduced what they called the
Absorption Measure Distribution AMD ≡ dNH/d log ξ, namely the Hydrogen equivalent column of
an ion, NH , per log ξ. Assuming a power-law functional dependence of NH on ξ, namely NH ∝ ξα,
they produced a global fit of the detected, distinct ionic species of as many different elements as the
observations allowed, to obtain a value for α. (Figure 1(Left)). It is important to note that for a spatially
smooth outflow, this relation implies a power-law density dependence on the wind along the observer’s
LoS, i.e., n(r) ∝ r−s, with s and α related via s = (2α + 1)/(α + 1). The values of α were found to be
α � 0 − 0.3, implying s � 1 − 1.24 and NH ∝ r−s+1 ∝ r0 − r0.24, a very weak r-dependence.

71



Galaxies 2019, 7, 13

 1e+14

 1e+15

 1e+16

 1e+17

 1e+18

-1  0  1  2  3  4  5
 10

 100

 1000

 10000
10

4
10

5
10

6
10

7
10

8
10

9
10

10

III VI

X XIII
XVII XX

XXV

XXVI

(b) 30 (deg)

Ir
o

n
 C

o
lu

m
n

 
Δ

N
F

e 
[c

m
-2

]

» Distance x (r/rs) 

L
o

S
 W

in
d

 V
e

lo
c
it
y
 

v 
[k

m
 s

-1
]

Ionization Parameter  log(ξ[erg cm s
-1

]) 

W
ind V

elocit
y

Fe
out

0.5

v   ~ ξ    (model)

Figure 1. (Left) The AMD of IRAS 13349+2438 (from [21]) determined independently from the
transitions of each element and ionization state shown. The weak dependence of NH on ξ is apparent.
(Right) The ionization structure of Fe for a model with s = 1 and θ = 30 deg. The ionization state of Fe
decreases with increasing distance; however, the maximum NH of each ion remains roughly constant
(from [17]). Also shown is the wind velocity with distance, indicating that lower ionization ions have
lower velocities.

The broad range in ξ (∼ 5 decades) and the almost ‘flat’ NH − ξ relation observed, preclude
that the WA outflows be driven by radiation pressure or X-ray heating; such winds, because they are
launched from regions of limited size, Rl , they produce, at distances a few (∼ 10) times Rl constant
mass flux and velocity, resulting in density n(r) ∝ 1/r2 and NH ∝ r−1, in gross disagreement with
observation; in their accelerating phase, their density dependence is a steeper function of r n(r) ∝ r−3,
implying that their ξ should decrease with r and so should their velocity, v(r), while their column
should be larger at smaller r. All these dependencies disagree with observation.

To interpret the AMD relation and the WA observations of HBK07 and B09, Fukumura, Kazanas
and collaborators [17,18] (FKCB10a,b) concluded that these winds must be two dimensional (2D),
launched across the entire disk domain. Motivated by these considerations they computed the
photoionization of the self-similar 2D MHD winds of Contopoulos & Lovelace ([23] hereafter CL94).
These are 2D winds, generalizations of those of Blandford & Payne [24]. Because of their broad radial
extent, they offer the possibility of a wide range of ξ; indeed the winds of CL94 provide radial density
profiles of the form n(r) ∼ r−s (s � 1), v(r) ∝ r−1/2, consistent with the values inferred from the
AMD analysis.

The winds of [24] imply radial density profiles n(r) ∝ r−3/2 which are too steep to be
consistent with the WA data; however, the broad range of their launching radii has prompted several
authors [25,26] to employ them in modeling the AGN UV and optical line profiles.

3.2. The Wind Scaling Relations

The results of FKCB10a, though motivated by specific AGN, are quite general: The MHD Accretion
disk winds, whose local velocities scale with the Keplerian (see CL94), are self-similar if the radius
r is normalized to the BH Schwarzschild radius RS (x = r/RS, RS = 3M km, with M ≡ (M/M
)),
their velocity to c (v(x)/c = x−1/2) and the mass flux rate Ṁ to the Eddington rate, i.e., ṁ = Ṁ/ṀE,
ṀE ≡ LE/c2 (LE � 1.3 × 1038M erg s−1 is the Eddington luminosity). So mass conservation in
physical and dimensionless units reads respectively

Ṁ(r, θ) ∼ n(r, θ) r2 v(r) or ṁ(x)M ∝ n(x)N (θ) x2M2 x−1/2 . (20)

with N (θ) � e5(π/2−θ) (see Figure 2(Left) of FKCB10a). The density normalization is such that
(integrated over θ) n(x � 1)σTRS � τ(x � 1) ∼ 3 105MσT n(1) � ṁ0, with ṁ0 the (normalized) mass
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flux at the smallest wind radius (x >∼ 1). For a density profile such as that obtained from fits to the
AGN WA, namely for n(x) ∝ x−s we obtain,

ṁ(x) � ṁ0x−s+3/2 and NH(x) ∝ N (θ)ṁ0 x−s+1 (21)

The relations of Equation (21) then suggest that for s � 1 the wind mass flux increases with radius
like x1/2, while the column is roughly constant independent of the distance, in agreement with the
properties of ADIOS [15].

The wind ionization parameter ξ, can also be cast in dimensionless units: If η, (� 10%) is the
radiative efficiency of the accretion process, then the luminosity L can be written as L � 1038η ṁa M
erg/s (ṁa is the dimensionless accretion rate onto the BH to produce the luminosity L), yielding the
for ξ

ξ(x) � L
n(r)r2 � ηṁa

NH(x)x
� 108 η

fw N (θ)

S(νion)

x−s+2 erg cm s−1 (22)

where fw = ṁ0/ṁa (∼ 1) is the ratio of mass flux in wind and in accretion at the smallest radii and
S(νion) is a factor that determines the ionizing fraction of the bolometric luminosity produced by
accretion onto the BH, related to the AGN αOX .

With respect to Equations (21) and (22), that provide the expression for the winds’ mass flux,
column and ionization, one should note that: (a) They are independent of the BH mass M and as such
they could apply to an accreting black hole of any mass [27]. (b) The wind column NH depends mainly
on the dimensionless mass flux at the smallest radii ṁ0 and, depending on the value of s, it has a
weak dependence on the (dimensionless) distance from the black hole x; however, it has a very strong
dependence on the observer inclination angle θ giving the wind the toroidal appearance implied by
the AGN unification scheme. (c) The wind ionization parameter ξ is independent of both ṁ and M
and depends only on the (dimensionless) distance from the black hole x and the observer inclination
angle θ. However, the wind’s ionization structure and appearance (i.e., the velocities of its absorption
features and the angular dependence of their column) depend crucially on the fraction of ionizing
photons in the spectrum S(νion) (αOX serves as its proxy in AGN) [18] and N (θ).

Our basic premise is that these winds are launched across the entire disk extent with velocities
v(x) ∝ x−1/2, in all accreting BH; as a result, the scalings discussed above should also correlate with
the velocities of observed absorption features. In AGN with high X-ray content (Seyferts) the wind’s
inner region is fully ionized out to x >∼ 103, resulting in the occurrence of the highest ξ (∼ 104, 105)

absorption transitions (Fe XXV, Fe XXVI) at v ∼ cx−1/2 ∼ 10, 000 km/s; in the lower X-ray content
BAL QSOs, the fully ionized region is much smaller (x ∼ 10 − 30) and the corresponding velocities
much higher (v ∼ 0.3c; APM 08279+5255) [18,28]; finally, in galactic XRBs with S(νion) � 1 the wind is
ionized out to x >∼ 105 and the absorber velocities are v ∼ 300 – 1000 km/s [27], in agreement with our
scalings.

We have discussed in this section the mass scale invariance of the MHD winds and the dependence
of their obscuration (i.e., NH(x, θ), ξ(x, θ)) and their absorber velocities on sources’ content of ionizing
radiation and the wind mass flux. To close the gap in AGN (or XRB) phenomenology, one is left with
finding a relation between the AGN (dimensionless) accretion rate ṁ and the X-ray content, or broadly,
the relative strengths of the BBB and the X-ray emission. This is discussed in the next section.

4. Accretion Disk Spectral Energy Distributions (SEDs)

It was shown above that the disk wind density profiles implied by the X-ray absorber observations
are of the form n(x) ∝ x−s, with s � 1. However (see Equation (21)), for winds with s < 3/2 the wind
mass flux increases with radius, implying that the disk accretion rate must decreases toward the BH! ; as a
result, only a small fraction of the available mass accretes onto the black hole [15]. Most importantly,
if below some radius, xtr, the local accretion disk rate drops below the critical rate ṁ � α2 (α is the
disk viscosity parameter), then (see Equation (19)) the disk can potentially make a transition to an
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ADAF flow [11], in fact an ADIOS; this hot (T � 109 K) segment occupies the AGN innermost region
and constitutes the site of X-ray emission, in agreement with the X-ray variability properties and the
microlensing observations.

However, the condition of Equation (19) for the presence of an ADAF is necessary but not
sufficient. One must still address the issue of heating up the "cold" protons of the outer part of the disk
to their virial value, at r < rtr. In the absence of a more detailed theory, we propose here that their
heating takes place at the equatorial current sheet of the accretion disk. The current sheet dissipation
can provide energies for protons (and electrons) close to their virial one; the ability to retain these
energies sufficiently long to affect the disk structure depends on the disk average density at this specific
radius, i.e., on the local value of ṁ. Therefore, the picture of black hole states envisioned in [13] can be
realized for accretion disks with variable (in r) accretion rates.

In Figure 2(Middle,Right) below we show the SEDs of two AGN: the Broad Line Seyfert 1 (BLS1)
galaxy NGC 5548 [29] and that of the Narrow-Line Seyfert 1 (NLS1) PG 1244+026 [30]. These exemplify
the drastically different SED distributions of these two Seyfert galaxies, even though they both belong
to the same broad AGN category. Their most obvious difference is that of the relative importance of
their BBB (Optical-UV) and X-ray emissions. The bolometric luminosity of NGC 5548 is dominated
by the X-ray emission, while that of the PG 1244+026 by the UV one. Considering that it is broadly
assumed that the BBB emission comes from a disk that terminates in the ISCO, one would expect that
emission to be always the dominant one.

We propose that this distinctive difference is related to the radius–dependent mass accretion rate
of their corresponding disks, effected by the presence of MHD winds which remove progressively most
of the mass available for accretion as the disk plasma sinks toward the black hole. As we noted earlier
when, at some transition radius rtr, the local accretion rate becomes smaller than α2, the disk transits to
an ADAF (or rather an ADIOS) state for radii r < rtr, while maintaining the standard SS73 disk form
at r > ttr. Considering that at its r < rtr segment, where the X-rays are produced, the luminosity has
smaller efficiency with ṁ, i.e., LX ∝ ṁ(r)2 vs. LUV ∝ ṁ(r) for r > ttr, but it is produced at a deeper
gravitational potential, their relative ratios will depend on the transition radius rtr. Furthermore, as the
global mass flux, i.e., that provided at the outer edge of the accretion flow, ṁ(x), and the ensuing
luminosity increase, the transition radius rtr will shift to smaller r, with the importance of the thermal
component increasing, as suggested by [13] in their attempt to account for the XRB spectral evolution.

With the above qualifications and assumptions, we can express quantitatively the relative
importance of the BBB and X-ray components in the AGN spectra. We assume, to be specific, that the
index s � 1, so that xtr is given by the expression

ṁ(xtr) = ṁ0 x1/2
tr � α2 (23)

Then from Equation (11) we obtain the following expressions of L(x > xtr) and L(x < xtr)

L(x > xtr) ∝
∫ ∞

xtr

ṁ(x)
x

J(x)dlnx ∼ ṁ0

x1/2
tr

[
1 − ζ

2

(
xI
xtr

)1/2
]

(24)

L(x < xtr) ∝
∫ xtr

xI

ṁ(x)2

x
J(x)dlnx ∼ ṁ2

0

[
ln

(
xtr

xI

)
− 2ζ + 2ζ

(
xI
xtr

)1/2
]

(25)

One should note that the ratio R of these two luminosities is proportional to 1/α2:

R =
L(x > xtr)

L(x < xtr)
=

1

ṁ0 x1/2
tr

(
P1
P2

)
=

1
α2

(
P1
P2

)
(26)

with the last equality because of Equation (23) and with P1, P2 the values of the square brackets in
Equations (24) and (25) respectively.
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Figure 2. (Left) The ratio R of the thermal (BBB) to the X-ray bolometric luminosities as a function
of the transition radius xt from the SS73 to the ADAF disk regime. (Middle) The νFν spectrum of
NGC 5548 (from [29]) indicating a slight dominance of the X-ray luminosity, implying for this case that
xt >∼ 100. (Right) Same as (Middle) but for the NLS1 PG 1124+026 (from [30]); in this case the BBB
component is dominant implying xt <∼ 5.

Figure 2(Left) depicts the ratio R as a function of the transition radius xtr, for xI = 1.5, ζ = 1
and α = 1/3.2 Of interest in this figure is the value of xtr � 100 for which R � 1, because this sets
the size of the disk at which the cool/thin disk quasi-thermal luminosity matches that of the harder
radiation produced in the advection-dominated accretion flow section. This will then correspond to
the spectrum of NGC 5548 of Figure 2(Middle). On the other hand, the spectrum of PG 1124+026,
implies xtr � 3 − 5, consistent with the larger ṁ associated with NLS1 galaxies. The spectra are also
steeper, considering that the transfer of proton energy to electrons is not very efficient in the narrow
range of radii that the ADAF flow is allowed in this AGN.

5. Discussion, Conclusions

We described above that the multidimensional phenomenology associated with the appearance
and spectral distribution of AGN (and XRB) can be reduced to a small number of dimensionless
global parameters of these systems, most notably the dimensionless accretion rate ṁ and their disk
inclination angle θ. The underlying black hole mass, while important in providing a scale of the
absolute luminosity for a given ṁ, it is also important in determining the temperature of the thermal
BBB component of the accretion disk; however, this effect is only weakly dependent on this mass
(∝ M−1/4), it is well understood and largely under control. Apart from this component, the rest
of the accretion disk and wind properties (ionization, column density, velocity) appear to be mass
independent. While many details remain elusive, the radial dependence of the disk accretion rate,
implied by the apparent increase in the wind mass flux with radius, is the crucial novel notion in this
analysis. It is this notion that allows for a coherent picture of their combined X-ray–UV–Optical spectra,
with the relative importance and spatial location of these components strongly dependent on the value
of ṁ as described and in good agreement with observation. Finally, the angular dependence of the
MHD winds, implies a strong dependence of their properties on the disk inclination angle, a feature
generally known as AGN Unification. While some reasons for the inferred increase in the disk wind
mass flux with distance are given above, the detailed underlying physics of this most important issue,
namely the connection the disk structure with the wind properties is still not entirely clear. We hope
that this note will motivate a more focused activity on this issue. Perhaps the generation of magnetic
flux near the disk inner edge by the Cosmic Battery effect [32–34] plays a role in this respect.

2 While this value may appear too large, one should note that [20], argue that for disks at which the pressure is dominated by
magnetic fields α = 1/

√
3, while [31] in their study of shear-box simulations with a net magnetic flux find α � 1 for disks

with gas to (poloidal) magnetic pressure, greater than 0.01.
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We have refrained in this note from discussing the line emission in AGN. This constitutes an
entire subject onto itself. We believe that it is relevant to the issues discussed herein because the plasma
responsible for the absorption will also produce line emission. Actually, the X-ray absorbers that
motivated our work probe only a small fraction of the entire wind phase space, namely the small pencil
beam from the X-ray source along the observer’s LoS; the AGN line emission provides information
about the entire phase space of these winds; it remains to be seen whether it is consistent with the
ideas promoted herein. There is clearly more work to be done; we believe that our work points to the
correct direction.

Finally, the issue of MHD winds discussed in the previous sections, while focused on radio quiet
AGN, is also relevant to the physics of radio loud ones, in particular blazars. The reason for that is
that these winds, of columns that depend mainly on ṁ, reprocess and isotropize the disk radiation so
that it can be reprocessed by the relativistic jet propagating along the disk axis as “External Inverse
Compton” γ-rays. In a recent publication [35] we showed how the blazar phenomenology, known
as the “blazar sequence” can be reproduced by variation of a single parameter, that again being ṁ,
indicating an underlying economy of parameters across the entire field of AGN physics.
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Abstract: Disk accretion onto black holes is accompanied by collimated outflows (jets). In active
galactic nuclei (AGN), the kinetic energy flux of the jet (jet power or kinetic luminosity) may exceed
the bolometric luminosity of the disk by a few orders of magnitude. This may be explained in the
framework of the so called “cold” disk accretion. In this regime of accretion, the disk is radiatively
inefficient because practically all the energy released at the accretion is carried out by the magnetized
wind. This wind also provides efficient loss of the angular momentum by the matter in the disk. In this
review, the physics of the accretion driven by the wind is considered from first principles. It is shown
that the magnetized wind can efficiently carry out angular momentum and energy of the matter of
the disk. The conditions when this process dominates conventional loss of the angular momentum
due to turbulent viscosity are discussed. The “cold” accretion occurs when the viscous stresses in
the disk can be neglected in comparison with impact of the wind on the accretion. Two problems
crucial for survival of the model of “cold” accretion are considered. The first one is existence of the
magnetohydrodynamical solutions for disk accretion purely due to the angular momentum loss by
the wind. Another problem is the ability of the model to reproduce observations which demonstrate
existence of the sources with kinetic power of jets 2–3 orders of magnitude exceeding the bolometric
luminosity of disks. The solutions of the problem in similar prescriptions and numerical solutions
without such an assumption are discussed. Calculations of the “unavoidable” radiation from the
“cold” disk and the ratio of the jet power of the SMBH to the bolometric luminosity of the accretion
disk around a super massive black hole are given in the framework of the Shakura and Sunyaev
paradigm of an optically thick α-disk. The exploration of the Fundamental Plane of Black Holes
allows us to obtain semi empirical equations that determine the bolometric luminosity and the ratio
of the luminosities as functions of the black hole mass and accretion rate.

Keywords: MHD–accretion; accretion discs–jets; AGN

1. Introduction

Classical works on the physics of accretion [1–3] laid the foundations of the theory of disk accretion
onto relativistic objects, neutron stars and black holes. In the model of Shakura and Sunyaev [3]
(hereafter, SS model), every particle loses angular momentum due to viscous stresses arising in a
turbulent plasma. In the geometrically thin and optically thick accretion disks, all the gravitational
energy released at the accretion is carried out by radiation.

The bolometric luminosity of a disk accreting onto a nonrotating black hole can be represented
as Lbol = ηṀc2, where Ṁ is the rate of accretion, c is the speed of light and η is the efficiency of
transformation of the rest of the mass into the radiation during the accretion onto a Schwarzschild
black hole η ≈ 0.1. It is also convenient to work with the dimensionless mass of the black hole
m = M/M
, where M
 is the solar mass, and dimensionless luminosity expressed in units of the
Eddington luminosity LEdd = 4πGmp Mc/σT , where G is the gravitational constant, mp is the proton
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mass, and σT is the Thomson cross-section. At Eddington luminosity, the force arising in Thomson
scattering of photons of radiation on an electron equals the force of gravitational attraction of the
proton compensating the electric charge of the electron. Correspondingly, the Eddington accretion
rate is introduced as ṀEdd = LEdd/ηc2. Dimensionless accretion rate ṁ = Ṁ/ṀEdd. In the standard
SS disk, accretion Lbol/LEdd = ṁ.

Observations of AGNs revealed rather dramatic deviations of the theory from reality. The galactic
center of our galaxy Sgr A* is especially interesting in this regard. Sgr A* is surprisingly faint despite the
rich gas reservoir in its immediate surroundings that should provide a high accretion rate. The accretion
onto the SMBH in the Galactic center should be Ṁ ∼ 10−6 M
/year [4] at Bondi radius. For the mass
of SMBH, M = 4 × 106 ṀEdd = 0.072 M
/year giving the accretion rate ṁ ∼ 10−5. However, the
bolometric luminosity is no more than ∼1036 ergs−1. This corresponds to Lbol/LEdd = 2.5 × 10−9,
which is 3–4 orders of magnitude below the value that should be expected in the standard SS disk.
This is not an isolated case.

The faintness of Sgr A* led to the development of theoretical models with radiatively inefficient
accretion flows (RIAFs). One of the models is the advection dominated accretion flow (ADAF) [5],
in which the low luminosity is explained by the combination of a high ratio of radial to tangential
gas velocities, and the decoupling of hot protons and cold electrons in low density gas. However,
this solution has numerous problems both in the assumptions used and in comparing with the
observations. For example, the presence of the magnetic field in the accreted material violates one
of the basic assumptions of ADIOS that radiation efficiency of the disk is low [6]. The detection of
linear polarization and the low electron densities estimated from the Faraday rotation measure rules
out the large accretion rate of the standard ADAF model. This led to the development of convection
dominated accretion flow models (CDAFs) [7,8], which favor lower accretion rates and shallower
density profiles. The last set of models are models with substantial mass loss like advection-dominated
inflow–outflow solutions (ADIOS) [9–11] or jet models [12,13].

While astrophysicists tried to explain the low luminosity of disks, another spectacular property
was discovered. Accretion at a low rate is accompanied by an impressive phenomena, which was
not expected in the standard models. X-ray binaries and AGN produce jets, well collimated flows of
plasma, propagating on a large distance from the source. It has been found that power of the jets from
AGN is often much greater than the bolometric luminosity of the disk. For example, the famous galaxy
M87 is a characteristic example of an AGN with a very large kinetic luminosity ∼1044 erg/s [14,15] in
comparison with the bolometric luminosity of the disk not exceeding 1042 erg/s [16]. The example of
M87 is also not an isolated case.

It is necessary to keep in mind that estimation of the kinetic and bolometric luminosities of the
jets is not a simple task for observers. Starting with the paper [17], jet power in radio galaxies and
quasars were estimated using energetics and lifetimes of extended double radio sources. The ratio of
kinetic-to-bolometric luminosity can be estimated also from radio and X-ray data. The works [18–24]
argued that the radio and X-ray luminosities are likely to be related to the kinetic and bolometric
luminosities, respectively. Exploration of these methods shows that, in a large fraction of AGNs, the jet
kinetic luminosity exceeds the bolometric luminosity [25–31].

Other estimates follows from gamma-ray astronomy. The jet power in 191 quasars detected by the
Fermi Large Area Telescope (LAT) in gamma rays, systematically exceeds the bolometric luminosity [32].

Indirect evidence of high kinetic luminosity of an outflow exceeding the bolometric luminosity
is provided by observations of the Galactic Center in TeV gamma-rays [33]. To explain the observed
diffuse flux of the VHE gamma-rays from the Galactic Center region, the production rate of protons
accelerated up to 1 PeV should be ∼1038 erg/s. Assuming that the accelerator of protons is powered
by the kinetic energy of the outflow (a wind or jets) from the SMBH in the Galactic Center (Sgr A*),
even in the case of 100% conversion of the bulk kinetic energy to non thermal particles, the kinetic
luminosity of the outflow would be two orders of magnitude larger than the bolometric luminosity of
Sgr A*, which is estimated to be close to 1036 erg/s [34].
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Sometimes, the jet power exceeds the Eddington limit. Observations of the very powerful and
bright in gamma-rays AGN 3C 454.3 during the outbursts of this object show that the apparent
luminosity in GeV gamma-rays could exceed 1050 erg/s [35–38]. The mass of the black hole in
this AGN is estimated in the region (0.5–4) × 109 M
. Thus, the Eddington luminosity is in the
range of (0.6–5) × 1047 erg/s. Because of the Doppler boosting effect, the intrinsic gamma-ray
luminosity of this source is much smaller, by several orders of magnitude, than the apparent luminosity.
However, the estimates of the jet kinetic luminosity in any realistic scenario give a value exceeding
the Eddington luminosity [39]. In general, the estimates of the bolometric and kinetic luminosities
are model dependent [40]. Nevertheless, it is unlikely that the estimated values differ from the actual
values more than an order of magnitude. Therefore, it is difficult to avoid a conclusion that some
AGNs demonstrate extremely high kinetic luminosities of jets which are not only above the bolometric
luminosity, but in some cases can exceed the Eddington luminosity of the central SMBH.

Compilation of data about X-ray binaries and AGN results in the following general picture.
At high accretion rates, the accretion occurs in accordance with the SS model. The disk is bright
and there is no (or there is only weak) evidence of jets [41]. At accretion rate ṁ < 10−2 − 10−1, the
disk becomes radiatively inefficient and accretion is accompanied by powerful jets. This picture is
a challenge for astrophysicists. It is necessary to answer two key questions. The first one is why
the accretion process is radiatively inefficient at low accretion rates and why jets with the kinetic
luminosity exceeding the bolometric luminosity are produced in this regime of accretion and are not
produced at high accretion rates (or are produced with low efficiency).

The problem of low radiative efficiency of disks is conventionally explained by accretion in
ADAF mode. In the standard SS model, the accreting material is cooled efficiently. All the energy
released through viscosity is radiated. The accreted gas is much cooler than the local virial temperature.
The orbiting material has a vertical thickness much smaller than the radius. However, if the cooling is
not able to keep up with the heating, then a part of the released energy will have to be advected with
the accreted gas. The gas has a higher temperature, but lower luminosity than in the SS disks. The
analysis of this kind of flow resulted in a model of geometrically thick but optically thin disks with
suppressed bolometric luminosity of the disk [5]. In these disks, the height of the disk is of the order of
the radius while the radial velocity of the accreted matter is higher than in the SS model. The density
of matter in the disk appears much lower than in the SS disk. If the free–free processes dominate in the
emissivity of the disk, this results in strong reduction of radiation from the disk. Only a small fraction
of the released gravitational energy goes into radiation. ADAF is a very inefficient regime of accretion
regarding transformation of the gravitational energy of the accreted material into radiation or energy
of jets. The major part of the energy is advected into the black hole and goes into increasing of its mass.

However, ADAF does not solve the problem with energetics of jets. This model needs an
additional source of energy to energize them. A rotating (Kerr) black hole can supply the jets by the
energy of rotation. A Kerr black hole placed in an external magnetic field makes it co-rotate, producing
an effect similar to the rotation of the pulsar magnetosphere. This results in an extraction of rotational
energy and angular momentum from the black hole which is carried out by an electron–positron wind.
This is the so called Blandford and Znajek effect [42]. Estimates made by Blandford and Znajek have
shown that the energy of the outflow is small compared with the radiation from conventional SS
disks. However, this is valid only if we consider moderate rotation and conventional values of the
magnetic field according to the SS model. A new model of a Magnetically Arrested Disk (MAD) has
been introduced in the work [43]. This model is based on the assumption that the interstellar magnetic
field ∼μG is dragged to the center by the converging accreting plasma like it was shown in [44] to the
level where the magnetic field disrupts the disk. The value of the magnetic field in this case essentially
exceeds the conventional magnetic field in SS disks. Numerical simulations in fully 3D geometry show
that the energy flux in the outflow from the black hole can achieve a value of the order 3Ṁc2, provided
that the black hole rotates close to the maximal possible angular momentum [45].
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Thus, one of the possible models able to explain the energetics of accretion and outflow from AGN
needs the following set of assumptions. It is necessary to assume that accretion occurs in the ADAF
regime, that the main source of energy of jets is the energy of rotation of the black hole rotating close
to the maximal limit and finally that accretion results in the formation of the Magnetically Arrested
Disk (MAD) in its inner part. In this review, an alternative approach to the problem of disk accretion
is discussed. In the alternative approach, the only available energy of AGNs including jets is the
gravitational energy released in the accretion.

In conventional theories of disk accretion, turbulent viscous stresses provide loss of the angular
momentum of the accreted matter. However, the angular momentum and rotational energy can be
lost due to another mechanism. Wind from a rotating magnetized object can carry away its angular
momentum and rotational energy. Starting with the classical work of Parker [46], it was clear that all
main sequence stars, including the Sun, eject matter in the form of winds. Schatzman [47] proposed
that as the winds contain a frozen-in magnetic field that goes back to the star, the angular momentum
loss is leveraged many times. The importance of stellar winds in extracting angular momentum from
main sequence stars was recognized by Mestel [48,49]. Pulsars also lose their energy of rotation due to
a similar mechanism. The wind of electron–positron plasma produced in the pulsar magnetosphere
carries out all the rotational energy of the pulsar. It is important to pay attention that the loss of the
angular momentum is accompanied by a corresponding loss of the energy of rotation without essential
heating of the stars and pulsars. In the case of accretion disks, we are sure that they produce outflows
in the form of magnetized winds and jets. It is natural to assume that, in addition to the loss of the
angular momentum due to the viscosity, the matter in the disk loses its angular momentum due to
the magnetized wind. This idea was first formulated by Blandford and Payne [50]. Pelletier and
Pudritz [51] pointed out that the loss of the angular momentum due to the wind can dominate over
the loss of the angular momentum due to the viscosity under rather conventional conditions. Later,
this idea has been explored in many works of the Grenoble group [52–55], which called this type of
flow around black holes Magnetized Accretion–Ejection structures (MAES). Several other authors over
the years explored similar approaches in different physical contexts [56–60]. In the last works of the
Grenoble group [61,62], the radiation from the Jet Emitting Disks (JED) is discussed in the context of
X-ray binaries. Starting with our first work [63] devoted to the same problem, we focused on the fact
that these disks can be the key to the solution of the problem of high ratio of the kinetic luminosity of
the jets over the bolometric luminosity of the disks. Actually, Ferreira and Pelletier [53,55] noted much
earlier that, under conventional conditions, the jet can carry out almost all the angular momentum
and energy from the accretion disk. Due to this, the radiation from the disk appears suppressed and
we arrive to another model of a radiatively inefficient disk. However, unlike ADAF, in this case, the
system black hole and the disk is a very efficient system. It transforms almost all the energy released
at the accretion in to the kinetic energy of jets. In this case, we have Lkin/LEdd ≈ ṁ. No additional
sources of energy are necessary.

The review is based mainly on the results obtained in the National Research Nuclear university
(MEPHI), although a lot of results have been obtained earlier by the Grenoble Group (see Refs. [52–55]).
We acknowledge this in the appropriate places.

2. Magnetic Field of the Disk and Wind

Assumed Structure of the Magnetic Field in the Disk

In the case of ideal plasma (viscosity and electric resistivity are neglected), the magnetic field is
determined by advection of the field lines by the accreted plasma to the center. This process was firstly
considered in [64]. However, the matter in the disk is evidently not ideal. Turbulence produces rather
strong turbulent viscosity and electric resistivity. Therefore, the processes of diffusion of matter across
the magnetic field lines also take place in the disk. Moreover, the process of diffusion appears so strong
that prevents accumulation of the magnetic flux at the central part of the accretion disk what makes
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the operation of the Blandford and Znajek effect problematic [65,66]. Some ideas about how to avoid
this problem are discussed in [67,68].

The majority of the works devoted to the process of disk accretion consider the disk as a thin
layer of plasma penetrated by the field lines of one polarity. The value of the magnetic field and
magnetic field pressure is defined by two processes: by the process of advection of the field lines to
the disk center and by the process of diffusion of the field lines in the opposite direction. Equilibrium
of these processes provides a steady state structure of the magnetic field. This approach was used
by the Grenoble group starting with work [52]. However, there is a general understanding that
the process of disk dynamo plays a major role in the production of the magnetic field inside the
disk [69–73]. In addition, a quite specific dynamo mechanism can operate in the disks [74,75], although
they remain debatable [76].

The dynamo mechanism results in formation of small scale loops of the magnetic field which
basically defines the viscosity of the matter of the disk. Numerical simulations show that the loops
emerge on the surface of the magnetic field in accordance with the predictions made in [69], and
expand into surrounding space at the differential rotation of the field line foot points in the disk [77,78].
Pressure of plasma and centrifugal forces leads to the opening of the field lines and to the formation of
magnetized wind along open field lines. The schematic structure of the magnetic field lines inside and
outside the disk is shown in Figure 1. It is reasonable to consider the disk with the wind in the quasi
steady state. In this state, the average value < B2 > does not vary with time, while the time derivative
∂B
∂t �= 0. The average pressure of the magnetic field does not change with time, but the polarity of B

varies with time, so that the average over time value of B is equal to zero. This is valid for the magnetic
field inside the disk and for the magnetic field in the wind. The field lines of the wind of the opposite
polarities are separated by current sheets. We assume that, like in the case of the Sun, the process of
field annihilation due to field line reconnection in the current sheets takes place inside the disk and
corona, while, in the wind, the activity of the current sheets in the wind is suppressed. Therefore,
the dynamics of plasma in the current sheets can be considered in the ideal MHD approximation.
All the dissipative processes connected with the final electric conductivity and viscosity are neglected.
The current sheets in this approximation are MHD discontinuities with zero thickness. Observations
of a fine structure of the magnetic field of the solar wind support this assumption. The small scale
magnetic field of the coronal streamers produces multiple current sheets in the interplanetary space
that are observed even at the Earth orbit [79,80].

In this picture, the magnetic field in the wind changes with time. Although the magnetic pressure
can be constant in the steady state flow, the magnetic field permanently changes polarity because a
new magnetic field emerges from the interior of the disk and advection replaces the field lines of one
polarity with field lines of the opposite polarity. Nevertheless, the problem of the wind outflow with
such a magnetic field can be reduced to the problem of the wind outflow in the unipolar magnetic
field like it was done in the work [50].
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Figure 1. The structure of the magnetic field in the accretion disc and in the out flowing wind. The disc
is shadowed. The magnetic field lines in the disc are distributed chaotically. At the base of the wind
from the disc, all the magnetic field lines are opened. Their polarities are random. Therefore, the total
magnetic flux leaving one side of the disc equals zero. The box drawn in dashed thick lines is the region
of integration of conservation laws connecting the properties of the disc and the wind.

3. Basic Equations of the Accretion and Outflow

The flow in the disk has huge hydrodynamic and magnetic Reynolds numbers. This means that
the viscosity and electrical conductivity are determined by turbulence. The collisional viscosity and
electrical conductivity can be neglected. Therefore, we will start with the ideal plasma approximation.
The condition of ideality has the form

E +
1
c

v × B = 0, (1)

where E is the electric field, B—magnetic field and v is the velocity of the plasma.
The dynamics of plasma is defined by the momentum conservation equation having the following

form in the tensor representation [81]

∂ρvi
∂t

+
∂σik
∂xk

= −ρGM
Ri
R3 , (2)

where
σik = ρvivk + pδik −

1
4π

(BiBk −
1
2

B2δik). (3)

The second equation expresses the energy conservation in the form

∂W
∂t

+
∂qk
∂xk

= 0, (4)
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W = ρe + B2

8π is the sum of the thermal and magnetic field energy densities, and e is the thermal energy
per particle. We consider here only nonrelativistic flows. The term related to the electric field is omitted
in W. The flux of the energy density equals

qi = ρvi

(
w +

v2

2
− GM

R

)
+

c
4π

[E × B]i + Qi , (5)

where Qi is the density of the energy flux of radiation.
In Cartesian coordinates, the angular momentum vector is introduced as li = εimpxmρvp [82],

where εimp is the unit antisymmetric tensor. Application of this transformation to Equation (2) gives

∂li
∂t

+
∂mik
∂xk

= 0, (6)

where mik = εimpxmσpk. Projection of this equation on the z axis gives

∂lz
∂t

+
∂mzk
∂xk

= 0, (7)

where lz = ρvϕr and

mzk = ρvkrvϕ − 1
4π

rBkBϕ. (8)

The conservation equations for the matter and the magnetic fluxes are

∂ρ

∂t
+

∂ρvk
∂xk

= 0, (9)

and
∂Bk
∂xk

= 0. (10)

These equations are supplemented by the equation of induction

∂B

∂t
+ curlE = 0. (11)

4. Conservation Laws for the Disk

In this section, we obtain vertically integrated equations conventionally explored in the theory
of accretion disks. We study a steady state axisymmetric accretion and outflow. Because of turbulent
motion inside the disk, all variables vary in time on small time scales. Below, we consider equations
for ensemble-averaged variables. The ensamble is the large number of identical accretion disks. In the
steady state flow, these variables are constant in time. Averaging is expressed by the brackets < ... >.
Application of the averaging operation to the terms in the equations with time derivatives makes them
equal to zero.

Let us consider a control volume in the form of ring with rectangular cross section in the poloidal
plane as it is shown in Figure 1. The cross section is shown with a thick dashed line. The control
volume includes a fragment of the disk and corona. The upper and lower boundaries of the volume
are located at the base of the wind above the disc. All the magnetic field lines of the wind are rooted
here.

Integration of the equations over the control volume gives us the equations in integral form.
Conservation of the angular momentum, energy and mass are as follows:

∮
S
< mzk > dSk = 0, (12)
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∮
S
< qk > dSk = 0, (13)

∮
S
< ρvk > dSk = 0. (14)

Integration here is performed along a closed surface surrounding the volume. The surface consists
of the sides S1 at radius r1, side S2 at radius r2 and upper and down sides Sup and Sd. Integration gives

−
∫ h

−h
r2 < ρvϕvr > dz

∣∣∣∣
r1
+

∫ h

−h
r2 < ρvϕvr > dz

∣∣∣∣
r2

+
1

4π

∫ h

−h/2
r2 < BrBϕ > dz

∣∣∣∣
r1
− 1

4π

∫
r2 < BrBϕ > dz

∣∣∣∣
r2

+2
∫ r2

r1

(
r < ρvϕvz > − 1

4π
r < BϕBz >

)
Sup

r dr = 0.

(15)

Integration across the disc is performed in the interval on z from −h to h correspondingly at the
radiuses r1 and r2. Integrations along Sup and Sd are equal to each other because the vector dS and the
component of the velocity vz change sign simultaneously. Therefore, we simply double the integration
along the surface Sup. This equation can be rewritten in the form

−
∫ h

−h/2
r2 < ρvr >< vϕ > dz

∣∣∣∣
r1
+

∫ h

−h/2
r2 < ρvr >< vϕ > dz

∣∣∣∣
r2

−
∫ h

−h
r2(< δρvrδvϕ > − 1

4π
< BrBϕ >) dz

∣∣∣∣
r1
+

∫
r2(< δρvrδvϕ > − 1

4π
< BrBϕ >) dz

∣∣∣∣
r2

+2
∫ r2

r1

(
r < ρvϕvz > − 1

4π
r < BϕBz >

)
Sup

r dr = 0,

(16)

where symbol δ means deviation of the value from average. The term

tϕr = −(< δ(ρvr)δvϕ > − 1
4π

< BrBϕ >) (17)

is the efficient viscosity of the matter caused by the turbulent motion and magnetic fields inside
the disk.

Equation (16) is reduced to the differential form as follows:

∂

r∂r

(
r2(

∫ h

−h
Vk < ρvr > −trϕ) dz

)
|disc

+2r
(
< ρvϕvz > − 1

4π
< BϕBz >

)
|wind = 0.

(18)

The subscripts |disc and |winds denote the variables describing the disc and the wind at the base
(at the surface Sup). According to this equation, the angular momentum of the disc is carried out by
the out flowing plasma and by the magnetic stresses in the outflow. Introducing the accretion rate in
the disk as

Ṁ = −2πr
∫ h

−h
< ρvr > dz, (19)
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we finally obtain for conservation of the angular momentum of the disk the following equation

∂

r∂r

(
rVk Ṁ + 4πr2trϕh

)
|disc

−4πr
(

Vk < ρvz > − 1
4π

< BϕBz >

)
|wind = 0.

(20)

Everywhere below, we accept that the azimuthal velocity of the plasma in the disc < vϕ >= Vk,
where Vk =

√
GM/r is the Kepler velocity and the disk is geometrically thin with aspect ratio

h/r << 1. Similar manipulations with the energy conservation equation give the following equation

∂

r∂r

∫ h

−h/2
r
(
< ρvrw > +

< vrB2 >

4π
+

< ρvrv2 >

2
− < ρvr >

GM
r

− < Br(vB) >

4π
+ < Qr >

)
dz|disc

+2
(
< ρvz

(
w + v2

2
− GM

R

)
> +

c
4π

< [E × B]z > +Qz

)
|wind = 0.

(21)

In this equation, the term < ρvr
v2

2 > can be expanded as

< ρvrv2 >=< ρvrV2
k > + < ρvr2Vkδvϕ > + < ρvrδv2

ϕ > + < ρv3
r > + < ρvrv2

z >, (22)

taking into account that Vk 
 δvϕ, Vk 
 δvz and Vk 
 δvr, we remain with

< ρvrv2 >≈< ρvr > V2
k + 2Vk < ρvrδvϕ > . (23)

Starting at Ref. [3], it is assumed that the energy density of the chaotic magnetic field in the disk
is of the order of density of the turbulent energy, ρv2

t /2 ∼ B2/4π. Both of them are much less than
ρV2

k /2. These terms are also omitted in Equation (21). The term < Br(vB) > is expanded into

< Br(vB) >=< B2
r vr > + < BrBϕ > Vk+ < vzBzBr > . (24)

The term < BrBϕ > Vk is much larger than the remaining. We neglect them. For the same reasons,

< ρvz(
w + v2

2
) >≈< ρvz >

V2
k

2
. (25)

The z component of the Poynting flux

< [E × B]z >=< ErBϕ > − < EϕBr >, (26)

where Er =
1
c (vzBϕ − vϕBz) and Eϕ = 1

c (vrBz − vzBr). Keeping in Equation (26) the largest term, we
obtain that

< [E × B]z >≈ −Vk
c

< BzBϕ > . (27)

After substitution of all these equations into Equation (21) taking into account Equations (30)
and (19), we obtain the equation expressing energy conservation in the disk

1
r

∂

∂r

(
Ṁ(

V2
k

2
− GM

r
) + 4πrVktrϕh

)
disc

−4π

(
< ρvz >

(
V2

k
2

− GM
R

)
− Vk

4π
< BϕBz > +Qz

)
wind

= 0.

(28)
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The last equation is the matter conservation

∂

r∂r

(
r
∫ h

−h/2
ρvr dz

)
disc

+
(
2ρvz

)
wind = 0. (29)

Exploring definition (19), the last equation takes the form

∂Ṁ
∂r

− 4πrρvz = 0. (30)

Subtraction from Equation (28) of Equation (20) multiplied with the Keplerian angular velocity
Ωk = Vk/r results in the energy flux of radiation from one side of the surface of the disk being

Q = Qz = trϕrh
∂Ωk
∂r

(31)

like in the classical accretion disk of Shakura and Sunyaev [3]. Below, instead of Qz, we will use Q.

5. The Problem of the Wind Outflow

5.1. Invariance Principle

Below, we consider only axisymmetric flows when all the averaged variables do not depend
on the azimuthal angle. In this case, the problem of the wind outflow can be essentially simplified.
However, the problem of the plasma outflow in the poloidal magnetic field which changes polarity
remains too complicated. This problem can be simplified by reduction to the same problem in the
unipolar magnetic field.

It follows from equations of ideal MHD that the dynamics of plasma in ideal MHD is invariant in
relation to a reversal of the direction of the magnetic field lines in an arbitrary flux tube. This property
of ideal MHD flows was used for the solution of the problem of plasma outflow from pulsars [83].
This property was called the invariance principle.

The plasma flow in the nonrelativistic limit is described by the set of ideal MHD Equations (1),
(2), (4), (7) and (9)–(11).

Let us assume that we have some solution which is described by the functions B(r, t), ρ(r, t),
V(r, t) and P(r, t). It is easy to show that changing of polarity of the magnetic field ( and corresponding
electric field) in an arbitrary flux tube does not change dynamics of plasma.

Let us introduce a scalar function η(r, t) with the property that η = 1 everywhere except inside
the chosen flux tube where η = −1. This function satisfies the following two conditions:

B · ∇η = 0, (32)

and
∂η

∂t
+ V · ∇η = 0. (33)

The second equation is the consequence of Equations (1), (11) and (32). The value of η is advected
together with the plasma.

Then, the solution ηB(r, t), ρ(r, t), V(r, t) and P(r, t) also satisfies the system of Equations (1),
(2), (4), (7) and (9)–(11). Indeed, the tensor of the momentum flux density (3) is bi quadratic in relation
to the magnetic field. It does not change because η2 = 1. This means that the forces affecting the
plasma do not change with this transformation.

Let us consider how this principle operates in the most simplified model of the wind outflow
from the surface of a star. The distribution of the normal component of the poloidal magnetic field is
axisymmetric. In that case, we get the model with the axisymmetric wind. According to the invariance
principle, the change of the direction of magnetic field lines in some flux tube does not affect the
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dynamics of the plasma. Let us assume that we obtain a solution for the axisymmetric rotator, as shown
schematically in Figure 2a. Then, a reversal of the sign of some magnetic field lines in an arbitrary
poloidal flux tube gives us a solution which is not axisymmetric and non stationary, as shown in Figure
2b. This is a solution for the plasma outflow from a rotator with axisymmetric B2 at the surface but with
a magnetic spot of the opposite polarity on the upper hemisphere. Figure 2b shows the cross-section of
such a magnetic field by the poloidal plane. The stream lines are the same as for the axisymmetric case.
However, the poloidal magnetic field changes sign in the magnetic spot corresponding to the flux tube
of the opposite polarity. The path of the field line in this flux tube in 3D is shown by a dashed line.
These spots propagate in the poloidal plane with the velocity of the plasma and hence the pattern is
non stationary. It is clear that the number of such magnetic spots and their position at the base surface
can be arbitrary.

(a) (b)

Figure 2. Plasma flow from an axisymmetric rotator with an initially split-monopole magnetic field,
as in (a). Reversing the direction of the poloidal magnetic field in an arbitrary flux tube does not change
the dynamics of the problem while we obtain the configuration shown in (b) which describes a non
stationary and nonaxisymmetric plasma flow from a rotator with a magnetic spot of opposite polarity
on the base surface. The distribution of such spots can be arbitrary.

Now, let us return to the accretion disk. In our model, the accretion disk can be considered as
a layer at the equatorial plane with thickness 2h. All magnetic field lines are open and chaotically
change polarity in the wind. The total magnetic flux penetrating in to the disk equals zero. This means
that the disk brings to the black hole zero total magnetic flux. The formation of such a wind has been
investigated numerically in [78]. This naturally solves the old problem which was pointed out in the
first works on the accretion of the magnetized plasma [44,64]. The magnetic flux of one polarity can be
accumulated at the center preventing the accretion. There is no chance to annihilate this flux due to
magnetic field reconnection. In our case, the situation changes dramatically. The magnetic flux can
fully annihilate near the black hole, where the geometrical scales become much smaller in comparison
with scales in the disk because the plasma is filled by a large amount of current sheets separating
flux tubes of opposite polarities. Reconnection of the field lines near the black hole horizon can be
accompanied by the sporadic ejection of mass of plasma.

The invariance principle allows us to essentially simplify the solution of the problem of the wind
outflow from the disk. According to this principle, we can replace the direction of all the field lines
making them unidirectional in every hemisphere. The dynamics of the wind does not change. After
that, we arrive to the wind outflow in the unidirectional magnetic field like in the pioneering work by
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Blandford and Payne [50]. This procedure is shown in Figure 3 and corresponds to the transition from
the upper to the lower panel.

Figure 3. The upper panel shows the structure of the magnetic field outside the disk. The magnetic
field lines (thin lines) leaving the disk from both sides chaotically change polarity. The flux tubes
of opposite polarities are separated by the current sheets (thick lines). This system of field lines is
compressed at the black hole horizon where an efficient reconnection takes place annihilating the
magnetic field. The replacement of the magnetic field lines leaving the disk by the similar lines of one
polarity does not change the dynamics of the wind and satisfy Maxwell’s equations. This allows us to
use the model shown in the lower panel where the magnetic field is unipolar.

5.2. The Role of the Azimuthal Electric Field in the Wind

In the limit of axisymmetric flow in the unipolar magnetic field, the azimuthal component of
Equation (11) and the frozen-in condition (1) for the same component give a couple of equations

∂

∂r
(rEϕ) = 0, (34)

and
Eϕ +

1
c
(vzBr − vrBz) = 0. (35)

The solution of Equation (34) results in

Eϕ =
A
r

, (36)

where A is some constant. This solution diverges at r → 0. It was pointed out in [84] that Eϕ is not
equal to zero at the accretion of an ideal plasma onto a gravitating center. Indeed, as it follows from
Equation (35), Eϕ at the base of the wind is equal to 1

c vrBz provided that vz → 0 at the center of the
disc. At accretion vr �= 0, there is thus Eϕ �= 0 as well. Thus, in the region of the accretion flow, Eϕ can
not be neglected because it is connected directly with the radial velocity of the plasma in the disc.
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As it follows from Equation (35) in this case, the velocity has a poloidal component v⊥ orthogonal
to the poloidal magnetic field line. The plasma in the wind is advected to the center together with the
matter in the disk. Nevertheless, this component of the electric field can be neglected when we consider
the dynamics of the wind under the condition v⊥ 	 v, where v is the full velocity of the plasma. If we
take into account that v ∼ Vk and that v⊥ = c Eϕ

Bp
the toroidal electric field can be neglected under

the condition
Bp0r2

0
Bpr2

vr(0)r
Vkr0

	 1. (37)

The value Bpr2 roughly equals the full flux of the magnetic field through the surface limited by

the field line. It can not change strongly along the field line,
Bp0r2

0
Bpr2 ∼ 1. Therefore, inequality (37) is

inevitably violated at the distance r 
 r0
Vk

vr(0)
. However, we do not care about validity of Equation (37)

in all of space.
In order to take into account the impact of the wind on the process of accretion, it is necessary

to calculate the product BzBϕ at the base of the flow. The flow of the wind does not depend on the
conditions down stream, the so called fast mode surface where the velocity of plasma equals the
fast mode magnetosonic velocity. To be more exact, this should be called the fast mode separatrix
surface [85]. However, the difference between them is not important for us here. Thus, the product
BzBϕ at the base of the wind is determined by the flow in the zone limited by the fast mode surface.
Therefore, the toroidal electric field in the wind can be neglected if

vr(0)RF
Vkr0

	 1, (38)

where RF is the radius of the fast mode surface.
This condition can be understood from another point of view. The equilibrium state in the zone

limited by the fast mode surface is formed during the time an MHD signal spends for travel from the
base to the fast mode surface ∼ RF/VF, where VF is the fast mode velocity that is close to the Alfven
velocity at the Alfven surface. At the Alfven surface, the velocity of plasma is ∼ Vk. The impact of
the advection of the matter in the disk on the dynamics of the wind can be neglected if the root of the
magnetic field line is displaced over the distance Δr 	 r0 during this time. In this case, we arrive at
the same Equation (38).

5.3. Along Field Line MHD Equations of the Wind

If the azimuthal electric field can be neglected, Eϕ = 0, then, according to Equation (35), the
poloidal velocity is directed along the poloidal magnetic field. In this case, we have

lp = ρrvp

(
vϕ − Bp

4πρvp
Bϕ

)
, (39)

for the angular momentum flux density along a poloidal filed line and

qp = ρvp

(
v2

2
− GM

R
− Ωr

Bp

4πρvp
Bϕ

)
(40)

for the energy density flux along a poloidal field line. If we take into account that the fluxes of the
angular momentum lpdS, energy qpdS, matter ρvp and magnetic field flux BpdS are conserved as it
is demonstrated in Figure 4, it can be obtained that the following two integrals of motion take place
along the field lines

rvϕ − rBpBϕ

4πρvp
= L, (41)
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and
v2

2
− GM

R
− Ω

rBpBϕ

4πρvp
= H. (42)

The first equation from this couple is the conservation of the angular momentum per particle L
and the second one is the conservation of the energy per particle H along a field line.

An additional consequence from Eϕ = 0 is that the poloidal electric field Ep is perpendicular to
the poloidal magnetic field Bp. In this case, Equation (11) gives that the product Epdl is conserved
along a field line, where dl is the distance between two neighbor field lines. If we take into account that
dS = 2πrdl, we obtain that Er = −rΩBz/c and Ez = rΩBr/c or Ep = rΩ

c Bp. The frozen-in condition
for the poloidal component of the electric field gives in this case that

rΩBp + vpBϕ = vϕBp. (43)

Combining Equation (43) with Equation (41) results in

rvϕ =
L − r2Ω

B2
p

4πρv2
p

1 − B2
p

4πρv2
p

. (44)

The denominator of this expression goes to zero at the Alfvenic point where vp = Bp/
√

4πρ.
The nominator of this expression must equal to 0 in this point to provide regularity of vϕ. From
this condition, we obtain that the momentum per particle equals L = Ω r2

A, where rA is the
cylindrical radius at the Alfvenic point where the plasma velocity equals the local Afvenic velocity
VA =

√
Bp/4πρ.

Taking into account that Bp/vp = Bz/vz in the wind, it is easy to determine that the product

rBzBϕ = −4πρvzΩkr2
0(λ − 1), (45)

at the base of the wind located at the radius r0. Following [54], λ = r2
A/r2

0.

dl1

dl2

Ep1

Ep2

r2

r1

Bp1

Bp2

Bp2

Figure 4. Fluxes of the magnetic field, matter, energy and angular momentum between any two close
field lines with the cross section dS = 2πrdl are conserved. The condition curl E = 0 gives that the
product Epdl, where dl is the distance between these field lines is also conserved.
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6. Disk-Wind Connection at the “Cold” Accretion

Taking into account the equation for mass conservation (30), the equations for angular momentum
conservation can be rewritten in the form

Ṁ
Ωk
2

+
1
r

∂

∂r

(
4πr2trϕh

)
|disc

+r < BϕBz > |wind = 0.

(46)

The energy conservation is fulfilled automatically provided that Equation (31) takes place.
It follows from Equation (46) that the impact of the wind on the dynamics of the wind is reduced to the
value of BϕBz,wind. We omit here brackets <> because in the steady state axisymmetric wind BϕBz,wind
is constant.

Taking into account Equation (45), Equation (46) can be rewritten in the form

Ṁ
Ωk
2

+
1
r

∂

∂r

(
4πr2trϕh

)
|disc

−4πρvzΩkr2
0(λ − 1) = 0.

(47)

This equation clearly demonstrates that every particle of the wind carries out an amount of the
angular momentum per particle equal to Ωkr2

0(λ − 1). In the case of purely hydrodynamical wind
(B = 0), this value equals 0 because λ = 1. The wind does not carry out any angular momentum from
the disk. The magnetic field dramatically changes the situation. Thanks to it, λ > 1 and every particle
of the wind carries out not only its own angular momentum, but also some fraction of the angular
momentum of the particles remaining in the disk. A natural question arises. At what conditions does
the wind carry out more angular momentum than it is transported outward by the viscous stresses?

As it was pointed out by [51], the momentum loss due to the wind will dominate the losses caused
by the viscous stresses provided that

4πrtrϕh 	 r2 < BϕBz > |wind. (48)

In the opposite case, we have the standard SS version of the disk accretion [3].
The physical sense of inequality (48) becomes clear if we note that according to the assumptions

of [3] and recent numerical simulations of the magnetic field generation [72]

− trϕ ∼ B2
disk

4π
, (49)

where the magnetic field Bdisk is taken inside the disk. We distinguish the magnetic field inside the
disk from the magnetic field at the base of the wind. In the works of the Grenoble group [53,54] and
other authors [58–60], these values are similar because the magnetic field vertically crosses the disk.
In reality, the magnetic field inside the disk can essentially exceed the field at the base of the wind [72].
The regime of “cold” disk accretion occurs when

θh
r

	 1, (50)

where

θ =
4πtrϕ

< BϕBz > |wind
∼ B2

disk
B2

wind
. (51)

For the geometrically thin disks with h/r 	 1, “cold” disk accretion certainly has room for
existence provided that θ is not extremely large.
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Dissipative terms defined by trϕ can be neglected in Equations (28) and (46) in the regime of cold
accretion. The equations for the angular momentum and energy conservation take the form

Ṁ
Ωk
2

+ r < BϕBz > |wind = 0, (52)

1
2

∂V2
k Ṁ
∂r

+ 4πrρvzH|wind = 0. (53)

The luminosity of the disk is determined by Equation (31).
Our approach to the problem of disk accretion due to the wind methodologically differs from

the approach used by the Grenoble group and other researchers. In the works of the Grenoble
Group, the accretion and outflow are considered as one self-consistent process using a self similarity
prescription. It was named Magnetized Accretion-Ejection structures (MAES) [52]. The advantage
of this approach is that, simultaneously with the solution of the problem of accretion, the structure
of the disk is determined. However, this is simultaneously a disadvantage because it is necessary to
strongly simplify the processes in the disk and neglect for example dynamo processes and remain in
the frameworks of self similarity prescriptions. Keeping in mind practically the same physical picture,
we follow another methodology. We separate the problem of accretion from the problem of internal
structure of the disk. The arguments in favor of this approach are the following.

The rate of the angular momentum loss by the disk due to the wind is determined by the product
BzBϕ at the surface of the disk or, equivalently, at the base of the wind. It is known from the theory of
MHD winds that, in order to solve the problem of the magnetized wind outflow from the surface of
the rotating object (in our case the surface of the disk), it is necessary to specify a certain number of
boundary conditions at the base of the wind [83]. At the base of the wind, the magnetic field pressure
dominates the gas pressure, vs 	 VA, where vs and VA are the sound and Alfvenic velocities. Therefore,
it is natural to assume that VA > vz > vs. This means that the mass flux density should be specified as
the boundary condition [83]. In addition, we have to specify as boundary conditions the temperature
of the plasma, the pressure, the normal component of the magnetic field Bz and the rotational velocity
of the object—five parameters in total. It is remarkable that the toroidal component of the magnetic
field Bϕ is determined from the solution of the problem of the wind outflow. This means that the
angular momentum loss of the disk can be determined by solving the problem of the wind outflow
only at the specified mass flux density distribution in the wind, temperature of the plasma, pressure,
and Bz at the base of the wind.

To determine these parameters, it is necessary to solve the problem of the internal structure of
the disk. At present, no convincing solution of this problem is obtained. Therefore, it is reasonable to
consider the disk as a layer which provides us, due to some processes, five parameters at the surface,
which are the functions of the coordinate at the disk surface. In the case of cold accretion, these
parameters reduce to two unknown parameters because temperature and pressure at the base of the
wind can be taken equal to 0 because, at the base, the gas pressure is much lower than the magnetic
field pressure. This is a so called cold wind. The angular velocity equals the Keplerian velocity of
the disk. We remain with two unknown functions: ρvz and Bz, which can be specified at the base of
the wind as boundary conditions for the problem of the wind outflow. Below, we will see that, in the
fully self-consistent solution, ρvz can not be an arbitrary function. This function is defined by the
distribution of Bz over the disk surface at the fixed Ṁ at the inner edge of the disk. Thus, the process
of cold accretion actually depends only on Ṁ at the inner edge of the disk and the distribution of Bz

over the surface of the disk.
The magnetic field at the surface of the disk is evidently limited from below. Our numerical

modeling of the self-consistent disk outflow shows (see below) that Bϕ ∼ Bz at the base of the wind.
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In this case, the disk accretion is possible if the magnetic field at the surface of the disk satisfies
the inequality

B2
z |wind >

ṀΩk
2r

. (54)

Basic Properties of the “Cold” Accretion

Equation (47) can be rewritten in the form

∂

∂r
(rVk Ṁ)− ∂Ṁ

∂r
rA(r)

2Ωk(r) = 0, (55)

where rA(r) is the Alfven radius of the force line rooted into disc at the point with radius r. The solution
of Equation (55) gives

Ṁ = Ṁedge exp
∫ r

rin

dr
2r(λ(r)− 1)

, (56)

where Ṁedge is the accretion rate at the inner radius of the disc rin.
Equation (53) also can be rewritten in the following form. Using Label (30), it is easy to obtain that

∂

∂r
ṀV2

k
2

∣∣∣∣∣
disc

+
∂Ṁ
∂r

Hwind = 0. (57)

We are interested in the solutions that allow particles to go to infinity from the disc. The necessary
condition for this is H > 0. This condition means that the energy per particle is positive. This is
necessary (but not sufficient) in order to have positive v2 at a large distance from the source.
The substitution of the explicit dependance (56) for Ṁ into Equation (57) results in

H = (2λ − 3)
GM
2r

= (2λ − 3)
V2

k
2

. (58)

This means that “cold” disk accretion is possible only at the magnetic field which satisfies the
condition λ > 3/2 first obtained in [50]. Equation (58) shows also that the energy of a particle in the
wind can essentially exceed the virial energy of the particle in the disk. Potentially, this fact gives us
the key to the solution of the problem of large Lorentz factors of the jets from AGNs. Kinetic energy of
the particles in the jets evidently strongly exceeds the virial energy of the particles at the last stable
orbit of the disk.

7. Self-Consistent Solution of the Problem

To make sure that the model of “cold” accretion can reproduce real processes of the disk accretion
onto a black hole, we have to obtain a convincing solution of the problem of self-consistent “cold”
accretion and to verify whether this model can give a ratio of the kinetic luminosity of jets over the
bolometric luminosity of the disk compatible with observations.

A lot of results in this regard have been obtained by the Grenoble Group. They used a self-similar
prescription of the solution and considered the problem of the disk structure, accretion and outflow
unified. The self-similarity imposes on the physics of the disk some extra demands, which do not
satisfy the full set of equations. Nevertheless, solutions obtained by the Grenoble Group support the
assumption that the process of accretion when the majority of the angular momentum of the accreted
material is carried out by the wind can be realized indeed [54].

To obtain solutions beyond the self-similarity limitations, we use another approach. As we already
discussed, we avoid consideration of the processes inside the disk. The disk is considered as a layer
with the zero thickness. The processes inside the disk provide the boundary conditions at the base
of the wind mass flux density ρvz and magnetic field flux Bz. Self-consistency of the outflow and
accretion means that the equation for mass conservation (30) and the equation for angular momentum
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conservation (52) are solved together with the full system of Equations (1), (2), (4), (7) and (9)–(11)
defining the flow of the wind from the disk. Below, we present in short the basic properties of solution
of the self-consistent problem in the self similar approximation and the numerical solution of the
problem without self similarity assumptions.

7.1. Basic Properties of Self Similar Solutions

The most comprehensive study of types of self similar flows has been investigated by the Grenoble
group [54]. The self similarity in the form proposed initially by [50] is used. In this kind of self similarity,
all the variables depend on the coordinates in the form

G(z, r) = rδG̃
( z

r

)
, (59)

where z, r are the cylindrical coordinates, and δ is the self similarity index.
The steady-state equations for an ideal, cold plasma (with pressure p = 0) (4), (7), (9)–(11) can be

rewritten in vector form as

ρ(v∇)v = − 1
8π

∇B2 +
1

4π
(B∇)B − ρ

GMR

R3 . (60)

According to the self similarity assumption, all the variables in these equations can be presented as

v(r, z) = r−δv ṽ(z/r),

ρ(r, z) = r−δρ ρ̃(z/r),

B(r, z) = r−δB B̃(z/r).

(61)

This representation of the variables says that they are scaled as the power law of r and all functions
depend on the angle ξ defined as tan ξ = z/r.

The superscripts δv, δρ, and δB are determined from the following conditions. Substituting of
Equations (61) into Equation (60) leads to the equations

2δB − δρ = 2δv = 1. (62)

It follows from them that
v(r, z) = r−1/2 ṽ(z/r),

ρ(r, z) = r−δρ̃(z/r),

B(r, z) = r−
(1+δ)

2 B̃(z/r).

(63)

It is evident that, in the self similar solution, λ is constant for all field lines. According to
Equation (56) the accretion rate in the disc varies with r as follows:

Ṁ = Ṁedge

(
r

rin

) 1
2(λ−1)

. (64)

This dependence was explored first in [52]. The combination 1/2(λ − 1) was called the ejection
index. Substitution of (64) into (30) taking into account (63) gives the following relationship between λ

and δ

δ =
3
2
− 1

2 (λ − 1)
, (65)

which has been first used in the work [54]. λ can change from 3
2 up to ∞. It is interesting that at the

same time the index of self similarity varies only in the limits between 1
2 and 3

2 .
It is interesting to compare this solution [63] with the classical solution of Blandford and Payne [50].

Their solution was not self-consistent. Equations (52) and (30) were not used. Therefore, index δ is
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not connected with λ by Equation (65). The scaling of the magnetic field and density was taken in the
form B ∼ r−5/4, ρ ∼ r−3/2 arbitrary as one of the possible scalings. The self similar solution for “cold”
accretion reproduces the solution of Blandford and Payne with additional connection expressed by

Equation (65). The scaling of the magnetic field depends on λ as B ∼ r−(5/4− 1
2 (λ−1) ) and density as

ρ ∼ r(−
3
2− 1

2 (λ−1) ). It is interesting to point out that observations show that the density of plasma in real
objects is more likely scaled with an index less than 3/2 [86], which can be explained by the fact that
λ �= ∞ or by deviation of the flow from self similarity.

There is another interesting result obtained in [63]. The solutions at relatively low λ = 25 in [63]
and λ = 30 in [50] are quite similar. All flow lines diverge from the axis experiencing slight collimation.
However, already at λ = 64, the solution obtained in [63] demonstrates perfect cylindrical collimation
of the flow to the rotational axis at a rather large distance from the disk. It would be important to
verify this result in the numerical solutions. This is one of the reasons why the numerical solutions of
this problem are of special interest for us.

7.2. Numerical Solution of the Self-Consistent Problem

In the numerical self-consistent solution, the equations for the mass and angular momentum
conservation ((30), (52)) are solved together with the full system of Equations (1), (2), (4), (7), (9)–(11)
determining the flow of the wind from the disk.

The problem of the flow of the wind is solved numerically by the method of relaxation explored
practically in all the numerical solutions of the problems of the wind outflow from astrophysical objects.
The dimension of the box of the numerical simulation was (1000 × 800) expressed in gravitational
radius rg = 2GM

c2 and is located above the equatorial plane. The disk and plasma are assumed to be
cold. The disk is located in the equatorial plane in the interval from 3 to 300 rg. The verification of the
solution and details of the solution of the problem by the relaxation method are presented in work [87].
Here, we focus on how to specify the boundary conditions at the disk in order to satisfy Equations (52)
and (30).

The basic steps of the solution of this problem are the following. Firstly, we specify the distribution
of Bz over the surface of the disk from Equation (54) as

B2
z,min =

1
2

ṀΩk
r

. (66)

For the calculations, we take the field three times higher than defined by (66).
After that, we specify the mass flux density j = ρvz,0 at the disk surface. The flow from the disk

is sub Alfvenic. The initial velocity of the plasma is below the local Alfvenic velocity. The initial
velocity at the disk is taken equal to vz,0 = 0.01 · Vk. The density in this case is equal to ρ0 = j/vz,0.
Equation (30) gives us the distribution of the mass loss rate along the radius of the disk r. However,
we do not know what will be the product Bz,0Bϕ,0 at the disk surface. While Bz is specified at the
disk, the component of the magnetic field Bϕ,0 is defined from the solution of the problem of the wind
outflow in all the computational domain. We stress that the product BzBϕ,0 is not a simple function
of j. It depends on the distribution j over all the disk rather than on the value of j at the same point.
Moreover, even if the solution of the problem of the wind outflow is solved, the obtained distribution
Bz,0Bϕ,0 will not satisfy the equation for angular momentum conservation (52). The solution is not
self-consistent in this case.

We propose the following iterative procedure [88].

1. The mass flux at the inner edge of the disk Ṁedge is specified and kept constant during
the modeling;

2. The initial distribution of the mass flux Ṁn(r) as a function of r is assumed. This is the iteration
number n = 0. The most simple assumption at n = 0 is Ṁn(r) = Ṁin. Thus, Ṁ0(r) is constant.
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3. The initial distribution of the mass flux from the disk (ρvz)n is specified. At n = 0, the distribution
of (ρvz)n is not connected with the accretion rate and the solution of the problem of the wind
outflow is not self-consistent with the process of accretion.

4. Internal iterations are performed. The objective of the internal iteration is to define the distribution
of j which fulfills the angular momentum Equation (52).They are indexed by an additional index
k. Therefore, the mass flux from the disk depends on two indexes and takes the form jn,k. At every
step k, the problem of the wind outflow is solved in all of the computational domains. The steady
state solution is obtained and thus we obtain new value of BzBϕ at the disk surface. Of course,
this value does not satisfy Equation (52) for the specified Ṁn. Here, we make the next step of the
internal iterations according to the following procedure. Let us introduce function

Φk = −2r5/2BzBϕ (67)

specified at the disk surface exploring the steady state solution in the computational domain.
The equation for the angular momentum conservation (52) is reduced to

Ṁ
√

GM = Φk(r). (68)

The new mass flux (ρvz)n,k+1 is defined by the equation

jn,k+1 =
Ṁn

√
GM

(δΦk + (1 − δ)Ṁn
√

GM)
jn,k, (69)

where δ is the parameter of relaxation. This step means that, if the Φ(r)k < Ṁn(r)
√

GM, then the
mass flux from the point of the disk with radius r increases and decreases if the opposite inequality
takes place. Finally, we find the distribution of the mass flux jn which satisfies Equation (52).
However, it still does not satisfy the conservation of the mass in the disk—Equation (30).

5. In this step, Equation (30) is solved taking the obtained mass distribution jn and boundary
condition Ṁ = Ṁedge at rin. We obtain a new distribution of the accretion rate Ṁn+1. This is the
external iteration. After that, the entire procedure is repeated.

As a result of this entire procedure, the steady state solution of the problem of the wind outflow
with boundary conditions, which satisfies Equations (52) and (30), is obtained. As an example of the
procedure, we present the results of three consequent external iterations (iterations on n). Figure 5
shows the distribution of Ṁn and Φ(n,k) at some n and k. This is still not a fully converged solution.
Nevertheless, there is a good coincidence of two curves at r < 200. At r > 200, the solution still has not
converged. Here, we demonstrate the largest problem of the proposed method. While the convergence
on the external iterations is rather fast, the internal iterations converge slowly. This happens for the
following reason. The reaction of the wind on the variation of the mass flux of the wind at the base of
the flow is delayed and this delay increases with r.

The toroidal magnetic field at the surface of the disk is defined by all the flow until the Alfvenic
surface. According to the theory of steady state magnetized winds, the toroidal magnetic field is
defined by regularity conditions at the Alfvenic surface [83,85]. Therefore, after variation of the mass
flux at the base of the flow, the information about this event should propagate to the Alfvenic surface
and return back to specify a new value of the toroidal magnetic field at the base. This delay can be
estimated as the time τ necessary for a signal to travel from the surface of the disk to the Alfvenic
surface. The signal propagates with the Alfvenic velocity VA = B√

4πρ
. Travel time is estimated as

τ ∼ RA/VA, where RA is proportional to r. Assuming that VA scales as r−1/2 like the Keplerian
velocity, τ scales as r3/2. Then, in our case, the relaxation time of the flow at the outer edge of the disk
exceeds the relaxation time at the inner edge by a factor of 1000. This explains the extremely slow
convergence of the flow to the self-consistent solution.
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Nevertheless, already obtained results convince us that the self-consistent solution of the cold
accretion exists not only under the self similar assumptions. Apparently, at the magnetic field
exceeding Bmin, it is possible to find a density of the mass flow from the disk that will satisfy
Equations (52) and (30) expressing mass and angular momentum conservation. This means that
actually the solution of the problem depends only on distribution of the normal component of Bz

over the surface of the disk and accretion rate at the inner radius Ṁedge. The mass flux distribution is
defined at the solution of the self-consistent problem.
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Figure 5. Distributions of Ṁn+1 (solid line) and Ṁn (dashed-dotted line) and Ṁn−1 in comparison
with Φn+1 (open circles) at some n.

8. Ratio of Kinetic to Bolometric Luminosity of the Disk

One of the main objectives of the model of the cold accretion is the explanation of the high ratio of
the kinetic luminosity of jets from AGN over the bolometric luminosity of the disks. Therefore, one of
the most important tests for the model is its ability to account for this ratio. In this section, we present
an estimation of this ratio. Energy dissipated in the disk is defined by Equation (31). This energy
is distributed among nonthermal and thermal radiation emitted by the disk. All together gives the
bolometric luminosity of the disk. The rate of dissipation (31) depends on the thickness of the disk.
Its calculation is possible only in a specific model of the disk structure. Here, we explore the SS model
of geometrically thin but optically thick disk [3]. In this model,

trϕ = −αρv2
s , (70)

where α is the viscosity parameter, and the height of the disk above equatorial plane h equals

h = r
vs

Vk
. (71)

Assumption (70) allows us to estimate the radial velocity of matter in the disk as follows

vr =
α

θ
vs . (72)

This velocity essentially exceeds the radial velocity of matter in the SS disk at θ ∼ 1 because of the
higher efficiency of the angular momentum loss. In accordance with the SS model, we assume that all
the dissipated energy goes into heating of the disk and finally is carried out by thermal radiation from
the disk surface.
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8.1. Thermal Radiation from the Disk during “Cold” Accretion

In [3], three regimes of disk accretion were considered: (a) the radiation pressure exceeding the
gas pressure and the Thomson scattering dominating over free–free absorption; (b) the gas pressure
dominating over radiation pressure but the Thomson scattering dominating free–free absorption; and
(c) the gas pressure dominating over radiation pressure and the opacity of the matter defined by
free–free absorption. We consider only the cases when gas pressure dominates over radiation pressure.
These are regimes (b) and (c). Below, we will see that, when radiation dominates, accretion proceeds in
the Shakura–Sunayev regime.

8.2. Scattering Dominating over Free–Free Absorption

Firstly, we consider the case when Thomson scattering dominates over free–free absorption
(Thomson regime). Radiation pressure Prad equals ε/3, where ε = bT4. The sound velocity is defined
as v2

s = kT/mp, where mp is the proton mass. According to [3], the heat conductivity of the disk is
defined by the transport of radiation. Then,

ε =
3
4

Qσu0

c
, (73)

where σ = 0.4 cm2/g is the Thomson opacity, and u0 = 2ρh. The rate of heating of the disk follows
from Equations (31), (51), (52) and equals

Q =
3θṀVkvs

16πr2 . (74)

We used here that h = vs/Ω. The solution of these two equations under assumption (70) yields
the temperature inside the disk

T =

√
3

4
√

π

(
θ2Ṁ2Vkσ

bαcr3

) 1
4

. (75)

The sound velocity equals

vs =
31/4

2(π)1/4

k1/2V1/8
k (θṀ)1/4σ1/8

m1/2
p b1/8α1/8c1/8r3/8

, (76)

and the density flux of radiation from one side of the disk is expressed as

Q =
35/4

32π5/4

(θṀ)5/4V9/8
k k1/2σ1/8

r19/8m1/2
p b1/8α1/8c1/8

. (77)

Let us express Ṁ = ṁṀEdd , the radius r in r = (3rg)x and the mass M in the solar masses
M = mM
. In these variables, we obtain

Q = 0.77 × 1023 (θṁ)5/4

m9/8x47/16α1/8 , erg/s/cm2. (78)

The integration of this expression over the disk gives the bolometric luminosity of the disk

Lbol = 0.84 × 1036 (θṁ)5/4m7/8

α1/8 , erg/s. (79)

The ratio of Lbol/LEdd is
Lbol
LEdd

= 6 × 10−3 (θṁ)5/4

(αm)1/8 . (80)
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The kinetic luminosity of the jets equals the total energy release of accretion. Therefore,

Lkin =
Ṁc2

12
= 1.4 × 1038mṁ, erg/s. (81)

Then, the ratio of the kinetic luminosity over the bolometric luminosity equals

Lkin
Lbol

= 170
(mα)1/8

ṁ1/4θ5/4 . (82)

The bolometric luminosity can be expressed in the conventional variables:

Lbol =
4
5

θṀVk0vs0, (83)

where Vk0 and vs0 are the Keplerian and sound velocities at the inner edge of the disk. Taking into
account that the kinetic luminosity

Lkin =
ṀV2

k0
2

, (84)

the condition Lbol/Lkin 	 1 becomes

8
5

θvs0

Vk0
=

8
5

θh
r

	 1, (85)

which practically coincides with the condition of applicability of the “cold” disk accretion
approximation defined by Equation (50). A similar condition has been obtained earlier in [55]. The
condition Lkin 
 Lbol indicates that accretion occurs in the “cold” regime.

The temperature in the disk

T = 2.5 × 107
√

θṁ
α1/4x7/8m1/4 , K (86)

is less than the temperature in the Shakura–Sunyaev disk [3] disk results in θ ∼ 1.
Let us calculate the ratio of radiation pressure over the gas pressure in the disk,

Prad
Pgas

=
3

32π

θṀσ

rc
= 0.85

θṁ
x

. (87)

This means that all our estimates are valid when 0.85θṁ < 1. Other disk parameters are estimated
as follows. The density equals

ρ =
1

2
√

3π

√
θṀV3/4

k mpb1/4c1/4

r5/4kα3/4σ1/4 = 0.6

√
θṁ

m3/4x13/8α3/4 , g/cm3. (88)

The aspect ratio of the disk is

h
r
= 3.7 × 10−3 (ṁθ)1/4x1/16

(αm)1/8 . (89)

The true optical depth τ∗ = √
σ · σf f · u0 of the disk is expressed as

τ∗ = 51(θṁ)1/8m3/16x5/32α−13/16, (90)
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where σf f = 0.11 · T−7/2n, cm2/g is the free–free opacity of the disk. The surface temperature of the
disk TS is defined from the equation bcT4

s /4 = Q and has the form

Ts = 5 × 106 (θṁ)5/16

m9/32x47/64α1/32 K. (91)

8.3. Free–Free Absorption Dominating over Scattering

Under the condition

4.6 × 10−3 (αm)1/10x23/20

(θṁ)
> 1 , (92)

free–free absorption exceeds Thomson scattering. Hereafter, we call this regime “free-free”. Similar
calculations yield the following temperature distribution inside the disk

T = 107 (θṁ)6/17

x12/17(α · m)4/17 K. (93)

The bolometric luminosity of the disk is

Lbol = 0.6 × 1036(θṁ)20/17m15/17α−2/17 erg/s, (94)

while
Lbol
LEdd

= 4.4 × 10−3 (θṁ)20/17

(αm)2/17 . (95)

The ratio of kinetic luminosity over the bolometric luminosity equals

Lkin
Lbol

=
228(αm)2/17

ṁ3/17θ20/17 . (96)

The full optical depth, the density of plasma and the aspect ratio of the disk are given by

τ = 93(θṁ)4/17m3/17x1/34α−14/17, (97)

ρ =
1.2(θṁ)11/17

(αm)13/17 · x61/34 g/cm3, (98)

h
r
= 2.5 × 10−3x5/34(θṁ)3/17(αm)−2/17, (99)

respectively. The dissipated flux of energy per unit square from one side of the disk is

Q = 5.2 × 1022 θ20/17ṁ20/17

m19/17x97/34α2/17 . (100)

Finally, the surface temperature is equal to

Ts = 5.5 × 106 (θṁ)5/17

m19/68x97/136α1/34 K. (101)

9. Comparison with the Fundamental Plane of Black Holes

The fundamental plane encapsulates the relationship between the compact radio luminosity, X-ray
luminosity, and the black hole mass, and provides a good description of the data over a very large
range of black hole masses. There are reasons to believe that the Fundamental Plane (hereafter, FP) of
black holes reproduces the actual relationship between the kinetic luminosity of jets and the bolometric
luminosity of the disks. In [29], the position of objects of different masses in the coordinates Lkin/Lbol
and Lbol/LEdd has been collected in one FP. If this is true, the FP can be used to extract information
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about the dependence of θ on ṁ and m. All data at the FP can be approximated by a power law
function of the form

log
Lkin
Lbol

= (A − 1) log(
Lbol
LEdd

) + B (102)

with A in the range (0.43–0.47) and B in the range from −0.94 to −1.37. For our estimates, the values
A = 0.457 and B = −1.1 around the average have been chosen.

If the empirical relationship (102) is valid, then

Lbol
LEdd

= 10−
B
A ṁ

1
A . (103)

We used here that Lkin/LEdd = ṁ in the regime of “cold” accretion. This semi empirical
relationship is very useful because it connects the bolometric luminosity of the disk with the accretion
rate directly. The equations defining Lbol and Lkin/Lbol obtained for A = 0.457 and B = −1.1 are
as follows:

Lbol = 3.6 × 1040mṁ2.19 erg/s , (104)

and
Lkin
Lbol

= 3.9 × 10−3ṁ−1.19. (105)

The empirical relationship (102) allows us to estimate θ. Obviously, a constant θ is not consistent
with observations. It must depend on ṁ and m. It is natural to assume that θ depends on ṁ as a
power law

θ = Dṁγ. (106)

In the Thomson regime,

X =
Lbol
LEdd

= 6 × 10−3 ṁ5(γ+1)/4D5/4

(αm)1/8 , (107)

and

Y =
Lkin
Lbol

=
168(αm)1/8

D5/4ṁ(5γ+1)/4
. (108)

After simple algebraic calculations, we obtain that Y depends on X as in Equation (102) if

A =
4

5(γ + 1)
, (109)

For A = 0.457, the value γ = 3/4 = 0.75. Then, the value B = −1.1 is obtained for D =

5 × 103(αm)1/10. Thus, in the Thomson regime,

θ = 5 × 103ṁ3/4(αm)1/10. (110)

Similar calculations in the free–free regime yield

θ = 11.2 × 103ṁ0.86(αm)1/10. (111)

The power of ṁ is chosen so as to provide uniform dependence of Y on X of the form (102) with
constant A in both regimes.

The dependencies (110) and (111) look physically reasonable. They show that, the smaller the
accretion rate, the more uniform is the magnetic field across the disk.

A plot of θ/(αm)1/10 is presented in Figure 6. θ corresponding to FP agrees with the assumption
of “cold” accretion because this curve is located well below the curve separating the regime of cold
accretion from the Shakura–Sunyaev regime. In Figure 6, the dashed-dotted line separates regions
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of domination of the gas pressure and regions of domination of the radiation pressure as defined by
Equation (87). The thin solid line separates the Thomson regime from the free–free regime.
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Figure 6. Dependence of θ/(αm)1/10 on ṁ. The Shakura–Sunyaev accretion regime takes place above
the thick dashed line. Below this line, the regime of “cold” accretion takes place. Thomson scattering
dominates above the thin solid line, while, below this line, free–free absorption gives the major
contribution in the opacity of the medium. The dashed-dotted line (calculated for m = 108) divides the
plane in two parts where radiation pressure (above) and gas pressure (below) dominate.

10. Comparison with Specific Sources

It is interesting to apply the estimated dependencies to specific sources. Below, we consider M87
and the SMBH in the galactic center, Sgr A*. We will see below that both sources are in the free–free
regime. Therefore, we used Equation (111) in our estimations. For ease of calculation, we consider the
case with α = 0.1.

10.1. M 87

For this object, ṁ and m can be easily estimated. The kinetic luminosity of this object is Lkin =

1044 erg/s, which we assume is equal to the total rate of gravitational energy released in the accretion.
The mass of the central black hole is equal to m = 3.5 × 09 [89]. With the Eddington luminosity equal
to LEdd = 1.4 × 1038m erg/s, we find ṁ = Lkin/LEdd = 2 × 10−4. From Equations (111) and (96), we
obtain that θ = 54 and Lkin/Lbol ≈ 95. According to Equation (104), Lbol = 1042 erg/s in accordance
with observations. The optical depth of the disk exceeds τ > 104.

10.2. Sgr A*

The mass of SMBH in Sgr A* is equal to m = 4 × 106 while the bolometric luminosity is Lbol ∼
1036 erg/s [34]. The kinetic luminosity of the outflow from the disk around SMBH in Sgr A* is not
known. The flux of TeV gamma-rays from the Galactic Center can be explained by very high energy
accelerated protons with a luminosity close to 1038 erg/s. The kinetic luminosity of the wind has to
be higher. Let us estimate ṁ from the bolometric luminosity of the disk (see Equation (104)). In this
case, ṁ = 8 × 10−6 and θ = 1.7 at τ ∼ 103. The value of ṁ agrees with estimates of the accretion rate
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obtained from Bondi accretion of stellar winds of the order of 1021 g/s [90]. From Equation (81), we
obtain that

Lkin = 4.4 × 1039 erg/s . (112)

The kinetic luminosity of the wind from the Galactic accretion disk exceeds the bolometric
luminosity of the disk 4.4 × 103 times. Remarkably, this power is sufficient to explain the flux of PeV
protons from the Galactic Center.

11. Conclusions

The main energy release in the AGNs occurs as a flux of kinetic energy of the jets. The question
of the energy source of the jets is the main question to which the theory must first answer. There are
two answers to this question. In the first case, the main source of energy of the jet is the energy of
rotation of the black hole which is transformed into energy of e± jets due to the Blandford and Znajek
mechanism [42]. Only a small fraction of the gravitational energy of the accreted matter is released in
the form of radiation of the disk. The major part of the gravitational energy goes into increasing the
mass of the SMBH. This model needs additional assumptions. Accretion has to occur in the ADAF
regime to provide radiatively inefficient disks. The speed of rotation of the SMBH must be close to the
maximal possible and accretion must occur in the regime of the Magnetically Arrested Disks. In this
regime, the magnetic field is so strong that it destroys the disk. Otherwise, it is not possible to provide
the necessary energetics of jets.

In another case of “cold” accretion, the only source of energy is the gravitational energy of the
accreted matter. The major part of this energy goes into the energy of magnetized wind and a small
fraction of the energy is released in the form of radiation from the disk. An attractive feature of this
model is a natural explanation for the high kinetic power of the jets compared to the luminosity of the
accretion disk. As a bonus, the kinetic energy of particles in a jet can be orders of magnitude greater
than the kinetic energy of particles in a Kepler orbit.

“Cold” accretion does not need special conditions or exotic magnetic fields. This regime of
accretion is implemented when a magnetized wind expires from the disk. The existence of the winds
from the disks is confirmed by numerous observations. “Cold” accretion goes into Shakura–Sunyaev
accretion [3] when the loss of the angular momentum due to viscose stresses dominates the loss due
to the wind. Nevertheless, “cold” accretion occurs even when the magnetic field inside the accretion
disk essentially exceeds the magnetic field at the base of the wind. This is explained by geometry.
The angular momentum transport due to viscosity is proportional to the magnetic pressure in the disk
times the thickness of the disk h while the flux of the angular momentum from the disk is proportional
to the magnetic pressure at the base of the wind times the radius r. The ratio of viscous losses to losses
due to the wind is ∼θ · ( h

r ), where θ roughly equals the ratio of magnetic pressures inside and at the
surface of the disk. Therefore, the Shakura–Sunyaev regime of accretion is realized when θ > ( r

h ).
Estimates of the ratio of the kinetic luminosity of the jets to the bolometric luminosity of the disk

show that the current observations can be explained in the framework of “cold” accretion. Of course,
the assumption that θ is constant evidently contradicts observations. Detailed comparison of the
theoretical predictions with the Fundamental plane of the black holes shows that θ has to increase two
orders of magnitude with ṁ. This behavior of θ agrees with the results of modeling of the magnetic field
distribution in the disk [72]. This estimate allows us to obtain certain conclusions about the realization
of the regime of “cold” disk accretion. At small accretion rates ṁ < 10−2, the estimated value of θ lies
in the region well below the line where the Shakura–Sunyaev model is valid. The magnetic pressure
inside the disk appears less than the magnetic pressure estimated in the model [3]. It is reasonable
to assume that, at relatively low rates of accretion, ṁ < 10−2, accretion occurs predominantly in the
regime of “cold” accretion. At higher values of ṁ > 0.1, the accretion occurs in the regime of Shakura
and Sunyaev. The transition between the two regimes takes place at a value of ṁ between 0.01 and 0.1
that agrees well with the transition from very bright to very dim disks around SMBH with powerful
outflows deduced in [41]. Remarkably, the rough estimate of the dependence of θ on ṁ gives good
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agreements with observations of two SMBHs, M87 and Sgr A*. It is highly unlikely that such an
agreement could be accidental.
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Abstract: In this review a summary is given on recent theoretical work, on understanding accreting
supermassive black hole binaries in the gravitational wave (GW)-driven regime. A particular focus is
given to theoretical predictions of properties of disks and jets in these systems during the gravitational
wave driven phase. Since a previous review by Schnittman 2013, which focussed on Newtonian
aspects of the problem, various relativistic aspects have been studied. In this review we provide
an update on these relativistic aspects. Further, a perspective is given on recent observational
developments that have seen a surge in the number of proposed supermassive black hole binary
candidates. The prospect of bringing theoretical and observational efforts closer together makes this
an exciting field of research for years to come.

Keywords: GRMHD; numerical relativity; relativistic astrophysics; jets; high energy astrophysics

1. Introduction

The study of supermassive black hole binary evolution is an old research field dating back at least
as far as 1980 [1,2] where key physical processes operating on a diverse range of length scales were
identified. In this pioneering work it was readily realized that following a galaxy merger event, the two
black holes assumed at the centers of each progenitor galaxy would slowly sink towards the center
of the common gravitational potential via a combination of dynamical friction and more generally
through N-body interactions with the stellar population. While the arguments draw a rather clear
picture free from major ambiguities at large separations, the behavior nearing pc scale separations and
lower would later prove to be much more involved.

1.1. kpc → pc: Galaxy Mergers and Relaxation, Key Physics: Newtonian Self-Gravity

The Hubble space telescope famously delivered direct images of mergers of galaxies on kpc
scales [3] thereby proving that galaxies do collide and establishing the first necessary step towards
supermassive black hole binary coalescence. Finding similar evidence between pc and kpc scales
requires more resolution and necessarily leads to a smaller population to be observed. Despite these
technical hurdles more recent observational efforts take on this challenge in a variety of different
ways [4].

In many black hole (BH) systems, the mass accretion rate is at intermediate levels causing the
accretion flow to be of a geometrically thin, optically thick type. In principle, by modeling the thermal
radiation one can probe the location of the innermost stable circular orbit (ISCO) and hence the BH
spin via the so-called continuum fitting method. However, this technique is far more powerful for
stellar-mass systems and challenging to apply to active galactic nuclei (AGN) [5]. In addition, AGNs in
the thin-disk regime can exhibit strong X-ray emission in the polar regions above and below the black
hole that irradiates the colder disk material. This process can excite atomic transitions and gives rise
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to fluorescence in the process. In particular, the astrophysically-abundant iron coupled with its high
fluorescent yield leads to a strong Fe Kα line.

Spectroscopic efforts sport an impressive spectral resolution and sensitivity [6], which allows
detailed measurements of Fe Kα emission line profiles, which is affected by several relativistic effects.
Many inferences on BH spin [5] via relativistic effects have been achieved with this method in what
we believe to be single black hole systems. It is expected that Athena [7] (launch date 2031) will greatly
boost the prospects of this research field. The same method can also be applied to binary black hole
sources. The spectral profile of such a line is then very sensitive to the relativistic motion of the emitting
gas producing asymmetric double-horned line profiles. Modeling such line profiles and comparing to
observations offers a probe of the spacetime structure of the BHs in the strong-field regime. Secular
trends may even be used to uncover orbital motion via an offset between the broad and narrow-line
regions on the orbital time scale [8] or spectral imprints due to a radially migrating secondary [9].

Complementary efforts that also do not rely on spatially resolving the source seek to reveal
periodicities in light curves and attempt to model the line profile through relativistic orbital motion [4].
Spectroscopic surveys are likely to identify numerous, additional candidate sources in the gravitational
wave (GW)-driven regime [10].

An interesting candidate for a supermassive black hole (SMBH) binary is the well-known blazar
source OJ-287 [11–14], whose optical lightcurve extends back 150 years showing several periodic
features. However, alternative interpretations are being put forward, see e.g., the recent work in [15],
that identifies the variability not with binary motion but with a precessing jet. Ultimately a combination
of improvements in theoretical modeling and more observational data can be expected to inform us on
the true nature of this fascinating source.

Other candidate SMBH binaries based on X-ray data (with XMM-Newton) [16] or optical
data [17–20] have been proposed. Typical orbital time scales inferred in these studies are on the
order of years, which is comparable to the duration of monitoring. This creates what is sometimes
referred to as red noise. The main obstacle in these studies is therefore the limited observing period.

It remains key to extend our observational data sets both to inform theoretical work and to better
our understanding of the physical processes at work throughout this long process. The most relevant
physics strongly varies with binary separation: For galaxy merger events occurring on kpc scales
and also for stellar distances on pc scales Newtonian gravity and perhaps hydrodynamics (without
magnetic fields) is an adequate description. On scales comparable to the gravitational radius of the
black holes of order 1AU gravity and spacetime itself becomes the dominant force in determining
the fate of the system. Therefore, the most realistic models in the regime where GW emission with
an electromagnetic counterpart can be expected, solve the equations of General Relativity (GR) and
magnetohydrodynamics (MHD). We now discuss each epoch of the binary’s evolution in turn.

1.2. pc: The Final-Parsec Problem, Key Physics: Newtonian Self-Gravity + Hydrodynamics

At separations of ∼ 1pc relativistic aspects of gravity are still unimportant, but the local disk mass
(self-gravity) cannot be ignored. A brief discussion of this Newtonian physics is in order, because all
studies of relativistic aspects rest on the assumption that binaries in the GW-driven regime can form in
the first place. The current understanding of SMBH binary evolution on pc scale orbital separation
and below is necessarily largely based on theory thus far.

The theoretical description up until pc scale separations seems rather unambigious and
uninterrupted by any major theoretical roadblocks. This situation changes when the binary reaches
separations of order 1pc, because the known drivers of inward binary migration at larger scales,
i.e., interaction of the binary with the surrounding stellar dynamics, may grind to a halt under some
circumstances. At the heart of the problem is the fact, that only stars with the right orbital properties
may come in close enough to interact with the binary and take energy out of the system. Within
the assumptions of these pioneering studies, see e.g., [21,22], in particular spherically symmetric
distribution of stars, purely gravitational N-body interactions, the supply of such stars with the
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suitable orbital properties become unavailable at pc scale separations. At these orbital separations
gravitational radiation is not yet efficient enough to cause sufficient energy loss. Lacking a similarly
obvious contender or other possible remedies at the time to drain orbital energy from the binary the
term “final-parsec problem” was coined [21,22]. One unfortunate side-effect of this development was,
that it generated a strong paradigm. It was suspected or assumed that SMBH binaries simply stalled
at pc orbital separations, despite a quickly growing literature that started systematically questioning
or relaxing the assumptions made [23–29] involving self-gravity of the hydrodynamic component,
non-spherical distributions of stars, and others all showing great potential to drive binary inward
migration. A full discussion of the evolution through the parsec scale is far beyond the scope of this
review, but it seems increasingly more difficult to ignore the wealth of possible ways for nature to
overcome the (theoretical, but not actual) parsec scale barrier. It will be of greatest interest in the
context of the Laser Interferometric Space Antenna (LISA) [30,31] mission to understand in detail
when and at what rate supermassive black hole binaries merge as a function of cosmic time. Here only
a rough sketch is given of various phases in the binary evolution on different length scales and the
dominant physics that must be modeled. See [32] for a more detailed and comprehensive discussion.

1.3. sub-pc-rg: Gravitational Wave-Driven Regime, Key Physics: GR + Magnetohydrodynamics (MHD)

At orbital separations a somewhat below the pc scale or more quantitatively

aGW ∼ 2 × 10−3 f (e)1/4 q1/4√
1 + q

( MBHBH

106M


)3/4
pc (1)

f (e) ≡
(

1 +
73
24

e2 +
37
96

e4
)−7/2

(2)

where e is the orbital eccentricity, q the mass ratio, and MBHBH the total mass of the binary, the binary
will coalesce in less than a Hubble time merely by energy and angular momentum losses due to GW
emission losses which depend sensitively on the orbital eccentricity [33,34].

Gravitational radiation therefore becomes a critical element in determining the subsequent
evolution of the system as a whole. It is this regime and everything that follows where the focus of this
review lies.

At sub-pc length scales the impact of gravitational-wave-driven losses is still subdominant but in
principle strong enough for a detection by Pulsar Timing Arrays (PTAs) [35], which are most sensitive at
low ( f ∼ nHz) frequencies. However, only separations shorter than about milli pc separations ensure
orbital periods of a few years or less and therefore avoid excessively long observational campaigns.
This provides key information on population synthesis and the assembly of supermassive black holes
through cosmic time [36–40]. Especially in light of recent surges in the number of proposed binary
candidates, even current constraints from the unresolved GW background from PTAs are starting to
become informative, favoring the hypothesis that false positives may be quite abundant in the current
catalogues of proposed binary sources [41]. PTAs attempt to measure gravitational waves through
detecting minute, but correlated changes in the time of arrival of pulses from a network of extremely
well-timed pulsars. This galactic scale interferometer becomes more and more sensitive over time as
more pulsars are discovered and the timing model of existing ones is improved further and further
as more data is collected. On scales of several to hundreds of gravitational radii, the gravitational
waves emitted will constitute a large signal for the LISA mission planned in the early 2030s, which e.g.,
would allow a pre-merger localization of the source [42].
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1.4. Binary–Disk Decoupling

The rate of orbital decay of the binary due to the emission of gravitational waves [33,34] is

tGW

M
∼ 3000

( a
10M

)4 (1 + q)2

4q
, (3)

where 0 ≤ q ≤ 1 is the binary mass ratio, and M the total mass1. Note, in particular, that tGW scales
differently with binary separation a than the response of the disk governed by the viscous time scale
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M
=

2R2
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)−1
(
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0.3

)−2
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Here Rin is the location of the inner disk edge, α the Maxwell stress (describing the effective viscosity
due to magneto-rotational instability (MRI) turbulence), and H/R the vertical scale height of the
disk. As a result, there will be a separation, called the decoupling separation ad, where the two time
scales match:

ad
M

≈ 11.9
(

Rin
1.6ad

)3/5 ( α

0.15

)−2/5
(

H/R
0.3

)−4/5 ( η̃

1

)2/5
(5)

η̃ ≡ 4q
(1+q)2 . For separations d > ad the disk can adjust to the shrinking orbit and follow the binary to

smaller separations. For separations d < ad the binary orbital decay is becoming too rapid, thereby
leaving the disk material behind. During these fast late inspiral phases the binary tidal torques also
diminish quicker than the disk can respond. The disk material from this moment on drifts slowly
radially inward.

When the black holes reach separations comparable to their size they coalesce forming one
black hole. This regime marks the most significant departure from the Newtonian regime and only
numerical relativity techniques can describe this regime. The merged black hole is larger than each
progenitor, but the overall gravitational mass is lower than the combined mass of both progenitors due
to significant energy that is radiated away in the form of gravitational waves. This reduction in total
mass poses a sudden perturbation to the disk material and can cause transient effects [43,44]. If the
binary configuration is not too symmetric the gravitational wave linear momentum will be radiated away
in a non-spherically symmetric way imparting a GW recoil or “kick” onto the merger remnant that can
either cause long term oscillatory motion between the black hole and the disk material or eject the central
black hole altogether from the system. In most cases one expects the former [45–47] and the system will
settle on several viscous time scales down to the classical accreting single black hole configuration.

1.5. Lessons Learned from Single Black Hole Accretion

In many respects, the study of the evolution of black hole binaries orbiting in a gaseous
environment, can benefit greatly from insights gained from the study of single black hole accretion.
The latter is a far more mature field of research with many independent groups world-wide actively
contributing to solidify our knowledge of these systems. However, it is still fair to say that rather
major theoretical uncertainties still prevail in some regimes, e.g., hot, puffy radiatively inefficient
accretion flows [48] and the Eddington–Super Eddington regime [49], especially when it comes to their
observational appearance.

It has long become the norm in single black hole accretion simulations to treat General Relativistic
effects, e.g., to include the horizon and correct gravitational field properly. Studies of magnetized

1 We have normalized to a separation of 10M as was used in studies with full general relativistic magnetohydrodynamics
(GRMHD). This value is only slightly smaller than the decoupling radius in Equation (5). After all, these time scales only
give crude estimates and due to the steep scaling of tGW with a the resulting inspiral time scales can seem prohibitively large.
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accretion flows onto black hole binaries by extension also must be modeled with the effects of general
relativity included or risk an uncontrolled assumption in the models. In particular, a proper description
of the magnetically dominated outflows, the orbital decay (and eventually decoupling) of the binary,
or to incorporate a region where no stable circular orbits are possible demands general relativistic
effects to be included.

2. Results

A previous review article [50] focussed on Newtonian aspects of accreting black hole binaries.
Since then several studies were conducted that have taken into account relativistic aspects of gravity.
These findings have advanced our understanding of the role of accreting black hole binaries as
electromagnetic counterparts to gravitational wave sources. Therefore an update to [50] is in order.

Initially, relativistic studies of black hole binaries in gaseous environments did not include
magnetic fields due to numerical/technical issues arising from highly magnetized regions near the
black hole event horizons, which is inherently more difficult to handle in the dynamic spacetime case
compared to a time-independent spacetime like a Kerr black hole. The potential for electromagnetic
(EM) counterparts to a strong GW source based on purely hydrodynamic studies [51–54] were
underestimated due to the neglect of magnetic fields [55–58]. In the end, the role of binary tidal
torques on driving accretion was overestimated. Instead, effective viscosity due to turbulent motion
driven by the magneto-rotational instability [59,60] by far dominates angular momentum transport.
This can most clearly be seen in the side-by-side comparison of a pure hydrodynamic and a magnetized
model with the same code and grid setup, see Figure 6 in [57]. In fact, there were already strong
indications for this in an earlier Newtonian study [61]. Now with magnetic field dynamics and
relativistic gravity included, it is becoming ever more clear that accretion rates onto black hole binaries
can be of the same magnitude as is known in single black hole systems, albeit with a different, certainly
non-axisymmetric structure composed of two dense accretion streams. The parameter space describing
an accreting binary black hole system is naturally higher dimensional and hence more computationally
expensive to explore than the single black hole case.

First explorations in mass ratio [57,58], different separations [62] and disk height dependence [63]
have led to an enhanced understanding of these systems.

2.1. New Structural Features in the Binary Case

The dominance of magnetically-induced, effective shear viscosity in driving accretion does not
mean, however, that binary torques are unimportant. Quite to the contrary: Binary tidal torques play a
dominant role in the structure of the inner disk and shape of the accretion flow, giving rise to a number
of structures that are not seen in accreting systems composed of only a single black hole.

2.1.1. Cavity and Pile-Up

The very first theoretical discovery of a potential signature due to a binary, that is imparted on
the structure of the accretion flow, is a cavity [64,65] inside which the density of the gas is much lower
than elsewhere in the accretion flow. Such a cavity is formed where binary tidal torques dominate
the angular momentum budget, thereby pushing gas elements away from the binary orbit leaving
behind a region of substantially lowered density. A close analogy to planet formation in protoplanetary
disks [66–68] can be drawn here: Depending on the mass ratio of the star-giant planet system binary
tidal torques may clear out a gap in the disk thereby influencing the radial motion (“migration”) of the
binary. The border of the cavity/gap, i.e., the inner edge of the circumbinary disk features a pile-up,
an axisymmetric overdensity caused by material being pushed from both radial directions towards
this boundary. This cavity can have important observational consequences in the form of altering
the main locations of emission and introducing coherent, i.e., ordered but not necessarily periodic,
time variability.
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2.1.2. Non-Axisymmetric Structures: Streams and Lumps

A feature also known from protoplanetary disks are overdense accretion streams across the
secondary binary component. Two such dense accretion streams are readily identified in circumbinary
accretion disks around SMBH binaries, too, see Figure 2. A persistent, non-axisymmetric overdensity,
termed a “lump” and its implications were studied in detail in [55,61,69,70], see Figure 1. Such a
feature is thought to arise due to non-accreting matter being repeatedly sloshed back towards the inner
edge of the circumbinary disk. The gas that is driven back out, is ejected in a directionally preferred
orientation, thereby gradually building up a somewhat local overdensity that then orbits near the
inner edge of the disk. The lump exhibits overdensities of a factor of 4 over the average density in
the rest of the disk and covers 1–2 radians in the azimuthal domain [69]. Crucially, in the relativistic
treatment an m = 1 mode appeared to dominate over m = 2 modes seen in Newtonian studies [71].
Such a structure can similarly to the accretion streams produce coherent time variable signatures.

Figure 1. Rest-mass density (linear color scale) from [55] a GRMHD simulation in a spacetime
framework similar to [72]. A persistent non-axisymmetric overdensity termed a “lump” develops in
the bulk of the disk.

2.1.3. Mini-Disks and Mass Sloshing

At large enough binary separations a region analogous to the Newtonian Hill-sphere in which
gravity is dominated by the near-by binary component allows for mini-disks to form. This phenomenon
was investigated in [62,69]. In total the system can therefore in principle feature three disks: (i) A
mini disk around the primary, (ii) another mini disk around the secondary and (iii) the circumbinary
disk. In general, these three disks are interacting with each other and lead to episodic dynamics that
affect the accretion onto the black holes. Some qualitative conclusions can immediately be drawn.
For instance, if there is a BH driven jet or a dual jet structure emerging from the system, it will be
fueled by the material that is closest to the black hole horizon, i.e., the mini disks if present, not the
circumbinary disk. The mini-disk-driven accretion flows around each black hole move at relativistic
velocities with the binary orbit, which has great potential to leave clear smoking-gun signatures
in observations.
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One important relativistic aspect, is that mini disks cannot persist towards merger and in fact
cannot last as long as one would expect from Newtonian estimates. While in Newtonian gravity test
particles can orbit arbitrarily close to a central gravitating object forever, test particles around black
holes in General Relativity can only do so outside a finite radius, the radius of the innermost stable
circular orbit. The argument is strict for single BHs, but can be expected to at least qualitatively carry
over for the binary case as well. As a result, mini disks can only exist when the extent of the Hill sphere
extends beyond the innermost stable circular orbits around each BH. As the binary then shrinks due to
the emission of gravitational waves, so do the Hill spheres (linearly with binary separation) until the
Hill spheres are too small for matter to find stable trajectories around the near horizon regions. When
this occurs the mini disks should be accreted on a comparatively short time scale. As first pointed out
by [58], it is this mechanism that explains why in the full relativistic studies published so far [56–58]
no persistent mini-disks were seen, while mini disks seem to be a generic feature in studies at larger
binary separation, e.g., [55,69].

One particular process identified in these mini-disk systems is a mass sloshing from one mini-disk
to the other with cycles of depletion and refilling of the mini disks that are fed by the circumbinary
disk [62,69,70], see Figure 2.

Figure 2. Rest-mass density (linear color scale) from a GRMHD simulation in a spacetime framework
similar to [69,72] (upper panel) and individual disk masses as a function of orbital phase (lower panel).
One can clearly see in the lower panel, that mass is sloshing back and forth between the two mini disks.
This effect is shown to persist over longer time scales in the follow-up work [70].
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2.1.4. Enhanced Variability

Robust features in all theoretical models of circumbinary accretion onto SMBH binaries like
accretion streams are promising candidates to produce coherent time dependent signatures in the
electromagnetic output of the system.

Similarly, the resulting dynamical impact of a lump-like structure leads to periodic or
quasi-periodic variability as the orbital period of the lump and its close passages with the accretion
streams can beat against each other [69].

There are unambiguous findings of preferred time scales and quasi-periodic signatures in the mass
accretion rate at binary separations where the orbital decay is noticable but slow, see e.g., in [62,69].
Such relatively clean frequencies in the matter dynamics and mass accretion rate are not seen in fully
relativitistic regimes [57,58], most likely because no persistent mini-disks are formed. It is not fully clear
whether or not further differences in the models, such as different matter configurations, see e.g., [73],
thermodynamics, or something else, are responsible. However, the combined theoretical efforts by
the community thus far, indicate that accreting BH binaries, at least those surrounded by puffy hot
accretion flows, do reveal quasi-periodic behavior, but only up until some finite binary separation
shortly before merger. This transition from quasi-periodic to generically variable (non-quasi-periodic)
behavior could be one of the most robust EM precursors to the merger event.

2.2. Connecting Theoretical Models and Observational Data

It is generally extremely important to distinguish between the behavior of intrinsic, dynamic
quantities such as the fluid density and the observational appearance in a given EM waveband. A first
and substantial advancement in this direction was given in [74]. This study was carried out at a
larger binary separations of d = 20M, which is in the predecoupling regime, adopting a treatment for
the spacetime metric based on [72], which is particularly relevant for potential Pulsar Timing Array
sources This study incorporates, for the first time, direct information from radiative transfer effects.
These studies constitute the best basis yet for judging electromagnetic emission from supermassive
black hole binaries embedded in a magnetized, gaseous environment in the GW-driven regime.
Figure 3 shows several ray-traced images of the system. One can nicely see how the strong lensing
effects lead to major distortions in the images compared to a flat space treatment. In Figure 4 one
can further see theoretical spectra computed from the GRMHD simulations used in [74]. One can
clearly see the different contributing components to the broad band spectral energy distribution (SED).
The thermal emission from the mini disks dominate over the streams and circumbinary disk emission
at high-energy emission. The accretion streams and circumbinary disk on the other hand dominate at
lower frequencies and appear to be difficult to distinguish at least based on spectral grounds and for
the cases considered.

If system parameters and EM waveband lead to a situation where the flow is too optically thick,
then information on the binary motion will at best be smeared out when viewed from outside the
system. For optically thin cases, on the other hand, outgoing radiation can probe directly the binary
orbital motion. It may still be possible to detect binary imprints like periodic features in light curves,
non-axisymmetric structures, pile-ups etc. However the most desirable regime to gain information on
the binary motion is a regime where the source is optically thin. One practical consideration is that
optically thin emission is less efficient and typically produces dimmer sources which are then rarer
due to an observational bias.

Also, specific features, such as mini-disks, although seen in GRMHD studies, need not necessarily
shine strong enough to contribute to the EM output. At least in some accretion regimes with
certain thermodynamical properties of the gas it is conceivable that jet emission may dominate
over disk emission.
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Figure 3. Images of optical depth obtained by properly tracing light rays through the spacetime for
different times (columns) from circumbinary accretion around supermassive black holes from [74]
for inclination angles 0◦, 39◦, 71◦, 90◦ (from top to bottom row). Strong lensing effects introducing
complicated image distortions are clearly visible.
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Figure 4. Different components from the various disks present in the system of [74] contributing to the
spectrum. Mini disks reveal their emission at higher energies whereas emission from the circumbinary
disk at larger radii contributes more at lower frequency. Emission from the accretion streams falls in
the middle of these two regimes and based on this analysis may be difficult to distinguish from the
other contributions.

2.3. GRMHD in Dynamic Spacetime

Full GR studies [56–58,73,75] incorporate dynamic spacetime evolution with spatially resolved
black hole horizons. These ingredients are not only appropriate, but in fact essential to enable any
prediction for the emergence of magnetized, incipient jets resulting from twisting the magnetic field
lines that are anchored both in the accretion flow and the orbiting and (potentially also) spinning black
hole horizons, see Figure 5. The formation of jets in these systems is one of many purely relativistic
aspects of this problem, see also the force-free study in GR [75]. These studies focus on the accretion
flow and jet dynamics in the dynamic spacetime. Solving the full set of Einstein’s equations on
non-uniform grids along with the equations of ideal MHD is a challenging task especially for long
computational times as is required for accreting systems. Long term stability was achieved in [56]
using an innovative approach to evolve the magnetic vector potential with a new gauge condition,
the damped Lorenz gauge. This gauge condition damps EM gauge waves towards zero, thereby
minimizing spurious amplifications of magnetic field strength at AMR boundaries. Only indirect
diagnostics such as Poynting flux or approximative thermal luminosity based on an artificial emissivity
prescriptions were given.

Just like for single BHs the system has to be evolved for long enough such that the system can
respond on a viscous time scale to settle into an inflow outflow quasi-equilibrium. Typically such an
equilibration takes place “inside-out”, because the viscous time scale grows (steeply) with distance
from the center. As a result, the longer a GRMHD simulation is run, the larger its inner region of
validity where the flow has forgotten about its somewhat artificial initial state.
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Figure 5. Rest-mass density (color scale) and magnetic field structure (white lines) of a fully relativistic
GRMHD simulation in dynamical spacetime from [58].

2.4. During and Post Merger

In the last few orbits and merger the directed GW emission is increasing sharply with time and
does not average out over the course of an orbit. The linear momentum that was emitted in the form
of GWs is compensated by a recoil on the merger remnant to conserve overall momentum [76–78].
The resulting kick velocity depends on the binary parameters, especially the magnitude and relative
orientation of the BHs spin w.r.t. their orbital angular momentum and varies from a modest (but still
impressively non-pedestrian) 200 km/s to 1800 km/s and perhaps as large as 4000 km/s for maximally
spinning black holes [79]. This range of “kick” velocities exceeds typical galaxy escape velocities.
Therefore, depending on the kick velocity attained, two qualitatively distinct possibilities arise: (i) For
kick velocities lower than the escape velocity, the merger remnant will oscillate relative to the bulk of
the disk dragging with it only the matter in the immediate vicinity of the BH. (ii) For kick velocities
exceeding the escape velocity of the galaxy hosting the system, the black hole will take off into space
again dragging only the material in its nearest vicinity with it and leaving behind the bulk of the disk
without a central gravitating object. Which of those scenarios is more common is an interesting and
still somewhat open topic that finally awaits observational data. Indications are that most mergers will
lead to bound BH remnants [45–47,80]. Observationally such BH remnants that were kicked out of
their host galaxy or have been displaced from the gravitational center could be detectable through
spectral signatures, see e.g., [81] and by using H2O megamasers [82].

The scenario following a merger with high kick velocities has been modeled [43,44] by Lorentz
boosting the disk material but not the black hole. This treatment does not take into account the various
remnant structures imparted in the system by the past binary system, but allows one to study the
system under these idealized assumptions in a systematic and more efficient way.
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After a typical merger with low (or even hardly any kick velocity) the accretion flow is substantially
different from that around a single BH. Consequently, there will be a period of adjustment until the
source transitions into the classical single BH accretion state on a few viscous time scales of the accretion
flow. This phase is expected to lead to a slow brightening of the source over time as more matter diffuses
into the cavity that was carved out by the past binary tidal torques. This phase has not been simulated
yet and is different from increases in jet luminosity found in [58]. As discussed before the expected
level of density decrease in the cavity has seen some variation recently, especially in the context of
studies that include the dynamics of magnetic fields and the resulting strong effective viscosities. So, it
is not clear how much of a rebrightening one truly expects and how the phenomenology scales with
decoupling radius (dictated by disk height).

2.5. Distinguishability of Single vs. Binary AGN

In many respects current studies only scratch the surface of many important aspects of accretion
onto binary black holes. For instance, one key development in the field will be to improve our general
understanding on how different binary black hole systems are from single black hole systems. This is
a complex question not only because of the already large spread in phenomenology even in single
BH systems. So the differences for any given binary system to a corresponding single BH system will
depend on many things including but not limited to, the mass supply, the thermodynamic regime of the
gas and the EM waveband one observes in. Theoretical implications already point to clear differences
between accreting single and binary black holes in the form of different density distributions or mass
accretion rates, see [57] for a single vs binary black hole comparison with the same code and setup.
The circumbinary disks used in various GRMHD studies differ greatly in their spatial extent and also
in the amount of magnetic flux on the horizon at late times. It is well known that the magnetic flux is
one key parameter in accreting single black holes [83–85]. Therefore, by extension understanding the
influence of different levels of magnetic flux will have to be an important aspect of future studies also
in the circumbinary disk case.

On the other hand, several discoveries such as the lump, the presence of a cavity, accretion streams,
and mini disks along with characteristic variability are promising indications that such a distinction
will be possible at least for some physical regimes. Key steps towards making theoretical predictions
more relevant to what is actually observed [74,86] have been started and should constitute a solid
foundation for future model building efforts to extract SMBH binary science out of observational data
in the near future.

3. Discussion/Conclusions

The last few years have seen major progress in our understanding of accreting black hole binaries
that are in the gravitational wave driven regime. Most importantly there is unanimous agreement
among theoretical models from various groups that magnetically-driven effective viscosity dominates
the angular momentum flux, causing accretion rates onto the binary that are very much comparable
to rates encountered in single black hole systems with the same total mass. For the same reason,
a decoupling of the supermassive black hole binary from the circumbinary disk long before merger as
originally discussed in [21,64] can in fact occur only very few orbits prior to merger at least for disks
with a sufficiently large scale height H/R � 0.3. In some respects, the sources share many similarities
with and may in fact not always appear as different to single accreting BH sources as one would like.
One key difference is that the mass inflow is not as axisymmetric near the black holes but instead very
concentrated into the two dense accretion streams as well as the mini disks.

On the other hand there are equally clear and robust differences that are expected to yield distinct
signatures that point to the binary nature of a source. The differences involve characteristic structural
changes in the accretion flow (cavities, streams, lumps) which give rise to image, spectral (lack of
emission due to cavity, enhanced emission due to overdensities) and time-dependent (periodicities,
beating, sloshing) signatures. On top of these effects from the matter distributions and dynamics
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additional effects such as Doppler boosting will further enable us to extract scientific predictions by
matching theory to observations. In [87] possible detection rates are estimated under the assumption
of two variability models: Doppler boost related variations and periodic variability due to accretion
flow dynamics. It is predicted that the Catalina Real-Time Survey (CRTS) [88] might see a few binary
sources but 5 years of the Large Synoptic Survey Telescope (LSST) [89] (first engineering light 2019,
science runs in 2021) can detect tens to hundreds of them.

The first key steps towards first theoretical model predictions closer to observational data have
been taken [74] with radiative transfer calculation. It will be a major undertaking in the field in
the future to advance such calculations and at the same time start to cover the vast parameter
space of these sources, which is even larger than the combined parameter sets known from binary
black hole coalescences (in vacuum). In addition the phenomenology of just the accretion flows
onto supermassive black hole binaries themselves is truly immense, the accretion flow structure
being even more feature rich than for single BHs and radiation possibly originating from these
separate regions and via distinct physical mechanisms. Aside from the emission from shocks other
potential emission mechanisms are expected to operate. One main engine for (polarized) synchrotron
emission has for a long time been, magnetic energy as provided by MHD turbulent dynamics [48,60,85]
accompanied by dissipation effects e.g., magnetic reconnection at small scales of its turbulent cascade.
Recently, however, indications for a more ordered larger scale magnetic field structure more akin to
the magnetically arrested state [90–92] of accretion seems favored at least in Sgr A∗ but [93,94] maybe
also in other systems.

These are fascinating times for understanding accretion physics in strong field gravity. Theoretical
efforts to provide us with testable predictions as well as observational data that probe the relativistic
regime around black holes are around the corner. Gravitational waves which have famously
been observed in the stellar mass black hole case will be detected for supermassive black hole
binaries eventually, either by PTAs or a space-based laser interferometer like LISA. In the meantime
electromagnetic emission across several wavebands can be used to refine our understanding of black
holes and how they feed in their natural habitat. In particular, the Event Horizon Telescope [85,95–99]
has reached resolutions capable of spatially resolving not only the two largest black hole event horizons
as seen on the sky (in Sgr A∗ and M87) along with accretion flows governed by the physics of general
relativistic magnetohydrodynamics but also sub-pc supermassive black hole binaries. Such resolved
detections would not suffer from limitations of periodicity searches and be obtained even when
the orbital period is large compared to the observational campaign. In fact, some binary candidate
sources such as Ark 120, OJ-287 and others may already be spatially resolved. More generally, targeted
very-long-baseline interferometry (VLBI) efforts will be able to resolve such binaries, see [100], see also
a similar idea in [101]. At the current configuration of the Event Horizon Telescope any binary at a
separation larger �0.1pc can be spatially resolved throughout the universe. This is possible thanks to
recent technical improvements, the availability of very long baselines at 230 GHz (and 345 GHz in the
near future), and the fact that angular separation projected on the sky is not a monotonic function
of redshift in the universe we seem to live in. Obviously, the ability to spatially resolve a source
is only one of the inherent challenges. The main technical challenge will therefore be to meet the
sensitivity requirements for potentially very distant sources. Fortunately, this is an area where recent
technical developments, such as bandwidth increases in the VLBI backends, have caused a surge in
sensitivity improvements. From the theory side we can expect that radio emission from binary sources
is comparable to single AGN sources which are successfully detected with radio VLBI routinely out to
considerable distances.
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Abstract: The particle-in-cell (PIC) method was developed to investigate microscopic phenomena,
and with the advances in computing power, newly developed codes have been used for several fields,
such as astrophysical, magnetospheric, and solar plasmas. PIC applications have grown extensively,
with large computing powers available on supercomputers such as Pleiades and Blue Waters in the
US. For astrophysical plasma research, PIC methods have been utilized for several topics, such as
reconnection, pulsar dynamics, non-relativistic shocks, relativistic shocks, and relativistic jets. PIC
simulations of relativistic jets have been reviewed with emphasis placed on the physics involved
in the simulations. This review summarizes PIC simulations, starting with the Weibel instability
in slab models of jets, and then focuses on global jet evolution in helical magnetic field geometry.
In particular, we address kinetic Kelvin-Helmholtz instabilities and mushroom instabilities.

Keywords: particle-in-cell simulations; relativistic jets; the Weibel instability; kink-like instability;
mushroom instability; global jets; helical magnetic fields; recollimation shocks
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1. Introduction

Relativistic jets are collimated outflows of ionized matter powered by black holes. Sites for
such jets include the collapse of the core of a massive star forming a neutron star or a black hole,
the merger of binary neutron stars, supermassive black holes associated with active galactic nuclei
(AGN), gamma-ray bursts (GRBs), and pulsars (e.g., [1]). GRBs and blazars produce the brightest
electromagnetic phenomena in the universe (e.g., [2]). Despite extensive observational, theoretical, and
simulation studies, the understanding of their formation, their interaction with interstellar mediums,
and consequently, their observable properties, such as spectra, variability, and polarization (e.g., [3]),
remain quite limited.

Astrophysical jets are ubiquitous and exhibit a wide range of plasma phenomena, such as
propagation in the interstellar medium, generation/decay of magnetic fields, magnetic reconnection,
and turbulence. In these dynamic environments, particle acceleration may be able to achieve the
highest level of energies observed in cosmic rays. Many of the processes that determine the evolution
of global relativistic jets are very complex, and they occur on small spatial and short temporal scales
associated with plasma kinetic effects. It is especially challenging to integrate microscopic physics into
global, large-scale dynamics, which is crucial to understand the full dynamics of the jets. Kinetic plasma
simulations are traditionally performed using particle-in-cell (PIC) codes, with the intent of addressing
particle acceleration and kinetic magnetic reconnection, which cannot be investigated with fluid models
(i.e., relativistic magnetohydrodynamic (RMHD) simulations). In particular, PIC simulations indicate
that particle acceleration occurs due to kinetic instabilities, such as electron and ion Weibel instabilities
(e.g., [4–26]).

In general, these simulations confirm that the Weibel instability is dominant among kinetic
instabilities develped in weak or nonmagnetized plasma [27]. These instabilities, which develop in
relativistic outflows, also lead to multiple shock structures. Dynamically changing current filaments
and magnetic fields (e.g., [28]) accelerate electrons (e.g., [12]) and cosmic rays, which affect the
pre-shock medium [29]. In order to model a shock, a relativistic plasma flow is injected from one end
of the computational grid and reflected from a boundary at the opposite end. Such simulations are
performed by the following: 1D simulations by [30,31], 2D simulations by (e.g., [14,15,19,25,26,32]), and
3D simulations by [33,34]. This method creates two identical counter-streaming beams which collide
and interact. This approach also simplifies the numerical method, but leads to the drawbackwhere
only one forward-moving shock (FS) is generated. In these settings, the backward (reverse) shock (RS)
is indistinguishable from FS. There is another method where a jet is injected into an ambient plasma
where FS and RS shock structures are fully modelled. Contact discontinuity (CD) is generated due to
deceleration of the jet flow by the ambient plasma. The CD is the location where the electromagnetic
field, the velocity of the jet, and the ambient plasmas are similar, but the density changes. FS and
RS propagate away from the CD into the jet and ambient plasmas (in the CD frame) [18,21–23].
Ardaneh et al. [22] showed that FS, RS, and CD separate the jet and ambient plasma into four regions:
(1) the unshocked ambient, (2) shocked ambient, (3) shocked jet, and (4) unshocked jet. In this way,
the jet-to-ambient density ratio was selected as the appropriate plasma conditions of AGN and GRB
jets. The shock formation processes can be investigated temporally and spatially. A leading and
trailing shock system develops with strong electromagnetic fields accompanying the trailing shock.
PIC simulations where jets are reflected at the simulation boundary were reviewed, including the
generation of high-energy particles, by [35].

In this review, we briefly summarize our previous studies from the slab jet case to the global
cylindrical jet case and present new three-dimensional simulation results for an electron-positron jet
injected into an electron-positron plasma using a long simulation grid in the jet-propagation direction.
We also present the results of a new study of global relativistic jets containing helical magnetic fields.
The global simulation results, including velocity shears (this time) using a small simulation system,
validate the use of the simulation code for the research project.
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2. PIC Simulations in a Slab Model

It is natural to start to perform PIC simulations in a slab model where jets are injected into the
whole simulation system. Since we use the periodic boundary conditions in the transverse direction
to the jets, we are simulating a part of the jets without taking into account the boundary between
the jets and the ambient plasmas. The instabilities generated between jets and ambient plasmas are
described later.

2.1. Simulation of the Weibel Instability

The Weibel instability is a plasma instability which occurs in homogeneous or nearly
homogeneous plasmas, where an anisotropy in the momentum (velocity) space exists [27]. The
Weibel instability is often referred to as a filamentation instability [36].

The mechanisms of Weibel instability growth are explained as the following: Suppose a field
B = Bz cos ky is spontaneously generated by thermal fluctuation. Here, k is a wave number, the x, y,
and z are the coordinates, and electrons travel along the x-direction. The Lorentz force (−ev × B)
then bends the electron trajectories (travelling along the x-direction) along the y-direction, resulting in
congregation of the electrons. The resultant current j = −enve sheets (filaments) create a magnetic
field, which enhances the original field and thus grows perturbation [28]. The Weibel instability is also
common in astrophysical plasmas, such as collisionless shock formation in jets, supernova remnants,
and GRBs.

2.1.1. Simulation Settings

The code used in this study is an MPI-based parallel version of the relativistic particle-in-cell
(RPIC) code, TRISTAN [5,37,38]. The simulations have been performed using a grid with (Lx, Ly, Lz) =

(4005, 131, 131) cells and a total of ∼1 billion particles (12 particles/cell/species for the ambient plasma)
in the active grid. The electron skin depth is λs = c/ωpe = 10.0Δ, where c = 1 is the speed of light
and ωpe = (e2na/ε0me)1/2 is the electron plasma frequency, and the electron Debye length λD is half
of the cell size, Δ. This computational system length is six times longer than that used in the previous
simulations [12,39]. The jet-electron number density in the simulation reference frame is 0.676na, where
na is the ambient electron density, and the jet Lorentz factor is γjt = 15. The jet-electron/positron
thermal velocity is vj,th = 0.014c in the jet reference frame. The electron/positron thermal velocity in
the ambient plasma is va,th = 0.05c. As in our previous work (e.g., [12]), the jet is injected in a plane
across the computational grid located at x = 25Δ in order to eliminate artificial effects associated with
the boundary at x = xmin. Radiating boundary conditions are used on the planes at x = xmin and
x = xmax and periodic boundary conditions on all transverse boundaries [37]. The jet makes contact
with the ambient plasma at a two-dimensional interface spanning the whole computational domain
in the y − z plane. In this way, only a small portion of whole jets is studied; that is, the simulation
includes the spatial development of nonlinear saturation and dissipation from the injection point to
the jet front composed of the fastest-moving jet particles. Therefore, the boundary between jets and
ambient plasma is not taken into account, which will be described later.

2.1.2. Simulation Results

Figure 1a,b shows the average (in the y − z plane) of (a) the jet (red), the ambient (blue), and
the total (black) electron density, and (b) the electromagnetic field energy divided by the total jet
kinetic energy (Ej

t = ∑i=e,p mic2(γjt − 1)) at t = 3250ω−1
pe . Here, “e” and “p” denote the electron

and positron. Positron density profiles are similar to the electron profiles, as both particles have the
same mass. However, for the electron-ion jets, the densities of the electrons and the ions are slightly
different, giving rise to double layers in the plasma [21–23]. As a result, ambient particles are dragged
by the motion of the jet particles up to x/Δ∼500. By t = 3250ω−1

pe , the ambient density has evolved
into a two-step plateau behind the jet front, which is similar to the electron-ion jet cases [21–23].
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The maximum density in this shocked region is about three times the initial ambient density. The
jet-particle density remains nearly constant up to near the front of the jet. Careful comparisons reveal
the differences between the pair jets and the electron-ion jets [21–23]. The differences arise due to the
double layers generated in the trailing and leading edges in the electron-ion jets.
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Figure 1. Averaged values of (a) the jet (red), the ambient (blue), and the total (black) electron density,
and (b) electric (red) and magnetic (blue) field energy divided by the jet kinetic energy at t = 3250ω−1

pe .
Panel (c) shows the evolution of the total electron density in time intervals of δt = 250ω−1

pe . Diagonal
lines indicate the motion of the jet front (blue: ≤c), the predicted contact discontinuity (CD) speed
(green: ∼0.76c), and the trailing density jump (red: ∼0.56c). Adapted from Figure 1 in [18].

The growth of the Weibel instability creates current filaments and strong electromagnetic fields in
the trailing shock region. Since the nonlinear stage is formed in this simulation, the electromagnetic
fields are about four times larger than those seen previously in simulations with a much shorter grid
system (Lx = 640Δ). At the simulation time t = 3250ω−1

pe , the electromagnetic fields have the highest
intensity at x/Δ∼1700, which then declines by about one order of magnitude beyond x/Δ = 2300 in
the shocked region [12,39].

Figure 1c shows the total electron density plotted at time intervals of δt = 250ω−1
pe . The jet front

propagates with the initial jet speed (≤c). Since anomalous resistivity exists in PIC simulations, sharp
RMHD-simulation shock surfaces are not generated (e.g., [40]). A leading shock region (where the
linear density increases) moves with a speed between that of the fastest moving jet particles ≤c and a
predicted CD value of ∼0.76c. A CD region consisting of mixed ambient and jet particles moves at
a speed which is between ∼0.76c, and the trailing density jump speed ∼0.56c. The modest density
increase just behind the large trailing density jump should be taken note of. Similar shock structures
and their velocities for the electron-ion jets are discussed in [21–23].

It is important to show the differences between the reflection and the injection models. The shock
is set up by reflecting a cold “upstream” flow from a conducting wall located at x = 0 (Figure 1).
The interaction between the incoming beam (that propagates along −x) and the reflected beam triggers
the formation of a shock, which moves away from the wall along +x [33]. This setup is equivalent
to the head-on collision of two identical plasma shells, which would form a forward and reverse
shock and contact discontinuity as an injection scheme. However, the forward and reverse shocks
are not distinguished as in the injection scheme. Furthermore, the conducting wall corresponds to
the contact discontinuity. The simulation is performed in the “wall” frame, where the “downstream”
plasma behind the shock is stationary—and on the contrary, in the injection scheme, FS, RS, and CD
are moving in the same direction.

In 3D, periodic boundary conditions are employed both in y- and in z-directions.
Each computational cell is initialized with four particles (two per species) in 2D and two particles
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(one per species) in 3D. They have performed limited number of experiments with a larger number of
particles per cell (up to eight per species in 2D), though essentially obtaining the same results.

Their 3D structure is shown in Figure 2, for a relativistic electron-positron shock with
magnetization σ = B2/nemeγjtc2 = 0 (top panel) and σ = 10−3 (bottom panel). The background
magnetic field B0 is initially set along the z-direction, in the same way as for our 2D simulations. The yz
slice of the magnetic energy fraction in Figure 2c shows that for σ = 10−3, the magnetic field ahead of
the shock is primarily organized in pancakes stretched in the direction orthogonal to the background
magnetic field (i.e., along y). This can be easily understood, considering that the Weibel instability is
seeded by focusing the counter-streaming particles into two channels of charge and current. In the
absence of a background magnetic field, the currents tend to be organized into cylindrical filaments,
as demonstrated by Spitkovsky [41] and shown in the yz slice of the top panel in Figure 2. In the
presence of an ordered magnetic field along z, the particles will preferentially move along the magnetic
field (rather than orthogonal), so that their currents will more likely be focused at certain locations
of constant z, into sheets elongated along the xy plane. This explains the structure of the magnetic
turbulence ahead of the shock in the bottom panel of Figure 2, common to all the cases of weakly
magnetized shocks they have investigated (i.e., 0 < σ ≤ 10−1).

(a)

(b)

(c)

(d)

(a)

(b)

(c)

(d)

Figure 2. Structure of the flow, from the 3D simulation of an electron-positron shock with magnetization
σ = 0 (top) or σ = 10−3 (bottom). Panels (b) and (d) show the particle density in the xy slice (with
color scale stretched for clarity), whereas Panels (a) and (c)show the the magnetic energy fraction εB in
the xz and yz slices (with color scale stretched for clarity). Adapted from Figure 5 in [33].

Figure 3 shows the phase-space distribution of the jet (red) and the ambient (blue) electrons at
t = 3250ω−1

pe and confirms the shock-structure interpretation. The electrons injected with γjtvx∼15
become thermalized due to the Weibel instability, which is induced by interactions. The swept-up
ambient electrons (blue) are heated by interaction with the jet electrons. Some ambient electrons are
strongly accelerated.
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Figure 3. Phase-space distribution of the jet (red) and the ambient (blue) electrons at t = 3250ω−1
pe .

About 18,600 electrons of both species are selected randomly. Adapted from Figure 2 in [18].

This simulation shows that the shocks are excited through the injection of a relativistic jet into
ambient plasma, leading to two distinct shocks (referred to as the trailing shock and the leading shock)
and contact discontinuity. It should be noted that the simulations where jets are reflected on the
simulation boundary do not show the structure of a leading shock, contact discontinuity, and a trailing
(reverse) shock.

For the electron-ion jet case, the mass ratio is mi/me = 16 and, therefore, the evolution of density
(shock) structures are different to those in the electron-positron jet (mi/me = 1) [22,23]. Furthermore,
the double layers generated in the trailing and leading edges further accelerate the electrons up to the
ion kinetic energy [23].

2.2. Simulation of Jets with Velocity-Shears

The generation of shocks in slab jet models have been studied extensively; however, the velocity
shears between the jet and the ambient medium still need to be taken into account, where the outflow
interaction with an ambient medium induces velocity shearing.

In particular, the Kelvin–Helmholtz instability (KHI) has been investigated on the macroscopic
level as a means to generate magnetic fields in the presence of strong relativistic velocity shears in AGN
and in GRB jets (e.g., [42–46]). Recently, PIC simulations have been employed to study magnetic field
generation and particle acceleration in velocity shears at the microscopic level using counter-streaming
setups. Here, the shear interactions are associated with kinetic Kelvin–Helmholtz instability (kKHI),
also referred to as electron-scale Kelvin–Helmholtz instability (ESKHI; e.g., [47–53]).

Alves et al. [54] presented the shear surface instability that occurs in the plane perpendicular
to that of the ESKHI. These new unstable modes explain the transverse dynamics and the plasma
parameter structures similar to those observed in the PIC simulations performed by [47,49,52,55].
They named this effect “mushroom instability” (MI), due to the mushroom-like structures that emerge
in the electron density, and the 2D simulation in particular. In 3D simulations, the shape of mushrooms
cannot seen clearly; nevertheless, they grow to be good and strong [56].

Multi-dimensional PIC simulations confirm the analytic results and further show the appearance
of mushroom-like electron density structures in the nonlinear stage of the instability, similar to those
observed in the Rayleigh Taylor instability, despite the great disparity in scales and different underlying
physics [54,56]. This transverse electron-scale instability may play an important role in relativistic and
supersonic sheared flow scenarios, which are stable at the (magneto)hydrodynamic level. This aspect
will be discussed later in the case of a cylindrical relativistic jet. Macroscopic (dimensional scale 

c/ωpe) fields are shown to be generated by this microscopic shear instability, which are relevant for
the generation of a DC electric field and toroidal magnetic field (Bφ), acceleration of particles, and
emission, as well as seeding magnetohydrodynamic processes at long time-scales [54,56].
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Spine-Sheath (Two-Components) Jet Setup

Next, we consider the simulation of a jet with a spine-sheath (two-component) plasma jet
structure, which was studied using the counter-streaming plasma setup implemented in simulations
by [47,49–53]. In the setup, a jet spine (core) with velocity γcore propagates in the positive x-direction
in the middle of the computational box. The upper and lower quarters of the numerical grid contain a
sheath plasma that can be stationary or moving with velocity vsheath in the positive x-direction [48,55].
This model is similar to that used in the RMHD simulations [44] containing a cylindrical jet spine
(core).

Nishikawa et al. [55] performed 3D PIC simulations of the kKHI and the MI for both e± and
e− − p+ plasmas. The processes studied here are inspired from the jets from AGN and GRBs that are
expected to have velocity shears between a faster spine (core) and a slower sheath wind (stationary
ambient plasmas). In these simulations, large velocity shears were studied with relative Lorentz factors
of 1.5, 5, and 15.

Figure 4a shows the structure of the By component of the magnetic field in the y− z plane (jet flows
out of the page) at the midpoint of the simulation box, where x = 500Δ. Figure 4b depicts 1D cuts along
the z axis showing the magnitude and direction of the magnetic field components at the midpoint
of the simulation box, where x = 500Δ and y = 100Δ for the e− − p+ case at the simulation time
t = 300ω−1

pe , with γjt = 15 [55]. In the e− − p+ case, magnetic fields appear relatively uniform at the
velocity shear surfaces along the transverse y-direction, just as it had been at the velocity shear surfaces
along the parallel x-direction, with almost no transverse fluctuations visible in the magnetic field
structure. Small fluctuations in the y-direction over distances on the order of ∼10Δ are visible in the
currents, whereas small longitudinal mode fluctuations in the x-direction occur over distances ∼100Δ.
This behavior indicates that the MI generates DC fields in the transverse direction, a fact that has also
been seen in the results of global jet simulations without helical magnetic fields [56].
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Figure 4. Magnetic field structure transverse to the flow direction for γjt = 15 is shown in the y − z plane (jet flows
out of the page) at the center of the simulation box, x = 500Δ for the e− − p+ case. The small arrows show the
magnetic field direction in the transverse plane (the arrow length is not scaled to the magnetic field strength).
1D cuts along the z axis of magnetic field components Bx (black), By (red), and Bz (blue) are plotted at x = 500Δ and
y = 100Δ for (b) the e− − p+ case. Note that the magnetic field strength scales in panels (a) (±0.367) are different.
An enlargement of the shear surface structure in the y − z plane contained within the squares in the left panels is
shown in the panels (c) to the right. Adapted from Figure 6 in Nishikawa et al. [55].

For the e± case, the magnetic field alternates in both the y- and z-directions, and these transverse
fluctuations occur over distances of the order of ∼100Δ, whereas longitudinal mode fluctuations in
the x-direction occur over distances ∼100Δ [55]. The 1D cuts show that (i) the By field component
dominates in the e− − p+ case, (ii) the By field component is about an order of magnitude smaller
for the e± case, and (iii) the Bz component is significant for the e± case. The 1D cuts also show that
there is a sign reversal of the magnetic field on either side of the maximum, which is relatively small
for the e± case but much more significant for the e− − p+ case. More details are revealed by the
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enlargement of the region contained in the squares, as it is shown in Figure 4c. For the e− − p+ case,
the generated relatively uniform DC magnetic field is symmetric about the velocity shear surface—e.g.,
note that By > 0 immediately around the shear surface, and By < 0 in the jet and the ambient plasmas
at somewhat larger distances from the shear surface. It should be noted that this DC magnetic field
is generated by the MI and saturated at this time. The MI is also generated in the global e− − p+

jet, where this instability generates toroidal magnetic fields that pinch the jet plasma [56]. On the
other hand, for the e± case, the generated AC magnetic field resides largely on the jet side of the
velocity shear surface. This phenomenon is also found in the global jet simulation [56] and the outflow
simulation [57].

The strong electric and magnetic fields in the velocity shear zone can also provide the right
conditions for particle acceleration. Nevertheless, the simulations are too short for definitive statements
on the efficacy of the process and the resulting spectra. Also, the organization of the field in compact
regions will complicate the interpretation of emission spectra, and a spatially resolved treatment of
particle acceleration and transport would be mandatory for a realistic assessment, which is beyond the
scope of this review paper. Relativistic electrons, for example, can suffer little synchrotron energy loss
outside the thin layer of the strong magnetic field. Thus, synchrotron emissivity can be dominated by
the shear layer, and in general, this emissivity can depend on how efficiently electrons can flow in and
out of the shear layer and be accelerated in the regions with strong magnetic fields. An immediate
consequence for radiation modeling is that the energy-loss time of electrons cannot be calculated with
the same mean magnetic field that is used to compute emission spectra, because the former includes
the volume-filling factor of the strong-field regions.

3. PIC Simulations of Cylindrical Jets

Cylindrical geometry is the simplest form that can be used to model the relativistic jets. Therefore,
cylindrical jets have been used to study the shear instabilities that occur at the interface between a jet
and its ambient plasma, where the plasma is unmagnetized and composed of either e± or e− − p+.
Moreover the jet was implemented in the ambient plasma along the x-direction (periodic along
the x-direction). Figure 5 shows isocontour images of the x-component of the current, along with
the magnetic field lines that are generated by the kinetic instabilities for both e± and e− − p+ jets.
The isocontour images show that in the e− − p+ jet case, currents are generated in sheet-like layers
and the magnetic fields are wrapped around the jet generated by the dominant MI. On the other
hand, in the e± jet case, many distinct current filaments are generated near the velocity shear, and
the individual current filaments are wrapped by the magnetic field. Since the growth rates of kinetic
instabilities depend on the species of jets, dominant growing modes are different. The clear difference
in the magnetic field structure between these two cases may make it possible to distinguish different
jet compositions via differences in circular and linear polarization, which are seen clearly in the global
jets injected into ambient plasmas [56].
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Figure 5. Isocontour plots of the Jx magnitude with magnetic filed lines (one fifth of the jet size) for (a) an e− − p+

and (b) an ee± jet at simulation time t = 300ω−1
pe . The 3D displays are clipped both along and perpendicular to the

jet in order to view the interior. Adapted from Figure 4 in Nishikawa et al. [58].

Alves et al. [59] considered magnetic field profiles of the form B(r) = B0(r/Rc)e1−r/Rc eφ +Bzez,
where Rc is the cross-sectional radius of the jet spine. They also demonstrated that the toroidal
magnetic field profiles decay as r−α (with α ≥ 1) and determined that their overall findings are not
sensitive to the structure of the magnetic field far from Rc. Near the black hole, the poloidal and
the toroidal magnetic field components (Bz and Bα, respectively) are comparable to one another [60].
However, the ratio Bz/Bα decreases with the increase of the distance from the source, and it can be
very small at a distance—relevant to astrophysical jets—of ∼100 pc. The characteristic magnetic field
amplitude (henceforth denoted as B0) at such distances, B0∼mG, is quite strong in the sense that
the ratio σ of the magnetic energy density to plasma rest-mass energy density may exceed unity. In
this review, we would like to emphasise the importance of the macroscopic-like instabilities (as, for
example, the kink instability), since strong helical magnetic fields can suppress the kinetic instabilities
(such as the Weibel instability, kKHI, and MI) and a kink-like instability is more likely to occur, as it is
shown in [61,62].

Recently, global relativistic PIC simulations have been performed where a cylindrical
unmagnetized jet is injected into an ambient plasma in order to investigate shock (Weibel instability)
and velocity shear instabilities (the kKHI and the MI) simultaneously [56]. Previously, these two
processes have been investigated separately. For example, kKHI and MI have been investigated
for sharp velocity shear slabs and cylindrical geometries extending across the computational grid
(e.g., [55,58,59]).

4. Simulation Setups of Global Jet Simulations

Recently, global simulations have been performed while involving the injection of a cylindrical
unmagnetized jet into an ambient plasma in order to simultaneously investigate shock (Weibel
instability) and velocity shear instabilities (kKHI and MI) [56]. Previously, these two processes have
been investigated separately. For example, kKHI and MI have been investigated for sharp velocity
shear slab and cylindrical geometries extending across the computational grid (e.g., [55,58,59]). In this
section, we present the results of this new study of global relativistic jets containing helical magnetic
fields.

Jets generated from black holes and merging neutron stars, which are then injected into the
ambient interstellar medium, are thought (in many cases) to carry helical magnetic fields (e.g., [1]).
Since many GRMHD simulations of jet formations show that the generated jets carry helical magnetic
fields (e.g., [63]), jets in PIC global simulations are injected into an ambient medium implementing
helical magnetic fields near the jet orifice, (e.g., [61,64]). One of the key issues is how the helical
magnetic fields affect the growth of the kKHI, the MI, and the Weibel instability. The RMHD simulations
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demonstrated that jets containing helical magnetic fields develop kink instability (e.g., [65–67]).
Since the PIC simulations are large enough to include kink instability, a kink-like instability was found
in the pair and e− − p+ jet cases (e.g., [61,64]).

4.1. Helical Magnetic Field Structure

In the simulations of [61,62], cylindrical jets containing a helical magnetic field were injected into
an ambient plasma (see Figure 6a). The structure of the helical magnetic field was implemented like
that in the RMHD simulations performed by Mizuno et al. [68], where a force-free expression of the
field at the jet orifice was used; that is, the magnetic field was not generated self-consistently, e.g., from
simulations of jet formation by a rotating black hole. For the initial conditions, the force-free helical
magnetic field was used as described in Equations (1) and (2) of Mizuno et al. (2014) [65].

The following form was used for the poloidal (Bx) and the toroidal (Bφ) components of the
magnetic field determined in the laboratory frame:

Bx =
B0

[1 + (r/a)2]α
, Bφ =

B0

(r/a)[1 + (r/a)2]α

√
[1 + (r/a)2]2α − 1 − 2α(r/a)2

2α − 1
, (1)

where r is the radial coordinate in cylindrical geometry, B0 parameterizes the magnetic field, a is the
characteristic radius of the magnetic field (the toroidal field component has a maximum value at a, for
a constant magnetic pitch), and α is the pitch profile parameter.

The expressions for describing the helical magnetic field used by [61,62] are written in Cartesian
coordinates. Since α = 1 Equation (1) was reduced to Equation (2), the magnetic field takes the form:

Bx =
B0

[1 + (r/a)2]
, Bφ =

(r/a)B0

[1 + (r/a)2]
. (2)

The toroidal component of the magnetic field was created by a current +Jx(y, z) in the positive
x-direction, and it is defined in Cartesian coordinates as:

By(y, z) =
((z − zjc)/a)B0

[1 + (r/a)2]
, Bz(y, z) = − ((y − yjc)/a)B0

[1 + (r/a)2]
. (3)

Here, the center of the jet is located at (yjc, zjc) and r =
√
(y − yjc)2 + (z − zjc)2. The chosen helicity

is defined through Equation (3), which has a left-handed polarity with positive B0. At the jet orifice,
the helical magnetic field is implemented without the motional electric fields. This corresponds to a
toroidal magnetic field generated by jet particles moving along the +x-direction.

The poloidal (Bx: black) and the toroidal (Bφ: red) components of the helical magnetic field with a
constant pitch (α = 1) are shown in Figure 6b. The toroidal magnetic fields become zero at the center
of the jet, as shown by red lines in Figure 6b. To date, simulations with a constant pitch (α = 1) and
with b = 200 have been performed using rjet = 20, 40, 80, 120Δ [61,62]. Here, b is the dumping factor of
the magnetic fields outside the jet.

It should be noted that the structure of the jet formation region is more complicated than what
is implemented in the PIC simulations at the present time (e.g., [69,70]). Furthermore, so far these
global jet simulations have been performed with the simplest kind of jet structure with a top-hat shape
(flat-density profile). A more realistic jet structure needs to be implemented in a future simulation
study.
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Figure 6. Panel (a) shows a schematic simulation setup; a global jet setup. The jet is injected at x = 100Δ
with the jet radius rjet at the center of the y − z plane (not scaled). Panel (b) shows the helical magnetic
fields, Bx(black), Bφ(red) with B0 = 0.01 for the pitch profile α = 1.0 with damping functions outside
the jet with b = 200.0. The jet boundary is located at rjet = 20Δ [61]. So far, simulations were performed
with rjet = 20, 40, 80, 120Δ [62].

4.2. Helically Magnetized Global Jet Simulations with Larger Jet Radii

In this section, we explore how the jet evolution is affected by the helical magnetic field using
a short system before performing more large-scale simulations. A schematic of the simulation injection
setup is shown in Figure 6b [61,62]. The initial jet and ambient (electron and ion) plasma number
density measured in the simulation frame is njt = 8 and nam = 12, respectively. This set of plasma
parameters is used for obtaining the simulation results presented in [56,61,64].

In their simulations, the electron skin depth λs = c/ωpe = 10.0Δ, where c is the speed of light
(c = 1), ωpe = (e2nam/ε0me)1/2 is the electron plasma frequency, and the electron Debye length for
the ambient electrons is λD = 0.5Δ. The jet–electron thermal velocity is vjt,th,e = 0.014c in the jet
reference frame. The electron thermal velocity in the ambient plasma is vam,th,e = 0.03c, and ion
thermal velocities are smaller by (mi/me)1/2. Simulations were performed using an e± plasma or an
e−−p+ (with mp/me = 1836) plasma for the jet Lorentz factor of 15 and with the ambient plasma at
rest (vam = 0).

In these short system simulations, a numerical grid with (Lx, Ly, Lz) = (645Δ, 131Δ, 131Δ)
(simulation cell size: Δ = 1) is used, imposing periodic boundary conditions in transverse
directions with a jet radius of rjet = 20Δ [61]. In this review, all simulation parameters are
maintained as described above except for the jet radius and the size of the simulation grid (which
is adjusted based on the jet radius) [62]. Therefore, the jet radius is increased from the value
rjet = 20Δ up to several values: rjet = 40Δ, 80Δ, and 120Δ, which corresponds to a numerical
grid with (Lx, Ly, Lz) = (645Δ, 257Δ, 257Δ), (645Δ, 509Δ, 509Δ), and (645Δ, 761Δ, 761Δ), respectively.
The cylindrical jet with jet radius rjet = 40Δ, 80Δ, and 120Δ is injected into the middle of the y – z plane
((yjc, zjc) = (129Δ, 129Δ), (252Δ, 252Δ), (381Δ, 381Δ)) at x = 100Δ. The largest jet radius (rjet = 120Δ)
is larger than that (rjet = 100Δ) in [56], but the simulation length is much shorter (Lx = 2005Δ).

Other parameters used in their simulations include the initial magnetic field amplitude parameter
B0 = 0.1c, where σ = B2/nemeγjtc2 = 2.8 × 10−3 is used, and a = 0.25 ∗ rjet. The helical field structure
inside the jet is defined by Equations (1) and (2). For the magnetic fields outside the jet, a damping
function exp [−(r − rjet)

2/b] (r ≥ rjet) is imposed on Equations (1) and (2) with the tapering parameter
b = 200Δ. The final profiles of the helical magnetic field components are similar to those obtained in
the case where the jet radius is rjet = 20Δ, with the only difference being that a = 0.25 · rjet, as it is
shown in Figure 6b.
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Figure 7 shows the y-component of the magnetic field (By) for two values of the jet radius with
rjet = 20Δ and 80Δ, respectively. In both cases, the initial helical magnetic field (left-handed; clockwise,
viewed from the jet front) is enhanced and disrupted due to the plasma instabilities.
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Figure 7. Isocontour plots of the azimuthal component of magnetic field By intensity at the center of the jets
for e− − p+ (a,c) e± (b,d) jets; with rjet = 20Δ (a,b) rjet = 80Δ (c,d) at time t = 500ω−1

pe . The disruption of helical
magnetic fields are caused by instabilities and/or reconnection. The max/min numbers of panels are (a) ±2.645,
(b) ±2.427, (c) ±3.915, (d) ±1.848. Adapted from Figure 1 in Nishikawa et al. [62].

Thus, even when shorter simulation systems are used, growing instabilities are affected by the
helical magnetic fields. The simple recollimation shock generated in the small jet radius is shown in
Figure 7a,b. The currents generated by instabilities in the jets determine these complicated patterns of
By, as it is shown in Figure 7. Using a larger jet radius adds more modes of growing instabilities in the
jets, which make the jet structure more complicated. In order to investigate the full development of
instabilities in jets with helical magnetic fields, longer simulations are required.

To illustrate the production of acceleration of the particles in the jet, the Lorentz factor of the jet
electrons was plotted for the two cases of plasma type used (e− − p+ and e±, respectively) when the jet
radius is rjet = 120Δ, as it is shown in Figure 8. These observed patterns of the Lorentz factor coincide
with the changing directions of the local magnetic fields in the y-direction, which are generated by
kinetic instabilities like the Weibel instability, the kKHI, and the MI. The directions of the magnetic
fields are indicated by the arrows (black spots) in the x − z plane. (The arrows are better seen when
the figure is magnified.) The directions of magnetic fields are determined by the generated instabilities.
The structures at the edge of the jets are generated by the kKHI. Moreover, the plots of the Lorentz
factor in the y − z plane, which are not presented here, show the production of the MI at the circular
edge of the jets.
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Figure 8. Panels (a,b) show the 2D plot of the Lorentz factor of jet electrons for e−−p+ (a) and e± (b) jet with
rjet = 120Δ at time t = 500ω−1

pe . The arrows (black spots) show the magnetic fields in the x − z plane. Adapted from
Figure 3 in Nishikawa et al. [62].

Figure 9 shows the isosurface of the Lorentz factor of the jet electrons for a plasma that is composed
of (a) e−−p+ and (b) e±. The 3D isosurface of the averaged jet electron Lorentz factor in a quadrant
of the jet front (320 ≤ x/Δ ≤ 620, 381 ≤ y, z/Δ ≤ 531) shows where jet electrons are accelerated
(in reddish color) locally. The cross-sections and the surfaces of the jets show complicated patterns that
are generated by mixed instabilities, where the fine lines represent the magnetic field lines.

(a) (b)

Figure 9. Panels show 3D isosurface plots of the Lorentz factor of the jet electrons for e−−p+ (a) and e± (b) jet
with rjet = 120Δ at time t = 500ω−1

pe . The lines show the magnetic field stream lines in the quadrant of the front part
of the jets. The color scales for contour (upper left): red 20.0; orange 13.67; right blue 7.33. blue 1. The color scales of
streaming lines (a) (5.92, 3.52, 0.174, −1.29, −3.70) ×10−1; (b) (3.96, 2.21, 0.453, −1.30, −3.05) × 10−1. Adapted
from Figure 4 in Nishikawa et al. [62].

For the jet radii larger than rjet = 80Δ, the kKHI and the MI are generated at the jet surface, whereas
inside the jet, the Weibel instability is generated together with a kink-like instability, particularly in
the case of the e−−p+ plasma. Answering the question on how the growth of kink-like instabilities
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depends on the helical magnetic fields requires further investigations using different parameters,
including a, which determines the structure of the helical magnetic field in Equations (2) and (3).
Furthermore, an imprint on the plasma behavior of different values of the pitch parameter α is also
necessary for investigation using Equation (1).

Recently, Dieckmann et al. [57] investigated the expansion of a cloud of electrons and positrons
with the temperature 400 keV that propagates at the mean speed 0.9c (c: speed of light) through an
initially unmagnetized e−−p+ plasma with PIC simulation. They found a mechanism that could
collimate the pair cloud into a jet. The electrons and positrons of the cloud expanded rapidly due to
their high temperature, which decreased the density of the cloud. A filamentation instability developed
between the protons at rest and the moving positrons in the interval, where the latter were still dense.
It is noted that it is difficult to distinguish the filament instability from the kKHI, which is shown in
the simulation where the electron-positron jet was injected into an electron-positron ambient [56]. The
instability expelled the protons from large areas, which were then filled with positrons. Magnetic
fields grew only in those locations where protons and rapidly streaming positrons were present, which
confined the magnetic field to a small spatial span. The effect of the filamentation instability and
the resulting magnetic field were to push the protons away from the regions with no protons. The
instability and the magnetic field followed the pushed protons and, hence, the filament grew in size.
The largest filament grew along the reflecting boundary of their simulation, and the magnetic field
that pushed the protons out became a stable magnetic piston. This filament is the largest one because
the density of the cloud is largest where it is close to the boundary, and because it was aligned with the
flow direction of the pair cloud. The large pool of directed flow energy was converted to magnetic field
energy by the filament instability. Similar expansion of electron-positron jet plasmas was observed in
the global jets without helical magnetic fields [56].

The filament was generated in a pair jet due to the separation by the generated magnetic field
from the expelled and shocked ambient plasma. The front of the jet propagated with the speed 0.15c
along the boundary and expanded laterally at a speed that amounted up to about 0.03c. The growth of
the filament was limited by their simulation box size and by the limited cloud size; a decrease of the
ram pressure would inevitably lead to a weakening of the filamentation instability and to a collapse
of the jet. But it appears that, as long as the pair cloud has enough ram pressure, the filaments can
grow to arbitrarily large sizes if the filamentation instability develops between a pair cloud and an
electron-proton plasma, at least for plasma parameters similar to those used here. It should be noted
that this simulation study shows the importance of kinetic processes of injected cylindrical plasma
clouds using PIC simulation.

4.3. Reconnection in Jets with Helical Magnetic Fields

Reconnection is ubiquitous in solar and magnetosphere plasmas, and it is an important additional
particle acceleration mechanism for AGN and GRB jets (e.g., [71]). Despite the extensive research on
reconnection, most of all reconnection simulations have been performed with the Harris sheet [72].
where the unperturbed magnetic fields B are anti-parallel (B = − tanh(x)ey). The release of energy
stored in helical magnetic fields and particle acceleration during reconnection have been proposed as a
mechanism for producing high-energy emissions and cosmic rays (e.g., [71,73]). It should be noted that
the stored magnetic field energy in anti-parallel magnetic fields in the slab model is not consistent with
the helical magnetic fields in the relativistic jets; therefore, a realistic argument on particle acceleration
due to reconnection requires consideration of the helical magnetic field in the jets.

The importance of reconnection in jets has been proposed previously, but no kinetic simulation
of global jets with helical magnetic fields has been performed before, with the exception of our own
simulations [61,62].

Figure 10 shows the vectors of magnetic fields in the quadrant of the front part of the jets.
Unfortunately, these vectors do not show the changes in direction which may reveal reconnection sites.
In order to find the reconnection region, it is necessary to analyze the critical points (CPs). These CPs
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or magnetic nulls are the points where the magnitude of the magnetic field vector vanishes [74].
These points may be characterized by the behaviour of nearby magnetic field curves or surfaces.
The set of curves or surfaces that end on CPs is of special interest because it defines the behaviour of
the magnetic field in the neighborhood of CP.

The usual magnetic field configuration satisfies the hyperbolic conditions in which the vector field
system has a nonzero real part of eigenvalues. The bifurcation (the topological change) represents the
magnetic reconnection in the magnetic field. Thus, the particular sets of CPs, curves, and surfaces can
be used to define a skeleton that uniquely characterizes the magnetic field [74]. In order to investigate
the location of reconnection and its evolution, the method described by Cai, Nishikawa, and Lembege
(2007) [74] needs to be employed in future work.

(a) (b)

Figure 10. Panels show 3D vector plots of the magnetic fields for the (a) e−−p+ and (b) e± jets with rjet = 120Δ at
time t = 500ω−1

pe . The colors show the strength of the magnetic fields in the quadrant of the front part of the jets.

5. Discussion

In this paper, simulations of relativistic jets have been investigated extensively, starting from
the study of the Weibel instability in slab mode, and continuing with simulations of instabilities in
velocity-shears. Recently, a cylindrical geometry of the jets has been taken into account to be able to
model the jet plasma more realistically.

The global jet simulations performed with large jet radii show the importance of a larger jet radius
in PIC simulations for examining the macroscopic processes found in RMHD simulations. Due to the
mixing of generated instabilities, the phase space plots of the jet electrons show little or no bunching in
comparison to that when the jet radius is smaller, rjet = 20Δ. Consequently, recollimation-like shocks
occur, rather in the center of the jets. Moreover, the recollimation-like shock structure is dependent
on the value of the parameter of the helical magnetic field geometry a. To better understand the
production of such recollimation-like shocks, further investigations of PIC simulations performed with
even larger radii of the jets are needed.

The Weibel instability is ubiquitous in plasma flows, particularly when the plasma is
unmagnetized. However, as shown in one of the simulations with global e−−p+ jets without helical
magnetic fields, the Weibel instability is suppressed and the MI grows dominantly at the linear stage
(see Figure 3a in Nishikawa et al. [56]). On the contrary, for e± jets, the Weibel instability grows with
the kKHI and the MI.

So far, the global jet simulations have been performed only for two values of the ion-to-electron
-mass ratio, mi/me = 1 and 1836. The simulation results obtained even when mp/me = 1836 indicate
that a small grid system is not appropriate for studying the kinetic plasma instabilities altogether in a
realistic way. At this time, these two cases will provide us clearer differences between two different
cases with the maximum mass ratio. In the simulations performed by Nishikawa et al. [61,62], only a
weak magnetization factor was used. Simulations with stronger helical magnetic fields were performed
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by us, and preliminary results show that MI grows stronger with stronger magnetic fields. However,
further investigation is necessary with larger systems.

These simulations show that the excitation of kinetic instabilities like the kKHI, the MI, and
the Weibel instability with kink-like instability release the energy stored in the helical magnetic
field. Consequently, jet and ambient electrons are accelerated and magnetic fields become turbulent.
Furthermore, the accelerating electrons emit radiation, and the turbulent magnetic field induces the
polarization of the emitted radiation.

MacDonald & Marscher [3] have developed a radiative transfer scheme that allows the Turbulent
Extreme Multi-Zone (TEMZ) code to produce simulated images of the time-dependent linearly and
circularly polarized intensity at different radio frequencies. Using the PIC simulation output data as
input parameters in the TEMZ code, synthetic polarized emission maps were obtained. These maps
highlight the linear and circular polarization expected within the above PIC models. This algorithm
is currently being refined to account for slow-light interpolation through the global PIC simulations
reviewed here.

Simulations of global jets with helical magnetic fields are promising in regard to providing
new insights into jet evolution and associated phenomena. However, at the present time, the
length of the system is too small, and a much longer system is required in order to investigate
a nonlinear stage. Possibly even when using larger systems, such as a numerical grid with
(Lx, Ly, Lz) = (2005Δ, 1005Δ, 1005Δ), the jet radius 100Δ is not large enough to accommodate the
microscopic processes, such as the gyro-motion of electrons and ions.

Therefore, these simulation results only provide some qualitative information which supplements
those investigated by RMHD simulations. In the present simulations, jets were injected with a top-hat
model. However, jets generated from black holes (either in AGN or in merging systems) have an
opening angle and structured shapes. The helical magnetic fields used in the PIC simulations are
not formed self-consistently as generated from rotating black holes like those performed in GRMHD
simulations, and the initial setup with magnetic fields and the associated jet injection scheme need
to be refined in future investigations. Furthermore, simulations of relativistic jets with large Lorentz
factor particularly require the inclusion of radiation loss (e.g., [75]).

Since the power of supercomputers is growing rapidly, very large simulations of global jets could
be performed, which will provide new insights on jet evolution, including reconnection and associated
phenomena such as flares and high-energy particle generation.
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Abstract: This review provides an overview of recent advances in multi-wavelength and
multi-messenger observations of blazars, the current status of theoretical models for blazar emission,
and prospects for future facilities. The discussion of observational results will focus on advances made
possible through the Fermi Gamma-Ray Space Telescope and ground-based gamma-ray observatories
(H.E.S.S., MAGIC, VERITAS), as well as the recent first evidence for a blazar being a source of
IceCube neutrinos. The main focus of this review will be the discussion of our current theoretical
understanding of blazar multi-wavelength and multi-messenger emission, in the spectral, time, and
polarization domains. Future progress will be expected in particular through the development of
the first X-ray polarimeter, IXPE, and the installation of the Cherenkov Telescope Array (CTA), both
expected to become operational in the early to mid 2020s.

Keywords: active galaxies; blazars; multi-wavelength astronomy; muti-messenger astronomy;
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1. Introduction

Blazars are the class of jet-dominated, radio-loud active galactic nuclei (AGN) whose relativistic
jets point close to our line of sight. Due to this viewing geometry, all emissions from a region moving
with Lorentz factor Γ ≡ (1 − β2

Γ)
−1/2, where βΓc is the jet speed, along the jet, at an angle θobs with

respect to our line of sight, will be Doppler boosted in frequency by a factor δ = (Γ[1 − βΓ cos θobs])
−1

and in bolometric luminosity by a factor δ4 with respect to quantities measured in the co-moving
frame of the emission region. Any time scale of variability in the co-moving frame will be observed
shortened by a factor δ−1. These effects make blazars the brightest γ-ray sources in the extragalactic
sky (e.g., [1]), exhibiting variability, in extreme cases, on time scales down to just minutes (e.g., [2–5]).

The broad-band continuum (radio through γ-ray) spectral energy distributions (SEDs) of blazars
are typically dominated by two broad, non-thermal radiation components. The low-frequency
component, from radio through optical/UV (in some cases, X-rays) is generally agreed to be
synchrotron emission from relativistic electrons in the jet, as evidenced by the measurement of
significant, variable linear polarization in the radio (e.g., [6]) and optical (e.g., [7]) wavebands. For the
high-energy (X-ray through γ-ray) SED component, both leptonic (high-energy emission dominated
by electrons and/or electron-positron pairs) and hadronic (high-energy emission dominated by
ultrarelativistic protons) models are being considered (for a comparative discussion of both types of
models with application to a sample of γ-ray blazas see, e.g., [8], and for a general review of emission
models of relativistic jet sources, see, e.g., [9]).

The population of blazars consists of flat-spectrum radio quasars (FSRQs) and BL Lac objects, the
latter distinguishing themselves by (nearly) featureless optical spectra with emission-line equivalent
widths EW < 5 Å. An alternative classification based on the broad-emission-line luminosity (rather
than EW) was proposed by [10]. The featureless optical continuum spectra of BL Lac objects
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often makes it difficult or impossible to determine their redshift. A more physical distinction
between different blazar classes might be on the basis of the location of their SED peak frequencies.
Low-synchrotron peaked blazars (LSP) are defined by having a synchrotron peak frequency
νsy < 1014 Hz, intermediate-synchrotron peaked blazars (ISP) have 1014 Hz ≤ νsy < 1015 Hz, while
high-synchrotron peaked blazars (HSPs) have νsy > 1015 Hz [11]. Most HSP and ISP blazars have been
classified as BL Lac objects based on their optical spectra, while the LSP class contains both FSRQs and
low-frequency-peaked BL Lac objects.

In leptonic models, the high-energy emission is produced by Compton scattering of soft
(IR–optical–UV) target photon fields by relativistic electrons. Target photon fields can be the co-spatially
produced synchrotron radiation (synchrotron self-Compton or SSC; see, e.g., [12]) or external radiation
fields, such as those from the accretion disk (e.g., [13]), the broad-line region (e.g., [14]) a dusty,
infrared-emitting torus (e.g., [15]), or synchrotron emission from other, slower or faster moving regions
of the jet, such as a slow sheath surrounding the highly relativistic spine in a radially stratified jet
(e.g., [16]) or another (slower/faster) jet component in a decelerating jet flow (e.g., [17]). Even though
in leptonic models the radiation output is dominated by electrons and/or pairs, it is generally believed
that the jets also contain non- or mildly-relativistic protons. Due to their much larger mass, they
will not contribute significantly to the radiative output, but they may still carry a significant (if not
dominant) fraction of the momentum and kinetic power of the jet (see, e.g., [18]).

In hadronic models for blazar emission, it is assumed that protons are accelerated
to ultra-relativistic energies so that they can dominate the high-energy emission through
proton-synchrotron radiation (e.g., [19,20]) or through photo-pion production (e.g., [21,22]), with
subsequent pion decay leading to the production of ultra-high-energy photons and pairs (and
neutrinos!). These ultra-relativistic secondary electrons/positrons lose their energy quickly due
to synchrotron radiation. Both these synchrotron photons and the initial π0 decay photons have too
high energy to escape γγ absorption in the source, thus initiating synchrotron-supported pair cascade.
This typically leads to very broad emerging γ-ray spectra, typically extending into the X-ray regime
(e.g., [23]).

This review will provide, in Section 2, an overview of recent observational highlights on blazars
across the electromagnetic spectrum, including aspects of flux and polarization variability, as well
as multi-messenger aspect, especially the recent likely identification of the blazar TXS 0506+056 as a
source of very-high-energy neutrinos detected by IceCube. Necessarily, this review will need to focus
on recent highlights for a few selected topics, also biased by the author’s scientific interests. However,
a balanced and fair review of relevant works on the selected topics is attempted.

Section 3 summarizes recent developments on the theory side, with a view towards inferences
from these recent observational highlights. Section 4 prospects for future multi-wavelength and
multi-messenger observations, especially towards addressing the following questions, where the
author believes that major breakthroughs are possible through dedicated blazar observations within
the next decade:

• What is the matter composition of blazar jets, and what is the dominant particle population
responsible for the high-energy emission? Answering this question will allow major progress
concerning physics of jet launching and loading, and the mode of acceleration of relativistic
particles in jets.

• What is the structure of magnetic fields in the high-energy emission region and their role in the
acceleration of relativistic particles? The answer to this question will aid in understanding the
physics of jet collimation and stability and provide further clues to the physics of ultra-relativistic
particle acceleration (magnetic reconnection vs. shocks vs. shear layers, ...)

• Where along the jet is high-energy and very-high-energy γ-ray emission predominantly produced?
Different observational results currently point towards different answers (sub-pc vs. 10s of pc from
the central black hole). The confident localization of the blazar γ-ray emission region will further
constrain plausible radiation mechanisms and could possibly hint at beyond-the-standard-model
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physics (if evidence suggests that γγ absorption in the radiation field of the broad line region is
suppressed below standard expectations).

Throughout the text, physical quantities are parameterized with the notation Q = 10x Qx in
c.g.s. units.

2. Recent Observational Highlights

This section summarizes highlights of recent multi-wavelength and multi-messenger observations
of blazars, focusing on results directly probing the high-energy emission region, which tends to be
optically thick to radio wavelengths. Radio observations typically probe the larger-scale (pc-scale
and larger) structure of jets and will not be discussed in this review. For recent reviews of radio
observations of blazar jets, the reader is referred to, e.g., [24–27].

2.1. Flux Variability

Blazars are characterized by their significant variability across the entire electromagnetic spectrum,
on all time scales ranging from years down to minutes. In addition to the very short variability time
scales, a major challenge for our understanding of the optical through γ-ray emission is the fact that the
variability patterns in different wavelength bands do not show a consistent behaviour of correlation
(or non-correlation).

2.1.1. Minute-Scale Variability

The shortest variability time scales, down to minutes, have been found in very-high-energy
γ-ray observations using ground-based Imaging Atmospheric Cherenkov Telescope (IACT) facilities
(H.E.S.S., MAGIC, VERITAS). They were first identified in HSP blazars, such as PKS 2155-304 [2] and
Mrk 501 [3], but later also in LSP blazars, namely the prototypical BL Lac object BL Lacertae [5] and
the FSRQ PKS 1222+21 [4]. Remarkably, sub-hour very-high-energy (VHE) γ-ray variability was also
seen by MAGIC in IC 310 [28], which, based on its large-scale radio structure had been classified as a
radio galaxy, in which case relativistic beaming effects would be inefficient. However, its broadband
SED and variability behaviour suggest a blazar-like orientation of the inner jet, as is probably also the
case for the H.E.S.S.-detected radio galaxy PKS 0625-35 [29].

Rapid variability has also been seen at GeV energies with Fermi-LAT, although the limited photon
statistics (because of the ∼105 times smaller collection area of Fermi-LAT compared to IACTs) typically
limits the time scales to >∼hours (e.g., [30,31]). Note, however, that minute-scale GeV variability
has been detected with Fermi-LAT during the giang γ-ray outburst of 3C 279 in June 2015 [32] and,
more recently, at 4.7 σ significance during the exceptional long-term outburst of the FSRQ CTA 102 in
2016–2017 (see Figure 1 [33]).

Figure 1. Fermi-LAT GeV γ-ray light curve of Cherenkov Telescope Array (CTA) 102 on 19 April
2017. Left: Orbit-binned light curve; Right: 3-min binned light curve (from] [33]). Reproduced with
permission from the American Astronomical Society (AAS).
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Due to causality arguments, the observed variability time scale tobs
var imposes a limit on the size R

of the emission region,

R ≤ c tobs
var

δ

1 + z
= 1.8 × 1014

(
tobs
var

5 min

)
δ1. (1)

The observed γ-ray flux, modulo Doppler boosting, implies a luminosity, which can be translated
into a lower limit on the photon energy density in the emission region, using the size constraint from
Equation (1). Since there is, so far, no evidence for internal γγ absorption on the co-spatially produced
low-energy (IR–X-ray) radiation field in the MeV–GeV γ-ray emission of blazars, the emission region
must be optically thin to this process. This then implies a lower limit on the Doppler factor. γ-ray
photons in the GeV regime interact primarily with target photons that are observed in the X-ray regime.
Assuming an observed X-ray spectrum with an energy spectral index αX and an integrated flux F0−1 in
the range E0 to E1 (corresponding to normalized energies ε0,1 ≡ E0,1/[mec2]), the limit on the Doppler
factor can be derived as [34,35]

δ ≥
(

103 αX
σT d2

L
3 mec4 tobs

var
F0−1

1 − αX

ε1−αX
1 − ε1−αX

0

[1 + z]2αX EαX
GeV

) 1
4+2αX

. (2)

where EGeV is the maximum photon energy (in units of GeV) out to which there is no evidence for a
spectral break due to γγ absorption (typically of the order of ∼10–100 GeV in the case of most Fermi
blazars), dL is the luminosity distance, and σT is the Thomson cross section. In the case of the 5-min
variability observed in a few blazars, this, in fact, implies minimum Doppler factors of δ >∼ 50 [36].
Such values are much higher than the Doppler factors of δ ∼ 10 typically inferred from superluminal
motion speeds observed in radio Very Long Baseline Interferometry (VLBI) monitoring observations
of blazars (e.g., [37,38])—a problem sometimes referred to as the Doppler-factor crisis [39]. Various
suggested model solutions to this problem will be discussed in Section 3.1.

2.1.2. Multiwavelength Correlations

Another major challenge to our current understanding of the physical processes in blazar
γ-ray emission regions is the fact that multi-wavelength variability patterns are sometimes
correlated, sometimes not, among different wavelength bands. Even within the same object, the
correlated/uncorrelated variability behaviour changes between different observation periods. Most
blazar emission scenarios ascribe the entire IR–γ-ray emission to one single dominant emission region
(single-zone models). In this case, one would naturally expect all radiating particles to be subject
to the same acceleration and cooling mechanisms. As the radiative cooling time scales of particles
are energy-dependent (scaling as tcool ∝ γ−1 for synchrotron radiation and Thomson scattering),
variability patterns at different energies are expected to show time delays, but still be correlated. In fact,
if an observed time delay between the variability patterns at two frequencies E1 = E1,keV keV and
E2 = E2,keV keV is related to different radiative cooling time scales of synchrotron-emitting electrons
radiating at those energies, this can be used to place a lower limit on the magnetic field [40]. If electron
cooling is dominated by synchrotron and Compton cooling in the Thomson regime, a synchrotron
time delay τ1,2 ≡ τh hr translates into a lower limit on the magnetic field of

B>∼0.9 τ−2/3
h δ−1/3 (1 + k)−2/3

(
E−1/2

1,keV − E−1/2
2,keV

)2/3
G (3)

where k = LC/Lsy is the Compton dominance parameter of the SED. Such arguments have, in several
cases, constrained the magnetic fields in the emission regions of blazars to be of the order of B >∼ 1 G
(e.g., [41]).

In the case of LSP blazars, leptonic single-zone emission models predict the optical synchrotron
emission and GeV (Compton) γ-ray emission to be produced by electrons of approximately the same
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energy. The optical and γ-ray light curves are therefore expected to be closely correlated with very
small time lags. In the case of HSP blazars, the same type of correlation is expected to exist between
X-rays and VHE γ-rays. Such a close correlation is often observed, but there are also many examples
in which the correlation is absent. The most striking cases are the so-called “orphan flares”, in which
either γ-ray flares occur with no visible counterpart in the synchrotron component ((e.g., [42,43]), or
synchrotron (IR–optical–X-ray) flares without γ-ray counterpart.

A remarkable and unusual case of an orphan flare was detected by H.E.S.S. from the FSRQ 3C
279 on 27–28 January 2018 [44]. H.E.S.S. observations had been triggered by a Fermi-LAT detected
GeV γ-ray flare of 3C 279 around 16 January 2018. While H.E.S.S. did not detect the source around
the time of the Fermi-LAT flare, a significant detecton (∼11σ) resulted with a delay of ∼11 days with
respect to the GeV flare (see Figure 2). Also the optical (e.g., from the Steward Observatory Blazar
Monitoring Program1) and X-ray (e.g., Swift-XRT2) light curves showed no renewed activity at the
time of the H.E.S.S. VHE flare detection. Such orphan flares appear to strongly argue against simple
single-zone emission models, and possible alternatives will be discussed in Section 3.1.

Figure 2. Fermi-LAT GeV γ-ray light curve of 3C 279 around the flare of January 2018. The heavy arrow
marks the night of the H.E.S.S. VHE flare detection [44].

2.1.3. Periodicities?

AGN activity is often associated with recent galaxy mergers (e.g., [45–48]). If this is true, then
one might expect binary supermassive black hole (SMBH) systems, instead of a single SMBH, to
be present in the centers of at least some AGN. The orbital modulation as well as Lense-Thirring
precession of the dominant accretion disk (and likely also the jet), might then lead to periodic or
quasi-periodic modulations of the multi-wavelength emissions of blazars. However, the only case in
which quasi-periodicity, likely related to the presence of a binary SMBH system, is clearly established,
is the BL Lac object OJ 287, where a dominant SMBH of ∼ a few ×109 M
 appears to be in a ∼12 year
orbit with a smaller SMBH, which intercepts the primary accretion disk twice per orbit [49–51].

Given the long time lines of many (especially optical and radio) blazar monitoring campaigns
and the now ∼10 years of operations of Fermi, continuous γ-ray and well-sampled multi-wavelength
light curves now exist for a large number of blazars, allowing for efficient searches for periodicities on
yearly time scales. The most promising candidate for such periodicities appears to be the BL Lac object
PG 1553+113, where a period of ∼2.2 years has been identified in Fermi-LAT and multi-wavelength
data [52], possibly including secondary “twin peaks” symmetrically spaced around the main peaks [53].
A systematic search for periodicities in Fermi-LAT blazar light curves by [54], however, finds no
significant evidence for periodicities beyond 95% confidence in any of the 10 sources studied, including

1 http://james.as.arizona.edu/ psmith/Fermi/.
2 https://www.swift.psu.edu/monitoring/.
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PG 1553+113. Thus, one may conclude that the question concerning periodicities and the existence of
binary SMBHs in blazars (beyond the case of OJ 287) is still controversial.

2.2. Polarization—Variability

The radio through optical emission from blazars has long been known to be polarized with
significant variability both in the degree of polarization (Π) and the polarization angle (PA). In this
review, we will focus on optical polarization measurements, as those might be the best probes of
the magnetic field structure in the high-energy emission region. The optical polarization in blazars
varies from virtually unpolarized sources/states to highly polarized states with polarization degrees
of Π <∼ 50% (e.g., [55]). In addition to photopolarimetric and spectropolarimetric monitoring of blazars
by, e.g., the Steward Observatory blazar monitoring program, a systematic study of the polarization
variability of a large sample of blazars was performed with the RoboPol polarimeter3 on the 1.3 m
telescope of the Skinakas Observatory [56].

The average degree of polarization has been found to be systematically larger for γ-ray loud
blazars compared to γ-ray quiet ones [57], which is likely due to the fact that γ-ray loud blazars
appear more strongly Doppler boosted and thus more strongly synchrotron dominated in the optical
spectrum. The average degree of optical polarization systematically decreases as a function of
increasing synchrotron peak frequency within the RoboPol sample [57]. This may be attributed
to the fact that in LSP blazars, the optical range is at or near the peak of the synchrotron emission, thus
reflecting freshly accelerated electrons in a presumably very confined region in the jet, while in HSP
blazars, optical-synchrotron-emitting electrons have already cooled substantially and are most likely
distributed over a larger portion of the jet (see Figure 3).

Figure 3. Sketch to explain the dependence of the optical polarization angle (PA) on the synchrotron
peak frequency: In low-synchrotron peaked blazars (LSP) blazars, the optical spectrum is near the peak
of the synchrotron emission, thus reflecting freshly accelerated electrons. In high-synchrotron peaked
blazars (HSP) blazars, the optical range is far below the synchrotron peak frequency, thus reflecting
electrons that have already cooled substantially after the initial acceleration. From [57]. Reproduced
with kind permission from Oxford University Press and the Royal Astronomical Society.

3 http://robopol.org/.
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While the PAs in blazars typically exhibit erratic small-angle variations, they occasionally undergo
systematic PA swings exceeding 180◦, typically over the course of a few days [58–60]. These PA swings
are often associated with γ-ray and multi-wavelength flares. A central goal of the RoboPol project
was a systematic study of such PA swings in a large sample of blazars [7,56,61–64]. Key results of this
study were that (a) PA rotations do not occur in all blazars, but whether a blazar shows PA rotations
or not does not appear to depend on its sub-class (FSRQ/BL Lac object/LSP/HSP) or its average
fractional polarization [7], and (b) PA rotations are statistically correlated with γ-ray flares detected by
Fermi-LAT, while the reverse is not true, i.e., not all Fermi-LAT flares in a blazar showing PA rotations
are actually associated with such a rotation ([63] see Figure 4). Notably, also, there does not appear to
be a preferred direction of PA rotations, i.e., PA swings can occur in either direction in any given object.

Figure 4. Fermi-LAT γ-ray light curves of a representative sample of 8 blazars monitored by
RoboPol. The green areas show the period of RoboPol monitoring; red areas indicate periods of
PA rotations. From [63]. Reproduced with kind permission from Oxford University Press and the
Royal Astronomical Society.

The observations of such PA variability, and especially the PA swings, have spurred a large
number of theoretical works attempting to explain them. They will be discussed in Section 3.2.

2.3. Multi-Messenger Observations—Neutrinos

The past few years (2015–2018) marked the birth of multi-messenger astronomy, with the first
direct detection of gravitational waves from a binary-black-hole merger [65], the first confirmed
multi-messenger detection of gravitational waves from a binary-neutron-star merger and the associated
short gamma-ray burst [66], and the first strong hint for a blazar as the source of astrophysical
high-energy neutrinos [67,68].
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The jets of AGN have long been considered a prime candidate for the sites of acceleration of
high-energy cosmic rays and the production of high-energy neutrinos, as detected by IceCube [69,70].
Such neutrino emission is expected in hadronic models for the γ-ray emission from blazars
(e.g., [21,23,71–75]). However, until 2017, all searches for electromagnetic counterparts of the IceCube
astrophysical neutrinos remained inconclusive (e.g., [76,77]), except for the identification of the blazar
PKS B1424-418 as the possible source of the PeV IceCube neutrino event HESE-35 (aka “Big Bird”),
which was detected during an extended multi-wavelength outburst of the blazar in 2012–2013 [78].

This picture changed with the detection of the ∼290 TeV neutrino IceCube-170922A from a
direction consistent with the blazar TXS 0506+056 [67] on 22 September 2017. The blazar was in an
extended GeV γ-ray flaring state in September–October 2017 (see Figure 5), as detected by Fermi-LAT,
and was subsequently also detected in VHE γ-rays by MAGIC. This single neutrino, however, only
had a ∼50% likelihood of actually being of astrophysical origin (due to its moderate energy), thus,
by itself, providing only marginal evidence for the association. Furthermore, being only one single
event, it allowed for the calculation of only flux upper limits (see Figure 6). In an archival search for
additional neutrino events from the direction of TXS 0506+056, however, the IceCube collaboration
found evidence for an excess of 13 ± 5 astrophysical high-energy muon-neutrinos from that location
during an extended ∼5 month long period in 2014–2015 [68], henceforth termed the “neutrino flare”
(see Figure 7). This provided the first strong hint for TXS 0506+056 being a source of high-energy
neutrinos, and allowed for the first calculation of a measured high-energy neutrino flux from an
astrophysical source, corresponding to an all-flavour fluence (after correcting for neutrino oscillations)
of 4.2+2.0

−1.4 × 10−3 erg cm−2 with a spectrum between 32 TeV and 3.6 PeV fitted by a power-law with
spectral index γ = 2.1 ± 0.3.

Figure 5. Multi-wavelength lightcurves of TXS 0506+056. The vertical red dashed line indicates the
time of the IceCube-170922A event. Note also the absence of γ-ray activity during the period 2014–2015
of the neutrino flare. From [67]. Reproduced with permission by the American Association for the
Advancement of Science (AAAS).
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Figure 6. Multi-wavelength spectral energy distributions (SED) of TXS 0506+056, including neutrino
flux upper limits corresponding to the IceCube-170922A event, assuming one event in 0.5 years (solid
black) and one event in 7 years (dashed black). From [67]. Reproduced with permission by the
American Association for the Advancement of Science (AAAS).

Figure 7. Results of a time-dependent search for an IceCube neutrino excess from the direction
of TXS 0506+056. The orange and blue curves show the results of analyses using a Gaussian and
box-shaped time profile for the neutrino emission, respectively. The vertical dashed blue line in
IC86c indicates the time of the IceCube-170922A event. From [68]. Reproduced with permission by
the American Association for the Advancement of Science (AAAS).

Most notably, the γ-ray and multi-wavelength flux of TXS 0506+056 during the time of this
neutrino flare showed no evidence of enhanced activity. Note, however, that [79] identified a nearby
blazar, PKS 0502+049, which was in a γ-ray flaring state for several weeks before and after the
2014–2015 neutrino flare (see Figure 8), but disfavour this source as the potential counterpart of
IceCube-170922A as it was not flaring during the neutrino flare, but TXS 0506+056 was in a historical
hard-spectrum (but low-flux) state at that time. The substantial body of theoretical developments
spurred by this association will be discussed in Section 3.3.
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Figure 8. Left: Radio (red) and X-ray (blue) sources within 80 arcmin of the position of the
IceCube-170922A event. Right: Known and candidate blazars in the same field. Dark blue circles
represent low-frequency peaked BL Lac candidates, cyan symbols represent intermediate BL Lac
objects, and orange symbols indicate high-frequency peaked BL Lacs. The dashed line shows the 90%
error contour of the IceCube-170922 event. From [79]. Reproduced with kind permission from Oxford
University Press and the Royal Astronomical Society.

3. Theoretical Developments

This section summarizes some of the most recent developments in the modeling and interpretation
of the multi-wavelength and multi-messenger emission from blazars, specifically addressing the
observational highlights described in the previous section. For a general review of leptonic and
hadronic blazar emission models, see, e.g., [8,34,80].

3.1. Models of Flux Variability

As elaborated in Section 2.1, observed blazar variability patterns pose at least two major challenges
to currently existing blazar radiation models: (a) the rapid, minute-scale (γ-ray) variability, and (b) the
inconsistent cross-correlation patterns, with emission in different wavelength bands being sometimes
correlated, sometimes not, including occurrences of orphan flares. This section will provide a brief
overview over various blazar variability models currently “on the market”, discussing how they may
have the potential to address the issues mentioned in the preivous section.

3.1.1. Causes of Variability

Variability of blazar emission can, in principle, be caused in a variety of ways, by which different
models may be classified:

1. Shock-in-jet models: In these models (also termed “internal shock models”) inhomogeneities
in the jet flow produce mildly relativistic shocks travelling through the (relativistically moving)
jet plasma, leading to the acceleration of particles, most plausibly through Diffusive Shock
Acceleration (DSA; see, e.g., [81–85]). The shock-in-jet model for blazars was first suggested in
the seminal work by Marscher & Gear [86], and subsequently refined in a large number of works,
mostly in the framework of leptonic emission scenarios (e.g., [87–98]).
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In shock-in-jet models, particle acceleration occurs in a single region around the shock, equally
affecting all radiating particles (leptonic or hadronic). Thus, these models generally predict
correlated multi-wavelength variability with inter-band time lags reflecting energy-dependent
electron (or proton) cooling (and/or acceleration) time scales (e.g., [87]). In the case of a leptonic
emission scenario, for FSRQs, the optical and GeV γ-ray emissions are produced by electrons of
similar energies and therefore are expected to be correlated with close to zero time lag. Radio and
X-rays are produced by lower-energy electrons, expected to exhibit a delayed response compared
to the optical and γ-ray emissions. Figure 9 shows an example resulting from a shock-in-jet
simulation representing a multiwavelength flare of the FSRQ 3C 279 (flare C from [30]), where
the radio and X-ray emissions are expected to lag behind the optical and VHE γ-ray emissions
by ∼10 h. In the case of HSP blazars, the X-ray and γ-ray emissions are expected to be closely
correlated, with GeV γ-ray and optical emissions lagging behind the X-ray and VHE variations.

Figure 9. Shock-in-jet simulation of a flare of the FSRQ 3C279. Data are from [30]. Left: Snap-shot SEDs
resulting from the time-dependent simulaton; Right: Cross-correlations between various frequency
bands. Radio and X-ray variations are expected to lag behind optical and GeV γ-ray variations by
∼10 h. From Böttcher & Baring (2019, in preparation).

Uncorrelated variability amongst the two SED components could be achieved, in the framework
of shock-in-jet models, with the assumption of the emission from the dominant shock being
strongly synchrotron- or high-energy (Compton in leptonic models) dominated, enhancing the
quiescent emission from the larger-scale jet only in a narrow frequency band (e.g., [99,100]).
Alternatively, in a hadronic shock-in-jet scenario, vastly different acceleration time scales of
electrons and protons might give the impression of uncorrelated variability due to the long
time delay between the radiation components produced by electrons and protons (e.g., see [101]
Figure 10).
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Figure 10. Multi-band (optical = blue, X-ray = red, γ-ray = black) light curves from a lepto-hadronic
model with gradual, stochastic acceleration of particles. The acceleration time scale for protons
is substantially longer than for electrons, leading to a delayed γ-ray orphan flare due to
proton-synchrotron emission. From [101]. Reproduced with permission from ESO.

Shock-in-jet models naturally assume that the shock affects the entire cross section of the jet,
with a radius of typically R⊥ ∼ 1015–1016 cm. As discussed in Section 2.1, this constrains the
variability time scale to tvar >∼R⊥ (1 + z)/(δ c) ∼ 9 R⊥,16 (1 + z)/δ1 hours, which is very difficult
to reconcile with minute-scale variability, unless a very small jet cross section and/or a very large
Doppler factor are assumed.

It is well known that the formation of strong shocks and efficient particle acceleration at shocks is
suppressed in the presence of a dominant magnetic field (e.g., [102]). The low magnetizations
(uB/ue ∼ 0.1–10−3) typically inferred from broadband SED modeling of blazars (see, e.g., [8,103])
therefore seem to support the hypothesis of shocks being the dominant particle acceleration sites
in blazars.

2. Turbulence / Magnetic Reconnection: The relativistic flows of AGN jets are likely to develop
turbulence, which may trigger magnetic reconnection. This has been studied in a large number
of works in recent years (e.g., [104–108]). It has been shown that magnetic reconnection
produces hard power-law spectra of relativistic electrons, ne(γ) ∝ γ−p, including spectral indices
approaching a value of 1 (e.g., [109]), which, however, is also achievable with oblique relativistic,
but still subluminal shocks [85].

In view of the minute-scale variability problem discussed in Section 2.1, magnetic-reconnection
models are particularly appealing as they provide the possibility to produce small-scale
ultrarelativistic flows within the reconnection region, the so-called “jets-in-a-jet”
scenario [110–112]. The resulting ultrarelativistic bulk motion of small plasmoids provides
additional Doppler boosting, resulting in very short, bright flares. With modest magnetization
(σ ∼ a few), this model is capable of producing the observed fast (minute-scale) variability
(see [110,112–115] Figure 11) without requiring ultrarelativistic (Γ 
 10) bulk motions of the
entire jet material.
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Figure 11. Top: Sketch of a jet-in-a-jet scenario where particle acceleration results from
pasmoid-dominated magnetic reconnection. Bottom: Simulated 0.1–300 GeV γ-ray light curves at
different viewing angles (top to bottom: θobs = 0◦, ..., 20◦) for two different plasma magnetization
values of σ = 3 (left) and σ = 10 (right). Different colours indicate different degrees of alignment
of the plasmoids with the jet axis. The light curves illustrate the rapid, large-amplitude variability
that can be produced in such a scenario. From [113]. Reproduced with kind permission from Oxford
University Press and the Royal Astronomical Society.

159



Galaxies 2019, 7, 20

3. External Sources of Variability: Another class of models attributes variability to interactions of
the jet (or the high-energy emission region within the jet) with matter external to the jet, either by
direct collisions or by means of radiative interactions.

Examples of the former models include jet–star/cloud collision models (e.g., [116–120]), where
the jet interacts with and (at least partially) disrupts a star or a gas cloud, leading to the formation
of a strong shock with subsequent particle acceleration. The natural duration of flares in such
a scenario is expected to be of the order of the crossing time of the cloud or star through
the jet, typically of the order of days to weeks or months. For example, a model of cloud
ablation by a blazar jet has recently been proposed by [121] to model the ∼4 months long giant
multi-wavelength outburst of the FSRQ CTA 102 in 2016–2017, see Figure 12. Note that [119]
argue that a jet-star interaction may also produce rapid, minute-scale variability due to the
acceleration of fragments of the stellar envelope to ultra-relativistic bulk speeds.

Figure 12. Fits to the ∼4 months-long multi-wavelength outburst of CTA 102 in 2016–2017 in γ-rays (a),
X-rays (b), and optical (c) using a model of cloud ablation by the blazar jet. From [121]. Reproduced
with permission from the American Astronomical Society (AAS).

Variability models based on radiative interactions of the jet with external medium include,
in particular, synchrotron mirror models, in which the synchrotron emission produced within the
jet is reflected off an external obstacle (the “mirror”, which could, e.g., be a cloud of the Broad
Line Region or a stationary feature within the jet) (e.g., [122,123] see Figure 13). It thereby appears
as an intense target photon field either for Compton scattering (leptonic models—see Figure 14)
or pγ pion producton (hadronic models) for a short time around the passage of the high-energy
emission region by the mirror. A hadronic synchrotron mirror model has been proposed by [122]
to explain the orphan TeV flare of 1ES 1959+650. The reflected synchrotron X-ray emission in
this case would be an inefficient target for Compton scattering due to Klein-Nishina suppression,
leaving pγ interactions off relativistic protons as the dominant signature of the mirror process.
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Figure 13. Sketch of a synchrotron mirror model. From Oberholzer & Böttcher (2019, in preparation).

Figure 14. Simulated γ-ray light curve in a leptonic synchrotron mirror model. From [123]. Reproduced
with permission from the American Astronomical Society (AAS).

Into the same category falls the “Ring of Fire” model by [124,125], in which the high-energy
emission region passes a stationary external source of seed photons for Compton scattering and
which has also been proposed as a model for “orphan flares” [125].

4. Geometric Models: Variability models based on bending or helical jets invoke a change of the
viewing geometry as the dominant source of variability, due to a change in the Doppler factor
(e.g., [126–130]). Bending or helical jet structures are often observed in radio VLBI monitoring
(e.g., [131]). Models based on Doppler-factor variability typically predict correlated, almost
acromatic variability, except for a small shift in frequency by the changing Doppler factor, unless

161



Galaxies 2019, 7, 20

one assumes that different portions of the electromagnetic spectrum are not produced co-spatially
and may be affected by different Doppler-factor variations (e.g., [129]). Such models have also
had some success in reproducing optical polarization variability, as discussed further in the next
sub-section.

Another class of models that may be categorized as geometric invokes particle acceleration
triggered by the kink instability in jets (e.g., [132,133]). In these models, variability is caused by
particle acceleration due to magnetic energy dissipation in the development of the instability,
which is expected to be accompanied by significant changes in the polarization signatures, as
discussed further below.

3.1.2. Numerical Approaches

Modeling of blazar variability requires the time-dependent treatment of both the distributions of
relativistic particles and the radiation fields in the emission region. In leptonic models, the relevant
particle populations are only the electrons (and positrons, which are usually not distinguished from
electrons, as they cool and radiate identically, and pair annihilation is irrelevant for highly relativistic
electrons); in hadronic models, in principle, electrons/positrons need to be evolved simultaneously
with ultrarelativistic protons, pions, and muons. In almost all models currently available in the
literature, the particle momentum distributions are assumed to be isotropic in the rest frame of the
high-energy emission region. This is a critical simplifying assumption which makes the models
tractable, as one needs to keep track only of the particles’ energy distributions (in one dimension),
and current models based on isotropic particle distributions have met with significant success in
representing SEDs and variability patterns of blazars. However, realistically, neither relativistic shock
acceleration (e.g., [85]) nor particle acceleration at relativistic shear layers [134] appear to produce
isotropic particle distributions in any frame. In particular, [134] have shown that relativistic shear layer
acceleration produces highly beamed particle distributions in the direction of the shear flow, possibly
leading to much more strongly beamed radiation patterns than the standard 1/Γ scaling resulting from
relativistic aberration of emission produced isotropically in an emission region moving at Lorentz
factor Γ (see Figure 15).

Figure 15. Anisotropic particle acceleration in relativistic shear layers from particle-in-cell simulations.
Plotted is the log of the angle of the particles’ motion with respect to the jet axis, vs. particle energy,
indicating that high-energy particles are beamed forward much more strongly than the standard 1/Γ
characteristic from relativistic aberration of an isotropic distribution (red dashed lines). p0 = Γcm βΓ,cm

is the dimensionless momentum in the center-of-momentum frame, in which spine and layer move with
equal velocity βΓ,cm c in opposite directions. (a) For p0 = 5; (b) for p0 = 15. From [134]. Reproduced
with permission from the American Astronomical Society (AAS).
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An interesting contribution to the discussion about anisotropy of particle distributions was
published by [135]. These authors argue that gygoresonant pitch-angle scattering, which might
isotropize accelerated particles in the emission region, is effective only out to some isotropization
energy γiso, typically much smaller than the break energy γb due to inefficient acceleration and/or
escape. Particles with γe > γb are expected to move primarily along the magnetic field and will
therefore not contribute to synchrotron emission. However, particles in the range γiso < γe < γb may
still efficiently contribute to Compton scattering. This removes the need for strongly sub-equipartition
magnetic fields, which contradict the paradigm of dynamically important B-fields in the jets of AGN.

Accepting the isotropic particle distribution approximation, as done in most of the current
literature, the evolution of particle energy distributions is usually done by means of an isotropic
Fokker-Planck equation of the form (see, e.g., [136–143] for leptonic models, and [71,101,144,145] for
hadronic models):

∂ni(γ, t)
∂t

= Qi(γ, t)− ∂

∂γ
(γ̇ ni[γ, t])− ni(γ, t)

tesc
+

∂

∂γ

(
D[γ]

∂ni[γ, t]
∂γ

)
− ni(γ, t)

γ tdecay
. (4)

Here, i indicates the particle species (electrons/positrons, protons, pions, muons). Qi(γ, t) is
an injection term, which is often used to describe rapid particle acceleration, such as first-order
Fermi acceleration. This is because the first-order Fermi acceleration time scale increases with energy
as tacc,1 ∝ γα, typically with α ≥ 1, while radiative cooling time scales (at least for synchrotron
and Compton scattering) scale as tcool ∝ γ−1. Thus, for energies below the maximum energy
where tacc,1(γmax) = tcool(γmax), typically tacc << tcool. Thus, first-order fermi acceleration is well
approximated by an instantaneous injection term. Depending on particle species, Qi(γ, t) may also
include pair production by γγ absorption and particle production through the decay of pions or muons,
thus directly coupling to the evolution of those parent particles. The term γ̇ describes systematic
energy losses or gains (if not already included in Qi), in particular radiative losses. tesc is the (possibly
energy-dependent) escape time scale. The fourth term on the right-hand side describes diffusion in
momentum space, leading to second-order Fermi acceleration where D(γ) is the momentum diffusion
coefficient. The last term describes the decay of unstable particles (pions, muons).

For a self-consistent solution, in the case of hadronic models, the Fokker-Planck Equation (4) for
all species have to be solved simultaneously, along with the radiation transfer problem (see below).
The most efficient way to achieve stable numerical solutions to Equation (4) is through implicit
Crank-Nichelson schemes (e.g., [88,146]).

There are two main approaches to solving the radiation transfer problem in most blazar emission
codes. Most commonly employed are direct solutions to a photon continuity equation of the form

∂nph(ε)

∂t
=

4π jε
ε mec2 − αε c nph(ε)−

nph(ε)

tesc
. (5)

Here, ε = hν/(mec2) is the dimensionless photon energy, jε is the emissivity due to the various
radiation mechanisms, αε is the absorption coefficient, primarily due to synchrotron self-absorption
and γγ absorption (wich then feeds back into the electron/positron Fokker-Planck equation through
pair production), and tesc is the photon escape time scale. Such schemes are typically numerically
inexpensive, but they are appropriate only for very simple (typically homogeneous, one-zone)
geometries. There are, however, a few attempts to apply such schemes also to inhomogeneous
multi-zone models, in particular shock-in-jet [91,92] and extended-jet [147–149] models.

An alternative method to solve the radiation transfer problem is through Monte-Carlo simulations
(e.g., [88,89,97,98,150]). Such schemes are much more flexible in terms of geometries, they allow
straightforward time-tagging of photons and polarization-dependent ray tracing [97,98]. However,
time-dependent multi-zone simulations quickly become extremely time consuming due to the large
number of photons that need to be tracked in order to achieve meaningful photon statistics.
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An innovative new approach to solving time-dependent particle and photon evolution in blazar
models has been developed by [151–153]. These authors solve the Fokker-Planck and radiation transfer
equations in Fourier space and re-convert them into observable light curves and cross correlations.
With this approach, it was, for the first time, feasible to model Fourier-frequency-dependent time lags
between hard and soft X-rays, as observed from Mrk 421 (see Figure 16).

Figure 16. Left: Re-constructed X-ray light curves at 1.05 and 6 keV from a Fourier-space solution to
time-dependent electron acceleration and synchrotron emission in Mrk 421. Right: The resulting
Fourier-frequency-dependent time lags, compared to BeppoSAX data from [154]. From [153].
Reproduced with permission from the American Astronomical Society (AAS).

3.2. Multi-Wavelength Polarization Modeling

In this section, various models advanced to explain the large-angle optical PA swings in flaring
blazars, as well as predictions for future high-energy polarimeters will be discussed.

3.2.1. Optical polarization Angle Swings

The large-angle optical PA rotations associated with multi-wavelength flares discussed in
Section 2.2 have spurred a large number of theoretical works to interpret these events. The large
degree of optical polarization is a clear indication that the non-thermal emission is synchrotron
radiation in partially ordered magnetic fields. A non-thermal synchrotron spectrum with energy index
α = (p − 1)/2, where p is the underlying non-thermal electron spectral index, can be maximally
polarized by a degree of

Πmax =
p + 1

p + 7/3
=

α + 1
α + 5/3

(6)

in the case of a perfectly ordered magnetic field. For typical spectral indices of p ∼ 2–3, this corresponds
to ∼70 %–75 % polarization. The observed degree of optical polarization is typically in the range
Πo ∼ a few percent—30%, this indicates that the magnetic fields in the optical emission regions must
be partially ordered. Changes in the PA then likely indicate a change in the orientation of the magnetic
field with respect to our line of sight. This can be either an intrinsic change in a (more or less) straight
jet, or it can indicate a change of the jet orientation with respect to the line of sight. Alternatively,
PA variations may be the result of stochastic processes in a turbulent jet environment. All of these
possibilities will be discussed in more detail below.

Intrinsic magnetic field changes may be caused through magnetic-field compression in a shock.
Models based on shock propagation in a jet pervaded by a magnetic field have been advanced, in particular,
by [96–98]. Here, the finite transverse light travel time plays a crucial role in producing PA swings. Ref.
[97] have used such a model to self-consistently explain SEDs, multi-wavelength light curves, and PA and
Π variations, including a ∼180◦ PA rotation, in the FSRQ 3C279, as observed by [58] (see Figure 17). A
potential drawback of such a model is that a single shock passage predicts swings of at most 180◦. Thus,
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rotations by multiples of 180◦ would require a succession of multiple shocks. Furthermore, assuming
that the helicity of the magnetic field structure does not change in the same object between different
observation periods, such rotations are predicted to occur always in the same direction, which is contrary
to observations. Thus, while this model has been very successful in explaining some PA rotations
associated with multi-wavelength flares, it can likely not be applied to all.

Figure 17. Left: Sketch of the magnetic-field geometry and illustration of light-travel-time effects in
a shock-in-jet model with helical magnetic field. Different colors indicate the location of the shock
front at different times: In the left-most sketch, equal times in the active galactic nuclei (AGN) rest
frame; in the middle sketch: Location of the shock front at equal photon-arrival times at the observer,
illustrating how different parts of a helical magnetic fields are “lit-up” by the shock front, as seen by
the observer at different times, leading to a gradually changing dominant magnetic-field (and, thus,
polarization) direction. Right: The resulting (a) snap-shot SEDs, (b–d) multi-wavelength light curves,
(e) polarization degree, and (f) polarization-angle swing compared to observations of 3C279 by [58].
From [97]. Reproduced with permission from the American Astronomical Society (AAS).

Models along similar lines involve magnetic-field re-structuring and particle energization through
the kink instability [132,133] (see Figure 18). This process will also lead to flaring activity, with the
strength of flares depending on the initial magnetization, correlated with PA swings. In this model,
as with the internal-shock model, the unit of PA rotations is 180◦, also expected to occur always in the
same direction.

Alternatively, PA swings may result from a change in the jet orientation, such as assumed in
the helical-jet model (e.g., [59,126–130,155]). In particular, ref. [126,127] modelled the optical flux
and polarization variability of S5 0716+71 and CTA 102, respectively (see Figure 19). Such models
have been successful in representing flux and polarization variability in some cases. However, also
here the direction of the rotations is expected to be pre-determined by the helicity of the jet (and
B-field structure) and thus not changing for a given object. Also, as discussed in Section 3.1, at least
in their simplest form, they predict essentially achromatic multi-wavelength variability, which is
rarely observed.

165



Galaxies 2019, 7, 20

Figure 18. Left: Magneto-Hydrodynamics (MHD) simulations of the evolution of the kink instability
in a blazar jet. Right: The resulting (top) light curves, (middle) polarization degree, and (bottom)
polarization-angle swing. The simulation in the left panel corresponds to Case 1 in the right panel,
corresponding to a magnetization of σm = 2. For Case 2, the initial helical B-field is radially more
strongly confined; for Case 3, the magnetization is lower (σm = 0.2) compared to Case 1. From [133].
Reproduced with permission from the American Astronomical Society (AAS).

Figure 19. Fits to the optical light curve, polarization degree, and PA of S5 0716+714 in October 2011,
using a model of a shock in a helical jet. From [126]. Reproduced with permission from the American
Astronomical Society (AAS).
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Finally, stochastic polarization variability may result from turbulent environments in the jet.
In particular, ref. [156] developed a “Turbulent Extreme Multi-Zone” (TEMZ) model in which different
turbulent cells in the jet are characterized by different magnetic-field orientations. The summed
radiation of a large number of such turbulent cells will result in a (normally small) residual polarization
with stochastically varying direction. This model has successfully reproduced stochastic polarization
and flux variations in blazars (see Figure 20) and may occasionally also lead to large-angle PA swings.
It naturally accounts for changing directions of PA swings in the same object and has also been used
to model circular radio polarization from the inner jet regions of blazars [157]. However, due to the
stochasticity of both flux and polarization variations, large-angle PA swings are expected to be very
rare, and such swings are not expected to correlate systematically with multi-wavelength flares, as
observed by the RoboPol experiment [63].

Figure 20. Left: Sketch of the Turbulent Extreme Multi-Zone model. Right: Simulated light curves (left)
and polarization variability (right) for a representative test case of the Turbulent Extreme Multi-Zone
(TEMZ) model, for three different viewing angles. From [156]. Reproduced with permission from the
American Astronomical Society (AAS).

3.2.2. High-Energy Polarization

As will be discussed in more detail below in Section 4, there are currently great prospects for future
detections of high-energy (X-ray and γ-ray) polarization from blazars. Thus, it is timely to consider
model predictions of such high-energy polarization. In addition to synchrotron radiation, also Compton
scattering may induce polarization, but only in the case of scattering off non-relativistic electrons (see,
e.g., [158]). Inverse-Compton scattering by relativistic electrons does not induce polarization, but
reduces the degree of polarization of a polarized target photon field by at least ∼1/2 (e.g., [159]).
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Detailed predictions for the X-ray and γ-ray polarization in blazars have been made by [160] (see
Figure 21). In the case of leptonic models, the X-ray emission in blazars is generally dominated by
either synchrotron (in HSPs) or SSC emission (in ISPs and LSPs) and thus expected to be polarized.
The γ-ray emission in LSP (and ISP) blazars is usually dominated by Compton scattering of external
radiation fields by relativistic electrons and, thus, unpolarized, whereas in HSP blazars, it is usually
modelled as being due to SSC emission, thus exhibiting a low, but non-zero, degree of polarization.
In hadronic models, the high-energy emission is dominated by synchrotron emission of either protons
or secondary pairs from photo-pion production and subsequent cascades, and thus expected to be
polarized with a similar degree of polarization as the optical. High-energy polarization can thus be
used as a diagnostic between leptonic and hadronic models.

Figure 21. Predictions of X-ray and γ-ray polarization for two FSRQs. Bottom: Zoom-in on the
UV–γ-ray SED, based on data from [11] and leptonic (red) and hadronic (green) SED fits from [8]. Top:
Predicted high-energy polarization from the SED models of the bottom panel. The vertical shaded
bands indicate the 2–10 keV X-ray and and the 30–200 MeV γ-ray band. From [160]. Reproduced with
permission from the American Astronomical Society (AAS).

A first attempt at a time-dependent, multi-zone hadronic model with polarization-dependent
radiation transfer has been published by [161]. The model is applicable in a parameter regime in which
the high-energy emission is dominated by proton synchrotron radiation, as appears to be preferred, at
least for most LSPs when fitted with hadronic models (e.g., [8,162]). Ref. [161] shows that, in such a
hadronic scenario, even though optical PA swings may be produced by a shock in a jet with a helical
magnetic field, similar PA swings are not expected in the X-ray and γ-ray polarization (see Figure 22).
This is because of the much longer radiative cooling time of protons responsible for the X-ray and
γ-ray emission, which therefore occupy a much larger active volume than the optical-synchrotron
emitting primary electrons, so that the effect of the shock on the magnetic field orientation is less
pronounced for the proton synchrotron emission. Consequently, the X-ray and γ-ray PA is expected to
remain relatively stable even during a shock-induced flare, which significantly improves the chances
of experimental detection of such polarization.
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Figure 22. Representative simulations of a hadronic shock emission model with polarization predictions.
Top left: Snap-shot SEDs, Middle and bottom left: Multi-wavelength light curves, Top right:
Frequency-dependent polarization degree at different times, Middle right: Time-dependence of
polarization degree at various frequencies, Bottom right: Time-dependent PA at various frequencies.
The figure illustrates that in a hadronic shock emission model, optical (primary electron synchrotron)
polarization-angle swings are not expected to be accompanied by similar PA swings at X-rays and
γ-rays. From [161]. Reproduced with permission from the American Astronomical Society (AAS).

3.3. Models of Neutrino Emission from Blazars

Blazars have long been considered a prime candidate for the source of at least part of the VHE
neutrinos detected by IceCube (e.g., [21,23,71–75,163–167]). In hadronic models of blazars, protons are
accelerated to sufficiently high energies to produce γ-ray emission via proton synchrotron radiation
and/or photo-pion production, p + γ → p + πo, p + γ → n + π+, or higher-order processes with
multi-pion production, followed by pion decay, π± → μ± + νμ(νμ) and muon decay, μ± → e± +

νμ(νμ) + νe(νe). In typical AGN jet environments, photo-pion production is expected to be significantly
more efficient than hadro-nuclear (i.e., proton-proton) interactions. Therefore, almost all works on
neutrino production in AGN work on the basis of photo-pion production (see, however, hadro-nuclear
emission models for neutrino production in AGN by [168,169]). Usually, pγ interactions are strongly
dominated by single-pion production through the Δ+ resonance at an energy of EΔ+ = 1232 MeV,
in which case each photo-pion interaction results in the production of 3 neutrinos, each carrying an
average energy of ∼5% of the proton energy,

E′
ν ≈ 0.05 E′

p (7)
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where the prime indicates quantities in the rest frame of the emission region, in which the interactions
are assumed to take place. Interaction at the Δ+ resonance energy requires that the photon (E′

γ) and
proton energies obey the relation for the center-of-momentum energy squared, s,

s ≈ E′
γ E′

p ≈ E2
Δ+ (8)

Hence, combining Equations (7) and (8), one finds that the production of IceCube neutrinos of
energies Eν = δ E′

ν = 100 E14 TeV requires protons of energy

E′
p ≈ 200 E14/δ1 TeV (9)

and target photons of energy
E′

γ
>∼1.6 δ1 /E14 keV. (10)

Hence, first, while the sources of IceCube neutrinos must be able to accelerate protons to ∼EeV
energies, they are not necessarily the sources of ultra-high-energy cosmic rays (UHECRs, with energies
EUHECR > 1019 eV). Second, Equation (10) indicates that, for efficient IceCube neutrino production, an
intense target photon field at X-ray energies (in the co-moving frame of the emission region) is required.
Note that the co-moving primary-electron-synchrotron radiation field in all blazars (especially, LSP and
ISP blazars) peaks at much lower energies than required by Equation (10). Therefore, photo-hadronic
blazar models utilizing the co-moving synchrotron radiation fields typically produce very hard IceCube
neutrino spectra, peaking significantly above the IceCube energy range (see, e.g., [170]).

Further constraints on the photo-hadronic scenario to produce both high-energy γ-rays and
PeV neutrinos stem from the fact that the target photon field for photo-pion production also acts to
absorb any co-spatially produced γ-rays via γγ absorption. The pγ cross section is several orders of
magnitude smaller than the γγ absorption cross section. Efficient pγ neutrino (and γ-ray) production
requires that the optical depth for relativistic protons to interact with the target photon field, τpγ ∼ 1,
which then implies that the optical depth of the emission region to ∼ GeV photons is τγγ ∼ 310 τpγ 
 1
(e.g., [171]). Thus, any γ-rays produced co-spatially with IceCube neutrinos, are expected to be strongly
absorbed and initiate electromagnetic cascades, whose energy will ultimately escape the emission
region in the optical – UV – X-ray regime.

This led several authors (e.g., [172–174]) to conclude that if blazars are the sources of (at least
some) IceCube neutrinos, their γ-ray emission is likely to be dominated by leptonic processes, and no
correlation between γ-ray and neutrino emissions is necessarily expected. Instead, the unavoidable
cascade emission from photo-hadronic processes in blazar jets is expected to leave an imprint in the
X-ray emission from blazars, which may be a better indicator of neutrino-production activity than
γ-rays.

This conclusion is further corroborated by detailed studies of electromagnetic cascades initiated
by photo-hadronic neutrino-production processes in blazar jet environments by [171]. Ref. [171]
investigated possible regimes of electromagnetic cascades based on the energetics requirements to
produce the neutrino flux from TXS 0506+056 during the 2014–2015 neutrino flare, and found that
a synchrotron-supported cascade regime can be ruled out, as the cascades violate observational
constraints (see Figure 23). Further considering the nature of the target photon field, they found that
there is only a narrow range of parameters not violating observational constraints, requiring a pγ

UV–soft X-ray target photon field external to the jet (stationary in the AGN rest frame) and a kinetic
luminosity in protons near the Eddington limit of the central black hole in TXS 0506+056. The nature
of the required UV–soft X-ray target photon field remains unclear, but could possibly be related to a
radially structured jet (spine-sheath, see [175,176]), or a radiatively inefficient accretion flow [177].
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Figure 23. Simulations of synchrotron-supported cascades with target photon and proton spectra
appropriate to produce the neutrino flux from TXS 0506+056 during the 2014–2015 neutrino flare,
compared to contemporaneous optical, X-ray (upper limit from Swift-BAT), and GeV γ-ray (Fermi-LAT)
data. The different curves (different colors) are labelled by the log of the maximum γγ optical depth,
log(τmax

γγ ), and the shaded areas indicate error margins based on the error on the measured IceCube
neutrino spectrum. All cases violate either the X-ray or γ-ray constraints. From [171].

To conclude, photo-hadronic PeV neutrino production in blazar jets is not necessarily correlated
with γ-ray activity (but rather X-ray activity), and due to the expected high γγ opacity of the required
pγ target photon fields, γ-rays in neutrino-producing blazars are likely to be dominated by leptonic
processes, likely not spatially coincident with the site of neutrino production.

4. Future Prospects

The next decade will witness the start of operations of several new ground- and space-based
astronomy facilities. Of particular relevance to blazar research will be, in the author’s opinion, the
Cherenkov Telescope Array (CTA [178]) and the Imaging X-ray Polarimetry Explorer (IXPE, [179]),
while ground-based radio and optical flux and polarimetry monitoring projects will continue, and
hopefully the Fermi Gamma-Ray Space Telescope and the Neil Gehrels Swift X-Ray Observatory will
continue to provide all-sky GeV γ-ray monitoring and flexible X-ray coverage to blazar observations,
respectively, for several years to come. KM3NeT [180,181] and planned upgrades to IceCube
(IceCube-Gen2] [182,183]) and the Lake Baikal neutrino detector [184] will greatly improve our view
of the neutrino sky and hopefully provide a definitive answer whether blazars are PeV neutrino
sources. If selected, future missions such as the All-sky Medium Energy Gamma-ray Observatory
(AMEGO, [185]) would also provide a boost to the study of blazars.

4.1. The Cherenkov Telescope Array

CTA4 will be the next-generation ground-based Cherenkov Telescope facility, consisting of
∼100 Cherenkov telescopes of three different sizes at two sites, one in the nothern hemisphere

4 http://www.cta-observatory.org/
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(La Palma, Canary Islands, Spain), and one in the southern hemisphere (Paranal/ESO, Chile). It will
improve on the sensitivity of current IACT facilities by about an order of magnitude and extend the
observable energy range to ∼20 GeV–∼300 TeV. The current schedule foresees CTA to be operational
by 2024. In addition to key science projects conducted by the CTA Consortium, CTA observing time
will be open to community through a competitive proposal process. For an in-depth discussion of
the science potential and key science projects to be conducted with the CTA, see [186]. Highlights of
progress that CTA promises for blazar studies, include:

1. Short-term variability: The ∼10-fold improved sensitivity of CTA compared to currently
operating IACT facilities will allow for the study of blazar variability on short time-scales.
In the case of the brightest flares, variability down to sub-minute time-scales could, in principle,
be detected, if present. Already the ∼5 min. variability observed in a few cases is severely
challenging current blazar models, as discussed in Section 3.1. If blazars do indeed show
significant variability on sub-minute time scales, this would call for a profound paradigm shift
concerning our understanding of γ-ray emission from blazars.

The detection of minute-scale variability strongly suggests a location of the emission region
close to the central black hole, at a distance of the order r ∼ 2 Γ2 c tvar ∼ 3.6 × 1014 Γ2

1 tvar,min cm.
Even for bulk Lorentz factors of order Γ ∼ 100, this would normally be within the Broad Line
Region (BLR) of an FSRQ. Thus, in the case of FSRQs (such as PKS 1222+216, from which
sub-hour variability has been seen), it would be very difficult to avoid γγ absorption by the BLR
radiation field (e.g., [187–190]). Thus, such detections either require exotic physics to suppress γγ

absorption within the BLR (e.g., [191,192]), or a mechanism to produce very compact emission
regions along the jet at ∼pc distances from the central black hole.

The improved sensitivity will also enable the detection of short-term variability in fainter
γ-ray-detected AGN, including mis-aligned blazars (seen as radio galaxies) and narrow-line
Seyfert-1 galaxies, some of which also appear to show blazar-like properties (e.g., [193,194]).
Thus, we will be able to study whether sub-hour variability is a property of only a few blazars, or
whether it is a common phenomenon among γ-ray emitting radio-loud AGN.

2. Detailed γ-ray spectral studies: The improved sensitivity and extended energy range of CTA
compared to current IACTs will enable detailed γ-ray spectral studies with substantial overlap in
energy with the Fermi-LAT. Potential spectral features due to γγ absorption in the BLR or dust
torus radiation fields of the AGN are expected to arise in the ∼10–100 GeV regime (e.g., [190]),
i.e., just in the transition region between the energy ranges of Fermi-LAT and IACTs. Currently,
the study of spectral features in this regime, beyond simple exponential cut-offs or similar
smooth spectral shapes (see, e.g., [195]), is complicated by the fact that a high-quality Fermi-LAT
spectrum, for most blazars, typically requires exposures of (at least) several days, during which
the source is likely to show substantial variability. On the other hand, IACTs perform short,
pointed observations of at most a few hours per night. Thus, any spectral features in this overlap
energy range may well be an artifact of the often vastly different integration times in the GeV
and TeV regimes. The substantial energy overlap between Fermi-LAT (up to <∼100 GeV) and CTA
(>∼20 GeV) will enable to proper flux cross-calibration of the two instruments and allow for a
detailed study of spectral features in the overlap region, at least in cases where observations do
not indicate significant variability over the course of the joint observations. The identification
of BLR γγ absorption features would provide a key diagnostic for the location of the γ-ray
emission region and, thus, the region where relativistic particles are accelerated to >TeV energies.
The location of the particle acceleration region would provide strong clues towards the nature of
the acceleration mechanism.

It has also been suggested (e.g., [196]) that hadronic emission processes might lead to detectable
spectral features in the multi-TeV spectra of blazars due to separate spectral components from
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muon and pion synchrotron emission and photo-pion induced pair cascades. Such features may
be detectable, at least for nearby blazars, with the CTA. If they are systematically identified in
a sample of blazars, they might provide a “smoking-gun” signature of hadronic processes and
point to blazars as sources of high-energy cosmic rays.

4.2. High-Energy Polarimetry

The Imaging X-Ray Polarimetry Explorer (IXPE)5 has been selected by NASA for launch in (or
after) 2020 as the first dedicated high-energy polarimetry mission. It will provide X-ray polarimetry in
the 2–8 keV X-ray regime and has the capacity to detect X-ray polarization from bright blazars within
a few hours of observations. In the γ-ray regime, the proposed AMEGO6 mission promises to perform,
for the first time, polarimetry in the MeV regime.

X-ray polarimetry of HSP blazars, where the X-ray emission is electron-synchrotron dominated,
would probe the degree of ordering and dominant direction of magnetic fields in the high-energy
emission region. When compared to simultaneous optical polarimetry, this will allow for test of the
co-spatiality of X-ray and optical emission in HSPs and for a comparison of the respective emission
region sizes. As the optical emission in HSPs originates from lower-energy electrons than the X-ray
emission, one would expect the X-ray emission region to be more confined near the particle acceleration
site, likely embedded in a more highly ordered magnetic field than in the, presumably much larger,
optical emission site. A significantly higher degree of polarization in X-rays compared to optical would
then be expected. Such results will allow us to study the spatial dependence of turbulence in the jet and
discriminate between different particle acceleration mechanisms, such as diffusive shock acceleration
and magnetic reconnection.

In ISP/LSP blazars, the X-rays are likely produced by synchrotron self-Compton (SSC) emission
in leptonic emission scenarios, or by proton synchrotron and cascade synchrotron emission in hadronic
scenarios. Thus, if X-ray polarimetry reveals a degree of polarization of the order of the optical
polarization in ISPs/LSPs, this would be a strong indication of hadronic emission [160].

Along the same lines, as disussed in Section 3.2, if γ-ray polarimetry by AMEGO shows significant
(of the order of the optical degree of polarization) MeV polarization, hadronic emission scenarios will
be strongly favoured, thus identifying blazars as (at least) PeV proton accelerators and likely sources
of IceCube neutrinos.

As the optical polarization of blazars is known to be variable, at least on daily time scales, both
in degree and angle of polarization, one might expect that the same holds true for X-ray and γ-ray
polarization. Given that, for the X-ray fainter LSP sources, IXPE might require integration times of
days to weeks, PA changes during the exposure might destroy any intrinsic polarization signal, unless
data analysis techniques can be developed to account for a changing PA during the exposure, such
as using the PA evolution observed in the optical, as a template for the IXPE analysis. However, as
shown by [161], if PA rotations are produced by a straight shock-in-jet model with a helical magnetic
field, the anticipated high degree of polarization in a hadronic model might be measurable without the
expectation of a significant PA change.

4.3. Future Neutrino Detectors

KM3NeT7 is the next-generation neutrino telescope, to be built at three sites at the bottom of
the Mediterranean Sea. It will improve on the sensitivity of IceCube by more than an order of
magnitude and might therefore provide the statistics to identify individual sources of neutrinos

5 https://ixpe.msfc.nasa.gov.
6 https://asd.gsfc.nasa.gov/amego/.
7 http://www.km3net.org.
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confidently. In addition, major upgrades are planned to the existing IceCube detector at the South Pole
(IceCube-Gen2)8 and to the neutrino detector in Lake Baikal9.

If blazars are identified systematically as a source of neutrinos by future neutrino observatories,
it would prove their nature as cosmic-ray proton accelerators (up to at least PeV energies). However,
as discussed in Section 3.3, a correlation with GeV–TeV γ-ray emission is not expected if the neutrinos
are produced via photo-pion production. As there is no expected constrain on the γγ opacity in the
case of hadro-nuclear neutrino production, a correlation between neutrino emission and γ-ray activity
may therefore hint towards this neutrino production channel. Joint KM3NeT neutrino detections and
γ-ray monitoring with Fermi-LAT and CTA will allow us to establish or refute such a correlation and
thus constrain the mechanism of neutrino production.

5. Summary and Conclusions

The past few years have seen many observational discoveries on blazars, among which this article
highlights a few, such as the rapid variability at GeV and TeV energies, down to just a few minutes;
large-angle optical polarization-angle rotations, found to be systematically correlated with γ-ray and
multi-wavelength flares, and a strong hint of the blazar TXS 0506+056 as a source of IceCube neutrinos.

Minute-scale blazar variability severely challenges existing models for blazar emission, possibly
indicating the prominence of small-scale structures due to magnetic reconnection. Polarization-decline
seem to hint towards the presence of helical magnetic field structures, possibly, but not necessarily,
associated with a changing viewing angle. The possible TXS 0506+056 + IceCube neutrino association
provides a hint towards hadronic particle acceleration in blazars. However, a careful study of
photo-pion neutrino production suggests that a direct correlation between γ-ray activity and neutrino
emission is not necessarily expected, and the cascade emission going in tandem with pγ neutrino
production is likely to show up more prominently in X-rays than in γ-rays.

Future observations by the CTA will allow for a more sensitive exploration of minute-scale VHE
γ-ray variability in blazars, potentially invalidating the current blazar emission paradigm. IXPE and
possibly AMEGO promise the first X-ray (and γ-ray) polarimetry results, which will aid in testing the
co-spatiality of optical and X-ray emissions and provide further diagnostics for hadronic vs. leptonic
emission scenarios. When analysing future IXPE observations of blazars, special care has to be taken
to account for possible PA rotations of the X-ray polarization, which might mirror those seen in
the optical.

On the multi-messenger side, the future KM3NeT will greatly improve the statistics of
astrophysical PeV neutrinos and promises the clear identification of a source class (or multiple source
classes), possibly including blazars. This would provide conclusive proof of PeV proton acceleration in
AGN jets, but does not necessarily point towards the origin of ultra-high-energy cosmic-rays in AGN.
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15. Błażejowski, M.; Sikora, M.; Moderski, R.; Madejski, G.M. Comptonization of Infrared Radiation from Hot
Dust by Relativistic Jets in Quasars. Astrophys. J. 2000, 545, 107.

16. Ghisellini, G.; Tavecchio, F.; Chiaberge, M. Structured jets in TeV BL Lac objects and radiogalaxies.
Implications for the observed properties. Astron. Astrophys. 2005, 432, 401. [CrossRef]

17. Georganopoulos, M.; Kazanas, D. Decelerating Flows in TeV Blazars: A Resolution to the BL Lacertae—FR I
Unification Problem. Astrophys. J. 2003, 594, L27. [CrossRef]

18. Sikora, M.; Madejski, G. On Pair Content and Variability of Subparsec Jets in Quasars. Astrophys. J. 2000, 534, 109.
[CrossRef]

19. Aharonian, F.A. TeV gamma-rays from BL Lac objects due to synchrotron radiation of extremely high energy
protons. New Astron. 2000, 5, 377. [CrossRef]

20. Mücke, A.; Protheroe, R.J. A proton synchrotron blazar model for flaring in Markarian 501. Astrophys. J. 2001,
15, 121. [CrossRef]

21. Mannheim, K.; Biermann, P.L. Gamma-ray flaring of 3C279—A proton-initiated cascade in the jet?
Astron. Astrophys. 1992, 253, L21.

22. Mannheim, K. The proton blazar. Astron. Astrophys. 1993, 269, 67.

175



Galaxies 2019, 7, 20

23. Mücke, A.; Protheroe, R.J.; Engel, R.; Rachen, J.P.; Stanev, T. BL Lac objects in the synchrotron proton blazar
model. Astropart. Phys. 2003, 18, 593. [CrossRef]

24. Aller, M.; Aller, H.; Hughes, P. The University of Michigan Centimeter-Band All Stokes Blazar Monitoring
Program: Single-Dish Polarimetry as a Probe of Parsec-Scale Magnetic Fields. Galaxies 2017, 5, 5. [CrossRef]

25. Gabuzda, D. Parsec-Scale Jets in Active Galactic Nuclei. In The Formation and Disruption of Black Hole Jets;
Contopoulos, I., Gabuzda, D., Kylafis, N., Eds.; Springer: Cham, Switzerland, 2015; Volume 414, pp. 117–148.

26. Jorstad, S.G.; Marscher, A.P.; Morozova, D.A.; Troitsky, I.S.; Agudo, I.; Casadio, C.; Foord, A.; Gómez, J.L.;
MacDonald, N.R.; Molina, S.N.; et al. Kinematics of Parsec-scale Jets of Gamma-Ray Blazars at 43 GHz
within the VLBA-BU-BLAZAR Program. Astrophys. J. 2017, 846, 98. [CrossRef]

27. Lister, M. AGN Jet Kinematics on Parsec-Scales: The MOJAVE Program. Galaxies 2016, 4, 29. [CrossRef]
28. Ahnen, M.L.; Ansoldi, S.; Antonelli, L.A.; Arcaro, C.; Babić , A.; Banerjee, B.; Bangale, P.; De Almeida, U.B.;
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Abstract: Being the most extreme explosions in the universe, gamma-ray bursts (GRBs) provide
a unique laboratory to study various plasma physics phenomena. The complex light curve and
broad-band, non-thermal spectra indicate a very complicated system on the one hand, but, on the
other hand, provide a wealth of information to study it. In this chapter, I focus on recent progress in
some of the key unsolved physical problems. These include: (1) particle acceleration and magnetic
field generation in shock waves; (2) possible role of strong magnetic fields in accelerating the plasmas,
and accelerating particles via the magnetic reconnection process; (3) various radiative processes that
shape the observed light curve and spectra, both during the prompt and the afterglow phases, and
finally (4) GRB environments and their possible observational signature.

Keywords: jets; radiation mechanism: non-thermal; galaxies: active; gamma-ray bursts; TBD

1. Introduction

Gamma-ray bursts (GRBs) are the most extreme explosions known since the big bang, releasing
as much as 1055 erg (isotropically equivalent) in a few seconds, in the form of gamma rays [1]. Such a
huge amount of energy released in such a short time must be accompanied by a relativistic motion of a
relativistically expanding plasma. There are two separate arguments for that. First, the existence of
photons at energies >∼ MeV as are observed in many GRBs necessitates the production of e± pairs by
photon–photon interactions, as long as the optical depth for such interactions is greater than unity.
Indeed, the huge luminosity combined with small system size, as is inferred from light-crossing
time arguments ensures that this is indeed the case. Second, as has long been suspected and is well
established today, small baryon contamination, originating from the progenitor—being either a single,
collapsing star or the merger of binary, degenerate stars (e.g., neutron stars or white dwarfs) implies
that some baryon contamination is unavoidable. These baryons must be accelerated for the least by
the radiative pressure into relativistic velocities.

This general picture was confirmed already 20 years ago by the detection of afterglow—a
continuing radiation that is observed at late times, up to weeks, months and even years after the main
GRB, at gradually lower frequencies—from X-ray to radio [2–4]. Lasting for many orders of magnitude
longer than the prompt phase, this afterglow radiation is much easier to study. Indeed, it had been
extensively studied in the past two decades, after the initial detection enabled by the Dutch-Italian
Beppo-SAX satellite.

Fitting the observed spectra shows a clear deviation from a black-body spectra. Instead, the
afterglow of many bursts is well fitted by synchrotron radiation from a power law distribution of
radiative electrons [5–7]; see Figure 1. The late time decay is well explained by the gradual velocity
decay of the expanding plasma as it propagates into the surrounding medium. This decay is well-fitted
(at late times) by the Blandford–Mckee self-similar solution [8] of a relativistic explosion (I ignore here
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the early afterglow phase which typically lasts a few minutes, as during this phase the decay does not
follow a simple self-similar law, and is as of yet not fully understood).

Figure 1. X-ray to radio spectrum of GRB970508 taken 12 days after the event is well fitted by a broken
power law, as is expected from a power law distribution of electrons that emit synchrotron radiation.
Marked are the transition frequencies: the self absorption frequency νa, the peak frequency νm and the
cooling frequency νc. This figure is taken from Galama et al. [9].

At the onset of the afterglow phase, the velocity of the expanding plasma is very close to the speed
of light, with initial Lorentz factor of a few hundreds. This is greater than the speed of sound, c/

√
3,

and as such necessitates the existence of a highly relativistic shock wave. The combined temporal and
spectral analysis thus led to the realization that, at least during the afterglow phase, a relativistic shock
wave must exist. This shock wave expands into the circumburst medium, and gradually slows down
as it collects and heats material from it.

Interpreting the observed signal during the afterglow phase in the framework of the synchrotron
emission model, one finds that the inferred values of the magnetic fields, <∼ 1 G, are about two (and
in some cases more) orders of magnitude stronger than the compressed values of the circumburst
magnetic field [5,10,11]. This implies that, in order to explain the observed signal, the relativistic
shock wave must be able to both (1) accelerate particles to high energies, producing a non-thermal
(non-Maxwellian) distribution of particles; and (2) generate a strong magnetic field, which causes the
energetic particles to radiate their energy via synchrotron emission.

Studies of the afterglow phase by themselves therefore lead to several very interesting plasma
physics phenomena which are not well understood, and are at the forefront of current research.
These include (1) the physics of relativistic shock waves, both propagation and stability; (2) particle
acceleration to non-thermal distributions; (3) generation of strong magnetic fields; and (4) radiative
processes that lead to the observed spectra.

However, the prompt phase of GRB is considered even more challenging. As its name implies,
this phenomenon lasts only a short duration of time, typically a few seconds. As opposed to the
afterglow phase, this stage is characterized by fluctuative, non-repeating light curve, with no two GRB
light curves similar to each other. Furthermore, its spectra does not resemble neither a black body
(Planck) spectrum, nor—as has been realized in the past decade—that of a synchrotron emission from
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a power law distribution of electrons, as in the afterglow phase. Though the large diversity within the
bursts prevented, so far, clear conclusions.

Another very challenging aspect is that the origin of the rapid acceleration that results in the
relativistic expansion is not yet fully understood. While it was initially thought to occur as a result of
the photon’s strong radiative pressure (the “fireball” model), in recent years, it has been argued that
strong magnetic fields—whose origin may be associated with the progenitor(s), hence external to the
outflow, may play a key role in the acceleration process. If this is indeed the case, the plasma must be
magnetically dominated, namely uB 
 {uk, uth}, where uB, uk and uth are the magnetic, kinetic and
thermal energies of the plasma, respectively.

Either way, the plasma in GRBs during its prompt emission phase is characterized by strong
interactions accompanied by energy and momentum exchange between the particle and photon
fields, and/or the particles and the magnetic fields. Combined with the different conditions during the
afterglow phase, one can conclude that GRBs provide a unique laboratory to study various fundamental
questions in plasma physics. These are related to the creation of magnetic fields, acceleration of
particles, emission of radiation and the interaction between all these three fields. Furthermore, the
relativistic expansion can lead to the developments of several instabilities in the expanding plasma,
which, in turn, can affect the phenomena previously mentioned.

In this chapter, I highlight the current state of knowledge in these areas. I should stress that I limit
the discussion here to plasma physics phenomena only; in recent years, there have been many excellent
reviews covering various aspects of GRB phenomenology and physics, and I refer the reader to these
reviews for a more comprehensive discussion on the various subjects. A partial list includes Atteia
and Boër [12], Gehrels and Mészáros [13], Bucciantini [14], Gehrels and Razzaque [15], Daigne [16],
Zhang [17], Berger [18], Meszaros and Rees [19], Pe’er [20], Kumar and Zhang [21], Granot et al. [22],
Zhang et al. [23], Toma et al. [24], Pe’er and Ryde [25], Beloborodov and Mészáros [26], Dai et al. [27],
van Eerten [28], and Nagataki [29].

Of the many plasma physics effects that exist in GRBs—some of them unique to these objects,
I discuss here several fundamental phenomena which emerge directly from GRB studies. Due to the
wealth of the subject, I can only discuss each topic briefly. In each section, I refer the reader to (some)
relevant literature for further discussion. The topics I cover here include the following: acceleration
of particles by relativistic shock waves are discussed in Section 2. Section 3 is devoted to magnetic
fields. I discuss generation of magnetic fields by shock waves in Section 3.1, and their possible role
during the prompt emission phase in Section 3.2. I briefly discuss the acceleration of particles in
magnetically dominated outflow via reconnection of magnetic field lines in Section 3.3. I then discuss
the radiation field, which plays a key role in GRBs in Section 4. I first introduce the “classical” radiative
processes in Section 4.1 and then introduce the photospheric emission in Section 4.2. Finally, I very
briefly consider the different environments into which GRBs may explode and their effects in Section 5
before concluding the paper.

2. Acceleration of Particles in Shock Waves

The idea that shock waves can be the acceleration sites of particles dates back to Enrico Fermi
himself [30,31], and had been extensively studied over the years since [32–38]. The key motivation
was to explain the observed spectrum and flux of cosmic rays. Fermi’s original idea suggests that
particles are energized as they bounce back and forth across the shock wave. Its basic details can be
found today in many textbooks (e.g., [39]).

In the context of GRBs, it was proposed in the mid 1990s that the relativistic shock waves that exist
in GRB plasmas may provide the conditions required for the acceleration of particles to the highest
observed energies, >∼ 1020 eV [40–42]. While this idea is still debatable (e.g., [43]), the observations
of >GeV, and up to ∼100 GeV photons [44] during the prompt phase of several GRBs implies that
very high energy particles must exist in the emitting region. While these particles can be protons,
energetically, it is much less demanding if these are electrons that are accelerated to non-thermal
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distribution at high energies. This is due to the lighter mass of the electrons, which implies much
more efficient coupling to the magnetic and photon fields, and hence much better radiative efficiency.
These energetic particles, in turn, radiate their energy in the strong magnetic fields that are believed to
exist, as well as Compton scatter the photons to produce the very high energy photons observed.

Fitting the observed spectra of many GRBs in the framework of the synchrotron model (namely,
under the assumption that the leading radiative mechanism is synchrotron emission by energetic
electrons) strongly suggests that the radiating particles do not follow a (relativistic) Maxwellian
distribution. Rather, they follow a power law distribution at high energies, dnE/dE ∝ E−p,
with power law index p ≈ 2.0 − −2.4 [5,9,45–47]. This power law distribution is exactly what
is expected from acceleration of particles in shock waves within the framework of the Fermi
mechanism (e.g., [33–35,48]). Intuitively, the power law shape of the distribution can be understood
as there is no characteristic momentum scale that exists during the acceleration process, implying that
the rate of momentum gain is proportional to the particle’s momentum.

The power law index inferred from observations is close to Fermi’s original suggestion of 2.0.
This is surprising, given that the shock waves in GRBs both during the prompt (if exist) and afterglow
phases must be relativistic, while Fermi’s work dealt with ideal, non-relativistic shocks.

In fact, the situation is far more complicated. Despite many decades of research, the Fermi process is
still not fully understood from first principles. This is attributed mainly to the highly nonlinear coupling
between the accelerated particles and the turbulent magnetic field at the shock front. The magnetic
field is both generated by the energetic particles (via the generated currents) and at the same time
affects their acceleration. This makes analytical models to be extremely limited in their ability to
simultaneously track particle acceleration and magnetic field generation.

Due to this complexity, most analytical and Monte Carlo methods use the “test particle” approximation.
According to this approximation, during the acceleration process, the accelerated particles interact
with a fixed background magnetic field. These models therefore neglect the contribution of the high
energy particles to the magnetic field, which occurs due to the currents they generate. This assumption
can be justified as long as the accelerated particles carry only a small fraction of the available energy
that can be deposited to the magnetic field. However, as explained above, this assumption is not
supported by current observations.

Furthermore, relativistic shocks, as are expected in GRBs, introduce several challenges which do
not exist when considering non-relativistic shocks. These include (1) the fact that the distribution of
the accelerated particles cannot be considered isotropic; (2) mixing of the electric and magnetic fields
when moving between the upstream and downstream shock regions; and (3) the fact that it is more
difficult to test the theory (or parts of it), and one has to rely on very limited data, which can often be
interpreted in more than a single way.

Very broadly speaking, theoretical works can be divided into three categories. The first is
a semi-analytic approach (e.g., [49–54]), in which particles are described in terms of distribution
functions, enabling analytic or numerical solutions of the transport equations. Clearly, while this
is the fastest method, reliable solutions exist only over a very limited parameter space region,
and several considerable simplifications (e.g., about the turbulence, anisotropy, etc.) are needed.
The second method is the Monte Carlo approach [55–62]. In this method, the trajectories and
properties of representative particles are tracked, assuming some average background magnetic
fields. The advantage of this method is that it enables exploring a much larger parameter space region
than analytical methods while maintaining fast computational speed. The disadvantages are (a) the
simplified treatment of the background magnetic field, which effectively implies that the “test particle”
approximation is used; and (b) current Monte Carlo codes use a simplified model to describe the
details of the interactions between the particles and magnetic fields. For example, many codes use the
“Bohm” diffusion model, which is not well-supported theoretically (see [63]).

The third approach is the Particle-In-Cell (PIC) simulations [64–68]. These codes basically solve
simultaneously both particle trajectories and electromagnetic fields in a fully self-consistent way.
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They therefore provide the “ultimate answer”, namely the entire spectra of the accelerated particles
alongside the generated magnetic field. They further provide the details of the generated magnetic
turbulence as well as visualize the formation process of collisionless shocks. However, these codes
are prohibitively computationally expensive, and are therefore limited to a very small range both
in time and space. Modern simulations can compute processes on a length scale of no more than a
few thousands of skin depth (c/ωp). This scale is many orders of magnitudes—typically 7–8 orders
of magnitude shorter than the physical length scale of the acceleration region, as is inferred from
observations. This is an inherent drawback that cannot be overcome in the nearby future.

To conclude this section, GRB observations provide direct evidence—possibly the most detailed
observational evidence for the acceleration of particles in relativistic shock waves. This evidence
triggered a huge amount of theoretical work aimed at understanding this phenomenon from first
physical principles. Due to its huge complexity, and while a huge progress was made in the past two
decades or so mainly due to advances in PIC codes, the problem is still far from being solved.

3. Magnetic Fields in GRBs

In addition to the existence of clear evidence that shock waves in GRBs serve as particle
acceleration sites, there is a wealth of evidence for the existence of strong magnetic fields in GRBs. When
discussing magnetic fields in GRBs, one has to discriminate between two, very different, scenarios.

First, as already discussed above, fitting the data of GRB afterglow strongly suggests that the main
radiative mechanism during this phase is synchrotron emission from energetic electrons. This idea
therefore implies that strong magnetic fields must exist in the plasma. Fitting the afterglow provides
evidence that the magnetic fields are about two orders of magnitude—and in some cases more—than
the values expected from compression of the intergalactic field [5,10,11,69,70]. This provides indirect
evidence that the relativistic shock wave that inevitably exists during this phase must generate a strong
magnetic field, in parallel to accelerating particles.

Second, while no direct evidence currently exists, it had been proposed that, during the prompt
emission phase, the GRB plasma may in fact be Poynting-flux dominated [71–78]. If this idea is correct,
then the origin of the magnetic field must be external to the plasma—namely originate at the progenitor.
In this scenario, the magnetic field serves as an energy reservoir that is used to both accelerate the
plasma and at the same time accelerate particles to high energies.

3.1. Magnetic Field Generation in Shock Waves

As is typical to most (in fact, nearly all) astrophysical plasmas, and certainly in GRBs, the shock
waves that exist are collisionless, namely they are not mediated by direct collisions between the
particles (as opposed, to, e.g., shock waves that occur while a jet plane exceeds the speed of sound in
the earth’s atmosphere). This can easily be verified for the shock wave in the afterglow phase of GRBs
by considering the mean free path for particle interaction, l = (nσT)

−1 � 1024 cm. Here, n � 1 cm−3 is
the typical interstellar medium (ISM) density, and σT is Thompson cross section, which is the typical
cross section for particle interaction. This scale is many orders of magnitude longer than the scale of
the system, implying that the generated shock waves must be collisionless.

Instead of direct collisions, the shock waves are generated by collective plasma effects, namely
the charged particles generate currents. These currents in turn generate magnetic fields that deflect
the charged particles trajectories, mixing and randomizing their trajectories, until they isotropize.
Thus, the generation of collisionless shock waves must include generation of turbulent magnetic fields.
The key questions are therefore related to the details of the process, which are not fully understood.
These include: (1) the nature of the instability that generates the turbulent field; (2) the strength—and
scale of the generated field; and (3) the interconnection between the particle acceleration process and
the magnetic field generation process.

The most widely discussed mechanism by which (weakly magnetized) magnetic fields can be
generated is the Weibel instability (e.g., [79–89]). In this model, small fluctuation in the magnetic
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fields charge separation have opposite charges in the background plasma. These particles then form
“filaments” of alternating polarity, which grow with time, as the currents carried by the charged
particles positively feed the magnetic fields. This is illustrated in Figure 2, taken from Medvedev
and Loeb [80]. Indeed, this instability is routinely observed in many PIC simulations [64–66,90–94],
which enable quantifying it. Furthermore, these simulations prove the ultimate connection between
the formation of collisionless shock waves and the generation of magnetic fields.

Figure 2. Illustration of the Weibel (also denoted “relativistic two stream”) instability, taken from
Medvedev and Loeb [80]. A magnetic field perturbation deflects electron motion along the x-axis,
and results in current sheets (j) of opposite signs in regions I and II, which in turn amplify the
perturbation. The amplified field lies in the plane perpendicular to the original electron motion.

However, these same simulations show that the generated magnetic fields decay over a relatively
very short length scale, of few tens—few hundreds of plasma skin depth, as was suggested
earlier [95–98]; see Figure 3. This is in sharp contrast to the observed synchrotron signal, which
requires that the magnetic field, necessary for the synchrotron emission, will remain substantial over a
much larger scale, comparable to the scale of the system.

This drawback, clearly observed in modern PIC simulations, triggered a few alternative
suggestions. First, it was suggested that the prompt emission can possibly be generated over a
much shorter scale than previously thought [99]. Other works investigate the effect of energetic
particles (resulting from the acceleration process) on the evolution of the magnetic fields. It was
argued [97,100,101] that strong magnetic fields can last over a substantial range due to other types
of instabilities. It was further suggested that the gradual increase in the population of high energy
particles that results from the Fermi acceleration process gradually increases the characteristic length
scale of the magnetic field [102]. Other suggestions include macroscopic turbulence that is generated
by larger scale instabilities that take place as the shock waves propagate through a non homogeneous
media. Indeed, inevitable density fluctuations in the ambient medium will trigger several instabilities
(e.g., Richtmyer–Meshkov or kink) that can in principle grow over a large scale [103–107]. Another
possibility, which is very realistic in a GRB environment, is generation of mgnetic fields by various
instabilities (such as kinetic Kelvin–Helmholtz, mushroom or kink instability) that are stimulated
if the relativistic jet is propagating into an already magnetized plasma [108,109]. Indeed, helical
magnetic fields may be important in jet acceleration and collimation (see the following section), and
their existence will stimulate turbulence as the jet propagates through the plasma. This scenario differs
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than that presented in Figure 3, as it includes both reverse and forward shocks, as well as contact
discontinuity [110], all provide possible sites for enhancement of magnetic turbulence.

Figure 3. Snapshot of a region from a large 2D relativistic PIC shock simulation, taken from
Chang et al. [98]. (a) density structure in the simulation plane showing the plasma density
enhancements in the foreshock region that steadily grow up to the shock transition region, where the
density becomes homogeneous; (b) magnetic energy, normalized in terms of upstream energy of the
incoming flow. The upstream magnetic filaments, which can be visualized as sheets coming out of the
page, that are formed by the Weibel instability reach a peak just before the shock; (c) plasma density
averaged in the transverse direction as a function of the distance along the flow; (d) magnetic energy
density averaged in the transverse direction, as a function of distance along the flow. Clearly, strong
magnetic fields are generated but quickly decay.

Thus, overall, the origin of the magnetic field as is required to produce the observed (synchrotron)
radiation is still an open question. This field remains one of the very active research fields.

3.2. Highly Magnetized Plasma during GRB Prompt Emission?

3.2.1. Motivation

Very early on, it was realized that the extreme luminosity, rapid variability and >MeV photon
energies imply that GRB plasma must be moving relativistically during the prompt emission phase;
otherwise, the huge optical depth to pair production, τ>∼ 1015 would prevent observation of any signal
(see, e.g., [20,111,112], for reviews). This idea was confirmed by the late 1990s with the discovery of
the afterglow, which proved that the plasma indeed propagates at relativistic speeds.

Thus, two major episodes of energy conversion exist: first, the conversion of the gravitational
energy to kinetic energy—namely, the acceleration of plasma that results in the generation of relativistic
jet. Second, the huge luminosity suggests that a substantial part of the kinetic energy is dissipated, and
used to heat the particles and generate the observed signal.

Originally, it was argued that instabilities within the expanding plasma would generate shock
waves, which are internal to the flow (“internal shocks”; see [113–115]). By analogy with the afterglow
phase, it was then suggested that a very similar mechanism operates during the prompt phase.
Shock waves generated by internal instabilities both generate strong magnetic fields and accelerate
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particles, which in turn emit the observed prompt radiation [113,116]. In the framework of this model,
the internal shocks are therefore the main mechanism of kinetic energy dissipation, and magnetic fields
“only” provide the necessary conditions needed for synchrotron radiation.

While this scenario gained popularity by the late 1990s, it was soon realized that it suffers
several notable drawbacks. First, the very low efficiency in kinetic energy dissipation, of typically
a few % [117–122]. This can be understood, as only the differential kinetic energy between the
propagating shells can be dissipated by internal collisions. The only way to overcome this problem is
by assuming a very high contrast in the Lorentz factors of the colliding shells [123].

Second, once enough data became available, it became clear that as opposed to the afterglow
phase, the simplified version of the synchrotron model does not provide acceptable fits to the vast
majority of GRB prompt emission spectra [46,124–127]. Thus, one has to consider alternative emission
mechanisms, or, at least, consider ways to modify the synchrotron emission model (see further
discussion in Section 4 below).

Third, the details of the initial explosion that triggered the GRB and the mechanism that produce
relativistic motion (jet) in the first place remain uncertain. One leading model is the “Collapsar”
model [128,129], according to which the core collapse of a massive star triggers the GRB event.
In this scenario, the main energy mediators are neutrinos that are copiously produced during the
collapse, and transfer the gravitational energy to the outer stellar regions, which are accelerated
to relativistic velocities.

An alternative model for the formation of relativistic jets is the mechanism first proposed by
Blandford and Znajek [130]. According to this idea, rotational energy and angular momentum are
extracted from the created rapidly spinning (Kerr) black hole by strong currents. In this scenario,
strong magnetic fields play a key role in the energy extraction process. Thus, the emerging plasma
must be Poynting-flux dominated, and the kinetic energy is sub-dominant.

This idea has two great advantages. First, the rotation of a rapidly spinning black hole provides
a huge energy reservoir that can in principle be extracted. Second, this mechanism is fairly well
understood, and is believed to exist in nature. Furthermore, it does not suffer from the low efficiency
problem of the “internal shock” scenario. Indeed, this mechanism gained popularity over the years,
and is in wide use for explaining energy extraction in other astronomical objects, such as active galactic
nuclei (AGNs; see [131,132]) or X-ray binaries (XRBs; [133]).

I should stress that, as of today, there is no clear evidence that points to which of the two scenarios
act in nature to produce the relativistic GRB jets—or possibly a third, as of yet unknown, scenario.
However, the possibility that strong magnetic fields may exist motivated studies of the dynamics of
highly magnetized plasmas. Under this hypothesis of Poynting-dominated flow, one needs to address
two independent questions. The first is the creation of the relativistic jet (namely, the acceleration of the
bulk outflow to highly relativistic velocities). The second is the acceleration of (individual) particles to
high energies needed to explain the observed radiative signal.

3.2.2. Detailed Models

As opposed to the “internal shock” model, the basic idea in the “Poynting-flux dominated models”
is that the strong magnetic fields serve as “energy reservoir”. The magnetic energy is converted to
kinetic energy and heat (or particle acceleration) by reconnection of the magnetic field lines. In the past
few years, many authors considered this possibility. Very crudely speaking, one can divide the models
into two categories. The first assumes continuous magnetic energy dissipation (e.g., [72–74,134–141]).
These models vary by the different assumptions about the unknown rate of reconnection, outflow
parameters, etc. The second type assumes that the magnetic dissipation—hence the acceleration occurs
over a finite, short duration [142–149]. The basic idea is that variability in the central engine leads to
the ejection of magnetized plasma shells, which expand due to the internal magnetic pressure gradient
once they lose causal contact with the source.
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A relatively well understood scenario is the “striped wind” model, first proposed in the context
of pulsars [150,151]. According to this model, the gravitational collapse that triggers the GRB event
leads to a rapidly rotating, highly magnetized neutron star (which can later collapse into a black hole).
The rotational axis is misaligned with its dipolar moment, which naturally produces a striped wind
above the light-cylinder (see Figure 4). This striped wind consists of cold regions with alternating
magnetic fields, separated by hot current sheets. Reconnection of magnetic field lines with opposite
polarity is therefore a natural consequence; such reconnection leads to the acceleration of the wind.

Figure 4. Upper panel: poloidal structure of the striped pulsar wind, according to the solution of
Bogovalov [152]. The arrows denote the pulsar rotational axis (along Ω, vertical) and magnetic axis
(along μ, inclined). Within the equatorial wedge bounded by the dashed lines, the wind consists of
toroidal stripes of alternating polarity, separated by current sheets (dotted lines). Lower panel: 2D PIC
simulation setup geometry. The figure is taken from Sironi and Spitkovsky [153].

Evolution of the hydrodynamic quantities in these Poynting-flux dominated outflows within
the “striped wind” model was considered by several authors [71–78,154–156]. The scaling laws of the
acceleration can be derived under the ideal MHD limit approximation, which is a good approximation
due to the high baryon load [71]. Furthermore, in this model, throughout most of the jet evolution
the dominated component of the magnetic field is the toroidal component, and so the magnetic
field is perpendicular to the outflow direction, �B ⊥ �β. Under these assumptions, it can be shown
that the standard equations of mass, energy and momentum flux conservations combined with the
assumption of constant reconnection rate (which is not specified in this model) leads to a well defined
scaling law of the Lorentz factor, Γ(r) ∝ r1/3. This is different than the scaling law expected when
the acceleration is mediated by photon field, as originally proposed in the classical “fireball” model,
Γ(r) ∝ r. Furthermore, these scaling laws lead to testable predictions about the total luminosity that
can be achieved in each of the different phases [157]. However, so far, these were not confronted
with observations.

The main uncertainty of these models remains the unknown rate in which the reconnection
process takes place. This rate is model dependent, and in general depends on the rate of
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magneto-hydrodynamic (MHD) instabilities that destroy the regular structure of the flow [158–162].
Furthermore, the presence of strong radiative field can affect this rate [156]. It should be noted that
several PIC simulations predict a nearly universal reconnection rate, of ∼ 0.1c for highly magnetized
flows [163–165]. This rate is dictated by the dynamics of the plasmoid instability. However, due to the
limitations of existing PIC codes, I think it is fair to claim that this is still an open problem.

3.3. Acceleration of Particles in Highly Magnetized Plasma: Magnetic Reconnection Process

While it is natural to envision a highly magnetized progenitor that results in Poynting-flux
dominated outflow in the early stages of GRB evolution, this possibility leads to two basic questions.
The first is the details of the reconnection process that dissipates the magnetic energy. The second is
the mechanism by which particles are accelerated. Observations of non-thermal emission during the
prompt phase necessitates some mechanism that accelerates the particles (for the least, the electrons)
to high energies. However, in Poynting-dominated flow, this mechanism needs to be different than the
celebrated Fermi process. In this environment of highly magnetized plasmas, both shock formation is
limited [166] and particle acceleration by shock waves is suppressed [167].

First, it was shown that the properties of shock waves (if form) and in particular their ability to
accelerate particles to high energies are different if these shock waves reside in highly magnetized
regions. In this case, the ability of a shock wave to accelerate particles strongly depends on the
inclination angle θ between the upstream magnetic field and the shock propagation direction [168–170].
Only if this angle is smaller than a critical angle θcrit can the shock accelerate particle efficiently.
At higher angles, charged particles would need to move along the field faster than the speed of light
in order to outrun the shock, and therefore cannot be accelerated. I point out, though, that these
simulations assumed a simple configuration of the initial magnetic field, and thus the results in GRB
jets may differ.

On the other hand, particles can be accelerated to high energies by the reconnection process
itself [171–184]; (see [185] for a recent review). The basic idea is that whenever regions of opposite
magnetic polarity are present, Maxwell’s equations imply that there must be a current sheet in between.
In this current layer, magnetic field lines can diffuse across the plasma to reconnect at one or more
“x”-lines. When particles cross the current sheet, they are forced back by the reversing magnetic
field. This is seen in Figure 5, taken from [186]. The particles can then be accelerated in the direction
perpendicular to the plane of reconnection by the generated inductive electric fields [187]. Their energy
gain per unit time is therefore dW/dt = qE · v ∼ qEc in the relativistic case.

Figure 5. Structure of the particle density in the reconnection layer at ωpt = 3000, from a 2D simulation
of magnetized plasma having magnetization parameter σ = 10. The figure is taken from [186].

This general idea had been extensively studied over the years by PIC simulations, both
2D [180,181,186–195] and 3D [153,165,169,177,196–199]. These show the generation of hard,
non-thermal distribution of energetic particles that are accelerated at (relativistic) reconnection sites.
These particles follow a power law distribution, with power law index p >∼ 2, for strongly magnetized
plasma, having magnetization parameter σ ≡ uB/uth ≈ 10 [186]. Here, uB, uth are the magnetic field
and thermal particle energy densities, respectively. While this index is fairly similar to the one obtained
by the Fermi process, it was shown to be sensitive to the exact value of σ [192,194]. Early works
suggested that, in a strongly magnetized plasma, the power law index is p < 2, implying that most of
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the energy is carried by the energetic particles. However, recent simulations that were run for longer
times and using larger box sizes, showed convergence towards p ∼ 2 at late times [200].

A heuristic argument for the power law nature of the particle distribution was first suggested by
Zenitani and Hoshino [187], and was demonstrated by Sironi and Spitkovsky [186]. More energetic
particles have larger Larmor radii, and therefore spend more time near the “x” point of the reconnection
layer than particles of lower energies. They suffer less interaction with the reconnected field (in the
perpendicular direction), and therefore spend longer time in the accelerated region, where strong
electric fields exist. Thus, overall, the gained energy in the acceleration process is proportional to the
incoming particle energy, which results in a power law distribution.

Finally, as discussed in the previous section, jet propagation into an already magnetized plasma
triggers and enhances several instabilities, such as kinetic Kelvin–Helmholtz or mushroom instabilities.
As was recently shown [107,109], these instabilities, which have geometries that are different in nature
than the “slab” geometry presented in Figures 4 and 5 above, also serve as acceleration sites of
particles [170].

4. Photon Field in GRB Plasmas

Our entire knowledge (or lack thereof) of GRB physics originates from the observed electromagnetic
signal. As GRBs are the brightest sources of radiation in the sky, a strong radiation field must exist
within the relativistically expanding plasma. This photon field adds to the strong non-thermal particle
field and the possible strong magnetic fields that exist.

Similar to the questions outlined above about the sources and role played by magnetic fields
(being dominant or sub-dominant), one can divide the basic open questions associated with the photon
fields into two categories. The first is understanding the radiative processes that lead to the observed
signal. The second is to understand the possible role of the photon field in shaping the dynamics of
the GRB outflow.

4.1. Radiative Processes: The Classical Ideas

The most widely discussed model for explaining GRB emission both during the prompt and
the afterglow phases is synchrotron emission. This model has several advantages. First, it has been
extensively studied since the 1960s [201,202] and its theory is well understood. It is the leading
model for interpreting non-thermal emission in many astronomical objects, such as AGNs and XRBs.
Second, it is very simple: it requires only two basic ingredients, namely energetic particles and a strong
magnetic field. Both are believed to be produced in shock waves or magnetic reconnection process.
Third, it is broadband in nature (as opposed, e.g., to the “Planck” spectrum), with a distinctive spectral
peak, that could be associated with the observed peak energy. Fourth, it provides a very efficient way
of energy transfer, as for the typical parameters, energetic electrons radiate nearly 100% of their energy
(during the prompt and parts of the afterglow phases). These properties made synchrotron emission
the most widely discussed radiative model in the context of GRB emission (e.g., [5,7,45,203–215], for a
very partial list).

Synchrotron emission requires a population of energetic electrons. These electrons, in addition to
synchrotron radiation, will inevitably Compton scatter the emitted photons, producing synchrotron-self
Compton emission (SSC). This phenomenon is expected to produce high energy photons, that can
extend up and beyond the GeV range. Its relative importance depends on the Compton Y parameter,
namely the optical depth multiplied by the fractional energy change of each photon. This phenomenon
was extensively studied both in the context of the prompt phase [216–219] and the afterglow phase in
GRBs [220–225]. Note that the results of the scattering does not only affect the photon field directly, but
also indirectly, as the scattering cools the electrons, hence modified the synchrotron emission. Naturally,
the importance of this nonlinear effect depends on the Compton Y parameter, and is significantly
more pronounced during the prompt phase, where the plasma is much denser and significantly more
scattering is expected than during the afterglow phase.
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Observations of high energy photons, above the threshold for pair creation, implies that both
pair production and pair annihilation can in principle take place. If this happens, then a high energy
electromagnetic cascade will occur, namely energetic photons produce e± pairs, which lose their
energy by synchrotron and SSC, thereby producing another population of energetic photons, etc.
These phenomena further modifies the observed spectra in a nonlinear way [216,226,227].

A different suggestion is that the main source of emission is not leptonic, but rather hadronic.
This idea lies on the assumptions that the acceleration process, whose details are of yet uncertain, may
be more efficient in accelerating protons, rather than electrons to high energies. In this scenario, the
main emission mechanism is synchrotron radiation from the accelerated protons [218,221,228–233].
The main drawback of this suggestion is that protons are much less efficient radiators than electrons
(as the ratio of proton to electron cross section for synchrotron emission ∼ (me/mp)2). Thus, in order
to produce the observed luminosity in γ-rays, the energy content of the protons must be very high,
with proton luminosity of ∼ 1055–1056 erg s−1. This is at least three orders of magnitude higher than
the requirement from leptonic models.

4.2. Photospheric Emission and GRB Dynamics

The idea that photospheric (thermal) emission may play a key role as part of GRB plasma is not
new. Already in the very early models of cosmological GRBs, it was realized that the huge energy
release, rapid variability that necessitates small emission radii (due to light crossing time argument),
and the high >∼ MeV photon energy observed, imply the existence of photon-dominated plasma,
namely a “fireball” [135,234–236].

Initially, therefore, it was expected that the observed GRB spectra would be thermal. Only with
the accumulation of data that showed non-thermal spectra—both during the prompt and afterglow
phases—did the synchrotron model gain popularity.

While the synchrotron emission model remains the leading radiative model that can explain the
observed signal during the afterglow phase, it was realized by the late 1990s that it fails to explain the
low energy part of the prompt emission spectra of many GRBs [46,124–126]. Being well understood,
the synchrotron theory provides a robust limit on the maximum low energy spectral slope that can
be achieved. As the observed slope in many GRBs was found to be harder than the limiting value,
Preece et al. [124] coined the term “synchrotron line of death”. Despite two decades of research, this
result is still debatable [127,237]. This is due to the different analysis methods chosen. Nonetheless,
this observational fact, combined with the fact that the photospheric emission is inherent to GRB
fireballs, motivated the study of photospheric emission as a possibly key ingredient in the observed
prompt spectra.

Due to the weakness of the observed signal, most of the analysis is done on time integrated signal,
as simply not enough photons are observed. However, when analyzing the data of bright GRBs where
a time-resolved analysis could be and indeed was done, it was proven that indeed some part (but
not all) of the observed prompt spectra can be well fitted with a thermal (Planck) spectrum [238–242].
This was confirmed by several recent observations done with the Fermi satellite [243–249].

From a theoretical perspective, photospheric emission that is combined with other radiative
processes was considered as of the early 2000s [250,251]. The key issue is that the thermal photons,
similar to the synchrotron photons, can be up-scattered by the energetic electrons. In fact, by definition
of the photosphere, they have to be upscattered as the optical depth below the photosphere is >1.
This implies both modification of the electron distribution from their initial (accelerated) power
law distribution, and modification of the thermal component itself, in a nonlinear way [252,253].
This naturally leads to a broadening of the “Planck” spectrum, which, for a large parameter space
region, resembles the observed one [253]. This is demonstrated in Figure 6.
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Figure 6. Time averaged broad band 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 phenomenon.
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 � 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 scattering. The figure is
taken from Pe’er et al. [253].

This idea of modified Planck spectra gained popularity in recent years, as it is capable of
capturing the key observational GRB properties in the framework of both photon-dominated and
magnetic-dominated flows [254–271].

An underlying assumption here is that a population of energetic particles can exist below the
photosphere (or close to it). This is not obvious, as recent works showed that the structure of shock
waves, if existing below the photosphere (“sub-photospheric shocks”), does not enable the Fermi
acceleration process, at least in its classical form [263,272–274]. Nonetheless, particle heating can still
take place below the photosphere via other mechanisms—for example, due to turbulence cascade
which passes kinetic fluid energy to photons through scattering [275]. Thus, overall, the question of
particle heating below the photosphere and sub-photospheric dissipation is still an open one.

A second, independent way of broadening the “Planck” spectra that enables it to resemble the
observed prompt emission spectra of many GRBs is the relativistic “limb darkening” effect, which is
geometric in nature. By definition, the photosphere is a region in space in which the optical depth
to scattering is >1. In a relativistically expanding plasmas, this surface has a non-trivial shape [276].
Furthermore, as photon scattering is probabilistic in nature, the photospheric region is in a very basic
sense “vague”—photons have a finite probability of being scattered anywhere in space in which
particles exist [258,276–283]; see Figure 7. The exact shape of this “vague” photosphere depends on
the jet geometry, and in particular on the jet velocity profile, namely Γ = Γ(r, θ). Under plausible
assumptions, this relativistic limb darkening effect can lead to an observed spectra that does not
resemble at all a “Planck” spectra, and, in addition, can be very highly polarized—up to 40%, if viewed
off the jet axis [279,284,285]. This is demonstrated in Figure 8, taken from Lundman et al. [279].
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Figure 7. The green line represent the (normalized) photospheric radius rph as a function of the angle
to the line of sight, θ, for spherical explosion. The purple dots represent the last scattering locations of
photons emitted in the center of a relativistic expanding “fireball” (using a Monte Carlo simulation).
The black lines show contours. Clearly, photons can undergo their last scattering at a range of radii and
angles, leading to the concept of “vague photosphere”. The observed photospheric signal is therefore
smeared both in time and energy. This figure is taken from [276].

Figure 8. Left: the observed spectrum that emerges from the optically thick regions of an expanding,
relativistic jet having a spatial profile, Γ = Γ(θ) does not resemble the naively expected “Planck”
spectrum. Separate integration of the contributions from the inner jet (where Γ ≈ Γ0), outer jet (where
Γ drops with angle) and envelope is shown with dashed, dot dashed and dotted lines, respectively.
Right: the assumed jet profile. The figure is taken from Lundman et al. [279].

Identification of this thermal emission component has several important implications in
understanding the conditions inside the plasma. First, it can be used to directly probe the velocity
at the photospheric radius—the innermost region where any electromagnetic signal can reach the
observer [286–289]. Second, identification of a photospheric component can be used to constrain the
magnetization of the outflow [290–294]. In a highly magnetized outflow, the photospheric component
is suppressed, and therefore identifying it can be used to set upper limits on the magnetization.
Furthermore, within the context of the “striped wind” model, the existence of strong photon field
modifies the rate of reconnection [156]. These identifications led to the suggestion that possibly the
GRB outflow is initially strongly magnetized (as is suggested within the Blandford and Znajek [130]
mechanism), but that the magnetic field quickly dissipates below the photosphere [293,295].
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5. GRB Environments and GRB170817a

One of the key open questions that had been the subject of extensive research over the years is
the nature of the GRB progenitors. There are two leading models. The first is the “collapsar” model
mentioned above, which involves a core collapse of a massive star, accompanied by accretion into
a black hole ([128,129,296–302], and references therein). The second scenario is the merger of two
neutron stars (NS–NS), or a black hole and a neutron star (BH–NS). The occurrence rate, as well as
the expected energy released, ∼GM2/R ∼ 1053 erg (using M ∼ M
 and R >∼ Rsch., the Schwarzschild
radius of stellar-size black hole), are sufficient for extra-galactic GRBs [303–307].

The association of long GRBs with core collapse supernova, of type Ib/c [6,308–313] serves as
a “smoking gun” to confirm that indeed, the long GRB population originates from the “collapsar”
scenario. Indeed, in all cases but two (GRB060505 and GRB060614) whenever the GRBs were close
enough that evidence for supernovae could be detected, they were indeed observed [314].

While long being suspected, until last year there was only indirect evidence that short GRBs may
be associated with the merger scenario. These were mainly based on morphologies of the host galaxies
(short GRBs are associated with elliptical galaxies, while long GRBs reside in younger, star-forming
galaxies), as well as their position in the sky relative to their host galaxy [315,316]; (For reviews, see,
e.g., [18,317,318]). This situation changed with the discovery of the gravitational wave associated
with the short GRB170817 [319–321]. This discovery proved that neutron star–neutron star (NS–NS)
merger does indeed produce a short GRB, thereby providing the missing “smoking gun”. This event,
though, was unique in many ways—e.g., the large viewing angle [322], and thus it is not clear whether
it is representative of the entire short GRB population. Indeed, a detailed analysis show that the
environments of short GRBs do not easily fit this “merger” scenario model [323].

Despite these uncertainties, it is widely believed that these two types of progenitors may end up
with very different environments. The merger of binary stars is expected to occur very far from their
birthplace, in an environment whose density is roughly constant, and equals the interstellar medium
(ISM) density. On the other hand, a massive star (e.g., a Wolf–Rayet type) is likely to emit strong wind
prior to its collapse [324], resulting in a “wind” like environment, whose density (for a constant mass
ejection rate and constant wind velocity) may vary as ρ ∝ r−2. I should stress though that this is a very
heuristic picture, as the properties of the wind emitted by stars in the last episode before they collapse
is highly speculative. Furthermore, even if this is the case, one can predict the existence of a small
“bump” in the light curve, resulting from interaction of the GRB blast wave with the wind termination
shock [325]. This, though, could be very weak [326], and indeed, no clear evidence for such a jump
(whose properties are very uncertain) currently exists.

Nonetheless, as early as a few years after the detection of the first long GRB optical afterglow [3],
a split between ISM-like and wind-like environments was observed, with up to 50% of bursts found to
be consistent with a homogeneous medium (e.g., [327–329]). In later studies, (e.g., [330,331]), ISM-like
environments continued to be found in long GRB afterglows. Further measurements of the spectral
and temporal indices for optical [332] and X-ray [70,333–335] afterglows of long GRBs all point to a
split in environment types between wind and ISM.

The theoretical analyses that lead to this conclusion are relatively simple, as these are based on
measurements of the properties of the late time afterglow. During this stage, the outflow is expected to
evolve in a self-similar way. Despite the uncertainty in the detailed of the processes, it is expected that
the velocity profile, the particle acceleration and the magnetic field generation all follow well defined
scaling laws. These enable the use of the relatively well sampled afterglow data to infer the properties
of the environment at late times. From this knowledge, one can hope to constrain the nature of the
progenitor, hence the properties of the GRB plasma. The inconsistencies frequently found between
the afterglow data of both the long and short GRBs and the simplified environmental models implies
that we still have a way to go before understanding the nature of the progenitors, hence the conditions
inside the GRB plasmas.

198



Galaxies 2019, 7, 33

6. Conclusions

GRBs serve as unique laboratories to many plasma physics effects. In fact, GRB observations
triggered many basic studies in plasma physics, whose consequences reach far beyond the field of
GRBs, and even extend beyond the realm of astrophysics.

GRBs are the only objects known to produce ultra-relativistic shock waves, whose Lorentz factors
exceed Γ>∼ 100. As such, they are the only objects that serve as laboratories to study the properties of
ultra-relativistic shocks. In Section 2, I highlight a key property that directly follows GRB afterglow
observations, that of particle acceleration to high energies in relativistic shock waves. While the
existence of cosmic rays implies that such mechanism exists, and although the mechanism by which
(non-relativistic) shock waves accelerate particles was discussed in the 1950s by Fermi, the details
of the process in two important limits: (1) the relativistic limit, and (2) the “back reaction” of the
accelerated particles on the shock structure (i.e., the opposite of the “test particle” limit) are not known.
However, from observations in GRB afterglows, it is clear that these two limits are the ones that exist
in nature.

Section 3 was devoted to discussing magnetic fields in GRBs. This section was divided into three
parts. First, I discussed the current state of knowledge about the generation of strong magnetic fields
in shock waves. This again is directly motivated from GRB afterglow observations, which show the
existence of strong magnetic fields during this phase. As these fields are several orders of magnitude
stronger than the compressed magnetic fields in the ISM, they must be generated by the shock wave
itself. It is clear today that the process of magnetic field generation is intimately connected to the
process of particle acceleration.

I then discussed energy transfer from magnetic fields by the magnetic reconnection process. This is
important in one class of models—the “Poynting flux” dominated models, which assume that early on
the main source of energy is magnetic energy. This thus motivates a detailed study of the reconnection
process, as a way of transferring this energy to the plasma—both as a way of generating the relativistic
jets (accelerating the bulk of the plasma), and as a way of accelerating individual particles to high
energies, giving them a non-thermal distribution. This last subject was treated separately in Section 3.3.

In Section 4, I discussed the last ingredient of GRB plasmas, which is the photon field and its
interaction with the particle and magnetic fields. The discussion in this section was divided into
two parts. I first highlighted the “traditional” radiative processes such as synchrotron emission and
Compton scattering that are expected when a population of high energy particles resides in a strongly
magnetized region. As far as we know, these are the conditions that exist during the (late time) GRB
“afterglow” phase. I then discussed the role of the photosphere in Section 4.2. The photosphere exists
in the early stages of GRB evolution, and may be an important ingredient that shapes the prompt
emission signal.

However, in addition to shaping the observed prompt emission spectra, the photosphere affects
other aspects of the problem as well. As, by definition, the optical depth to scattering below the
photosphere is >1, there is a strong coupling between the photon and particle fields. This leads to
various effects that modify the structure of sub-photospheric shock waves, affect the dynamics, and can
affect the magnetic field–particle interactions, via modification of the magnetic reconnection process.
Most importantly, there are several observational consequences that can be tested.

Finally, I briefly discussed in Section 5 our knowledge about the different environments in GRBs.
The current picture is very puzzling, and there is no simple way to characterize the environment.
The importance of this study lies in the fact that understanding the environment can provide very
important clues about the nature of the progenitors, hence on the physical conditions inside the GRB
plasmas. Such clues are very difficult to be obtained in any other way.

Thus, overall, GRBs, being the most extreme objects known, provide a unique laboratory to study
plasma physics in a unique, relativistic astrophysical environment. While GRB studies triggered and
stimulated many plasma physics studies in the laboratory, clearly, unfortunately we cannot mimic
the conditions that exist within the GRB environment in the lab. Thus, in the future, by large, we
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foresee that we will have to continue to rely on GRB observations to provide the necessary input to
test the theories.

As I demonstrated here, as of today, there is no consensus on many basic phenomena which are
at the forefront of research. However, as the study of GRBs is a very active field—both observationally
and theoretically—one can clearly expect a continuous stream of data and ideas that will continue to
change this field.
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Abstract: We propose that the high energy Cosmic Ray particles up to the upturn commonly
called the ankle, from around the spectral turn-down commonly called the knee, mostly come from
Blue Supergiant star explosions. At the upturn, i.e., the ankle, Cosmic Rays probably switch to
another source class, most likely extragalactic sources. To show this we recently compiled a set
of Radio Supernova data where we compute the magnetic field, shock speed and shock radius.
This list included both Blue and Red Supergiant star explosions; both data show the same magnetic
field strength for these two classes of stars despite very different wind densities and velocities.
Using particle acceleration theory at shocks, those numbers can be transformed into characteristic
ankle and knee energies. Without adjusting any free parameters both of these observed energies are
directly indicated by the supernova data. In the next step in the argument, we use the Supernova
Remnant data of the starburst galaxy M82. We apply this analysis to Blue Supergiant star explosions:
The shock will race to their outer edge with a magnetic field that is observed to follow over several
orders of magnitude B(r) × r ∼ const., with in fact the same magnetic field strength for such stellar
explosions in our Galaxy, and other galaxies including M82. The speed is observed to be ∼0.1 c
out to about 1016 cm radius in the plasma wind. The Supernova shock can run through the entire
magnetic plasma wind region at full speed all the way out to the wind-shell, which is of order parsec
scale in M82. We compare and identify the Cosmic Ray spectrum in other galaxies, in the starburst
galaxy M82 and in our Galaxy with each other; we suggest how Blue Supergiant star explosions can
provide the Cosmic Ray particles across the knee and up to the ankle energy range. The data from
the ISS-CREAM (Cosmic Ray Energetics and Mass Experiment at the International Space Station)
mission will test this cosmic ray concept which is reasonably well grounded in two independent
radio supernova data sets. The next step in developing our understanding will be to obtain future
more accurate Cosmic Ray data near to the knee, and to use unstable isotopes of Cosmic Ray nuclei at
high energy to probe the “piston” driving the explosion. We plan to incorporate these data with the
physics of the budding black hole which is probably forming in each of these stars.

Keywords: cosmic rays; massive star supernovae; cosmic ray knee and ankle
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1. Introduction

Energetic particles far above thermal levels, called Cosmic Rays (CRs), were discovered by Hess
(1912) [1] and Kohlhörster (1913) [2]; their energies are now known to range up to about 1020 eV,
and at that energy scale first seen by Linsley (1963) [3]. It was proposed very early (Baade and Zwicky
1934 [4]) that Supernovae (SNe) could easily provide the energies required for Galactic Cosmic Rays
(GCRs). Ginzburg and Syrovatskij (1963) [5] suggested that radio galaxies could provide the highest
energy component. The mechanism of acceleration was originally proposed by Fermi (1949, 1954) [6,7]
as repeated reflections between interstellar clouds with magnetic field bottle configurations which
are approaching each other. This was later generalized to today’s concept of energetic particles being
reflected back and forth across a shock wave, and separating converging flows (Axford et al., 1977;
Krymskii 1977; Bell 1978a,b; Blandford and Ostriker 1978; [8–12]), with early general overviews by
Ginzburg and Ptuskin (1976) [13] and Drury (1983) [14]. It is now recognized that such particles
permeate interstellar space, as well as much of intergalactic space. Particles with energies above order
GeV are found throughout the Solar system. The early arguments on the possible origin of CRs were
all made on the grounds of sufficient energy supply, and they still stand. However we now know of
many other processes and events around stars and black holes that clearly produce energetic particles.
Energetic particles are also produced on the Sun, and in the Solar wind, teaching us basic plasma
physical concepts.

In addition to the supernova origin of accelerated CRs and outflow (the theme of this paper),
is energy outflow and particle acceleration due to central supermassive black holes (SMBHs), and their
jets and lobes. They produce CRs, magnetic fields and energy. They have been discussed by, e.g.,
Ginzburg and Syrovatskij (1963) [5], Lovelace (1976) [15], Biermann and Strittmatter (1987) [16],
Kronberg et al. (2001) [17], Kronberg (2002) [18], Kronberg et al., 2004 [19], Colgate (2004) [20],
Colgate et al. (2014) [21], Biermann et al. (2016) [22], and in other papers. These phenomena clearly can
produce much higher particle energies, and might explain the highest energies detected above the ankle.
We note that, since this paper confirms that massive star explosions as well as SN Ia explosions are
just two sources of magnetic fields in galaxies and, via galactic winds, in the cosmos. Bigger outflows,
such as from super-massive black hole activity via, e.g., radio galaxies, are an additional source.

Some recent relevant reviews and books are Aharonian (2004) [23], Stanev (2010) [24],
Kotera and Olinto (2011) [25], Letessier-Selvon and Stanev (2011) [26], Bykov et al. (2012) [27],
Diehl (2013, 2017) [28,29], Blasi (2013) [30], Gaisser et al. (2016) [31], Kronberg (2016) [32], Amato and
Blasi (2018) [33], Biermann et al. (2018), cited as ASR18 [34], Aartsen et al. (2018c) [35], these latter
articles all part of a collection of reviews on CR physics, edited by Moskalenko and Seo 2018 [36].
Many further tests can now be done with newer results from the Pierre Auger Observatory,
the Telescope Array, IceCube, AMS, HAWC, H.E.S.S., MAGIC, PAMELA, Fermi-LAT, CALET, DAMPE,
and VERITAS, further balloon flights, such as TIGER, and other experiments in space, on balloons,
and on the ground. ISS-CREAM is the next major space experiment with new data yet to come,
following on AMS (Seo et al., 2014, Seo 2018, [37,38]).

In Section 2 we develop the theory of massive star plasma winds with the goal of deriving
characteristic ankle and knee energies. In Section 3 we compare the energetics of the resolved radio
super nova remnants (SNRs) in M82 and demonstrate consistency with our predictions. In Section 4
we discuss a wide variety of concerns involving generation and transport, both theoretical and
observational, in both a Galactic and extragalactic context, including alternate acceleration mechanisms
found in the literature. We stress that our goal in this paper is to demonstrate one path to understand
the CR spectrum, without excluding other mechanisms.

2. Massive Star Plasma Winds

Massive stars explode as Supernovae; and they have magnetic plasma winds. The shock pushed
out by the Supernova (SN) explosion can accelerate CR particles. When this shock races through
a stellar magnetic plasma wind, accelerated CR particle energies can go as high a few 1018 eV
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(Stanev et al., 1993, referred to as CR-IV, [39]). Massive stars with magnetized plasma winds come
in two varieties, Red Supergiant (RSG) stars above about 25 M
 Zero Age Main Sequence (ZAMS)
mass, and Blue Supergiant (BSG) stars above about 33 M
 ZAMS mass. All of these stars are in binary
systems, but not all of them are in tight orbits. RSG star magnetic plasma winds have a low velocity
and high density, whereas BSG star magnetic plasma winds have a very high velocity and low density.
During the time preceding the SN explosion, this plasma wind experiences short episodes during
which the star may enhance its mass loss and its magnetic fields (as summarized with many references,
e.g., in ASR18 [34]). A fair number of both RSG star explosions as well as BSG explosions have now
been observed, at many wavelengths and spatial resolutions. Some data are collected in ASR18 [34].
The observation that the strength of the magnetic field in the SN shock is the same for RSG explosions
as for BSG explosions is not consistent with all mechanisms that enhance the magnetic field just in the
SN shock (Bell and Lucek 2001) [40]. In such a case the magnetic field should be an order of magnitude
stronger in RSG star explosions, since the implied magnetic field energy density would scale with the
ram pressure in the SN-driven shock. (For a detailed discussion including the possibility of a small
contribution from the Bell-Lucek mechanism, see ASR18, [34]). We note that the review by Helder et al.
(2012) [41] on SNRs and CRs was written before most of these detailed data became available. A newer
corresponding article on CRs in stellar-wind bubbles by Zirakashvili and Ptuskin (2018) [42] does not
use any of these data either. The arguments in Jokipii (1982, 1986, [43,44]) and Zirakashvili and Ptuskin
(2018, [42]) all refer quite explicitly to weak particle scattering, whereas Jokipii (1987, [45]) refers to the
strong scattering limit, used here as well as in earlier work as cited. The plasma wind terminates in a
shell, where it encounters the interstellar medium (ISM) and the molecular cloud (MC) out of which
the star formed, and/or the wind-bubble environment of preceding SN explosions in its immediate
environment. As the ram pressure of RSG star plasma winds is two orders of magnitude lower than
for BSG star plasma winds, the wind shell may have a radial scale about an order of magnitude smaller
than BSG star plasma winds. It follows that the life time of activity for RSG star explosions is an order
of magnitude shorter than for BSG star explosions. This provides a strong counter selection effect in
identifying such sources. We note that BSG star explosions are very rare in our Galaxy, and yet often
enough to be able to contribute significantly to the observed CRs. When the SN shock does hit the
wind shell, it slows down considerably; for radio supernovae (RSNe) the SN-shock speed is typically
0.1 c, while for the Supernova Remnants in M82 (Kronberg et al., 1981 [46], 1985, hereafter referred to
as KBS85 [47]) the currently observed velocities of expansion (e.g., Fenech et al., 2008, 2010 [48,49])
are all far below this value; this observation matches the expectation that when encountering the
wind shell the SN plasma shock reverts to environment-dominated expansion (e.g., Cox 1972 [50]).
That reversion causes the shocked region to be about 1/4 of the spherical volume encompassed by
the shock, rather than 3/4, as in the shocked region in a wind (Biermann and Cassinelli 1993 [51],
Biermann and Strom 1993 [52], referred to as CR-II and CR-III; this uses a strong shock, see Landau
and Lifshitz 1959 [53], and Drury 1983 [14]). When a SN shock races through a stellar plasma wind,
it produces radio emission at resolutions reachable with interferometry (i.e., sub-arcsecond radio
imaging). This permits better specification of the magnetic field B(r), the stellar mass loss Ṁ�, its shock
radius r, and velocity VSN/c. We note that VSN is the velocity of the shock in the medium through
which it propagates, here the wind of the star. As these shocks are observed to show about 0.1 c, we
can neglect the prior velocity of the wind. From these three quantities, scale r, magnetic field B, and
shock speed VSN/c we can derive two critical energies for the maximal energies particles can reach in
shock acceleration, Eankle and Eknee. We first show the maximal energy Eankle of a particle fitting into
the space available. For a plasma simulation see Meli and Biermann 2006, [54], and for an analytical
derivation see, e.g., Biermann 1993, referred to as CR-I, [55], or ASR18 [34].

Eankle =
1
8

Z e B0 r0 , (1)

where e is the elementary charge, Z is the charge of the particle under consideration (cgs units).
We note here that a Parker configuration of a magnetic field in a wind implies that any SN-shock racing
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through the wind encounters a perpendicular magnetic field (Parker 1958 [56]). We emphasize that
this interpretation requires and predicts that all participating stars have about the same magnetic field
strength B0 in their SN-shock racing through the wind (see CR-I [55]). B0 is the magnetic field strength
at a nominal radius of r0, in observations of radio supernovae, usually taken to be 1016 cm. This can be
understood as the Larmor motion fitting into the space available. We have used here this plasma wind
property which is (Parker (1958) [56])

Bϕ(r) × r = B0 r0 ∼ const. (2)

This is consistent with the observations discussed here. Here Bϕ is the dominant component of the
magnetic field (Parker 1958, Weber and Davis 1967 [56,57]). We interpret the associated energy as that
turnup in the spectrum of Galactic CRs (GCRs) which is called the ankle. This corresponds to energies
reached in perpendicular shocks (see Jokipii 1987, [58], CR-I, CR-IV, Meli and Biermann 2006, [39,54,55],
and ASR18 [34]). The argument is simply that the Jokipii limit suggests κ ∼ rg VSN for the scattering
coefficient, where rg is the Larmor radius, and VSN is again the shock speed. Using shock acceleration
theory requires the time scale of acceleration ∼ {κ/V2

SN} ∼ {r/VSN}, which derives from the fact,
that in a perpendicular shock particles can only escape via strong turbulence, driven by the shock
speed. This then cancels the factor containing the shock speed, and gives the spatial or Hillas limit
(Hillas 1984 [59]) limit. In parallel shock acceleration the same argument gives then an additional
factor of (VSN/c)2, since in the shock region the escape time scale is then r/c. This is because CRs can
stream out along the field lines in the highly non-stationary and un-relaxed post-shock region, and the
scattering coefficient does not carry the shock speed anymore (for another derivation of this expression
see CR-I [55], using the Parker magnetic field configuration, see Parker 1958 [56]). It is obvious that
this ankle energy is independent of radius r as long as the Parker configuration is maintained. That is
one step in the argument which this paper proposes to check. The lower break energy, given by a
parallel shock configuration, corresponds then to the knee, where the spectrum turns down:

Eknee =
1
8

Z e B0 r0

(
VSN

c

)2
. (3)

This energy is then also constant with radius r, as long as the SN-shock maintains its velocity VSN .
For the observed numbers of RSNe (ASR18 [34]) the energies derived match the energies for ankle and
knee directly to within the errors, without using any parameter adjustment. This expression follows for
plane-parallel shock configurations (Drury 1983 [14], Völk and Biermann 1988 [60]). This energy is
the ankle energy multiplied by (VSN/c)2. Some small fraction of the surface of the SN-shock can be
expected to have a parallel configuration of the magnetic field in the form of temporary islands due
to turbulence. The Parker solution also has a polar cap in its magnetic field configuration, where the
radial magnetic field becomes locally dominant Br > Bϕ (see, e.g., Biermann et al., 2009 [61]). We note
that to obtain these numbers we take the observed data and average the products 〈 r × B(r) 〉 and
〈 r × B(r) × (VSN/c)2 〉. The numbers show that the ratio of these two averages is 10−1.6 between
them, instead of 10−2, as would be expected by multiplying separate averages, suggesting that these
numbers might be weakly correlated.

However, as these observations show the situation typically around r � 1016 cm, due to opacity
effects, we need to ascertain what happens at the larger scale, when the SN-shock actually hits the
wind shell or other environment. We need to know whether the compact radio sources in M82 can be
understood as the late stage development of the same kind of supernova explosions as those observed
directly in other galaxies. This is possible to find out with the data from M82:

We propose to test this concept with the observations of the SNRs in M82 (KBS85 [47]; Bartel et al.,
1987 [62]; Muxlow et al., 1994 [63]; Golla et al., 1996 [64]; Allen and Kronberg 1998 [65]; Allen 1999 [66];
Kronberg et al., 2000 [67]; McDonald et al., 2002 [68]; Muxlow et al., 2005 [69]; Fenech et al., 2008,
2010 [48,49]; Gendre et al. 2013 [70]).
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3. The Supernova Remnants in the Starburst Galaxy M82

Here we show the data on all supernova remnants (SNRs) in M82 that have published derived
estimated magnetic field strengths, and for which the size was clearly established (Allen and Kronberg
1998, Allen 1999 [65,66] with many further references therein):

The flux density values listed in Table 1 for the non-thermal emission are referenced to a frequency
of 1 GHz, and were obtained by a fit across very many frequencies, from 408 MHz all the way to
23.46 GHz, using a screen model absorption and separating thermal from non-thermal emission.
The spectral index given is that of the non-thermal straight power-law component. We note that
this magnetic field strength determination posits that the combined energy density of CR electrons
and heavier CR particles and the magnetic field strength is a minimum (see, e.g., Miley 1980 [71]).
This corresponds roughly to equipartition between energetic particles and the magnetic field, and can
be understood on the basis of stability arguments (such as in Parker 1966 [72] and Ames 1973 [73]).
The magnetic field thus derived, in Allen and Kronberg (1998) [65], has to be scaled with the
factor{(1 + k)/Φ}2/7, which is difficult to measure; here k is the ratio of the CR proton energy
density to that of CR electrons, and Φ is the volume filling factor. At lower particle energy than a few
GeV this ratio is expected to be smaller, since protons do not contribute any extra energy below their
rest mass energy, but electrons continue to contribute due to their smaller rest mass. From above we
adopt the uncertain filling factor Φ = 1/4, since clearly the SN-shock has encountered the outer shell
of the wind, is observed to have slowed down, and so is not filling the entire spherical volume inside
the radial scale given. We list here the magnetic field strength without any such correction.

Table 1. Supernova remnants (SNRs) in starburst galaxy M82, based on Allen and Kronberg (their
Table 5; 1998) [65], in turn based on Allen (1999) [66].

Coordinate Name
Size 2 r Flux Density

sp. Index
est. Magnetic Field log(B r)

in pc in mJy Strength B in mGauss in Gauss × cm

40.68 + 550 3.72 17.9 −0.52 1.80 16.0
41.31 + 596 2.17 8.59 −0.54 2.32 15.9
41.96 + 574 0.33 122.8 −0.72 26.4 16.1

42.53 + 619 1.71 30.9 −1.84 11.7 16.5
42.67 + 556 3.02 4.44 −0.61 1.46 15.8
43.19 + 583 1.16 15.3 −0.67 4.79 15.9

43.31 + 591 3.02 30.3 −0.64 2.54 16.1
44.01 + 595 0.78 62.0 −0.51 9.83 16.1
44.52 + 581 3.72 7.2 −0.61 1.40 15.9

45.18 + 612 3.49 24.1 −0.68 2.13 16.1
45.86 + 640 1.09 4.10 −0.53 3.39 15.8
46.52 + 638 3.88 9.71 −0.73 1.53 16.0

46.70 + 670 3.41 5.22 −0.57 1.37 15.9

3.1. The CR Proton/Electron Ratio k

To determine the magnetic field strength based on radio data it is important to have an estimate of
the proton/electron factor k. For the CR proton/electron ratio k, observed to be about 100 above a few
GeV, we can make the following argument, based on the observations of young RSNe: The first process
that happens in an electron-proton shock is the thermalization of these particles (see also Bell 1978b [10]
and Drury 1983 [14] for analogous descriptions, developed before the new radio spectral data were
known, and before the importance of drifts was recognized, see Jokipii 1987, [58]). Thermalization has
to work at all radii, from below 1016 cm out to parsec scale, rendering the density lower by a factor of
105 at least. The wind is magnetic with the basic configuration of the magnetic field a Parker type spiral
(Parker 1958 [56]), so essentially yielding a perpendicular shock configuration. This process has been
discussed in Spitzer (1962) [74], but his treatment is non-relativistic and uses isotropic phase space
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distributions; then simple electron-proton scattering is far too slow at high temperature. When the
protons go through the shock they fill, in phase space, a torus with the radius in momentum mp VSN ,
and with the relative width of the inverse of the Mach-number, so corresponding to the upstream
speed of sound. That entails that this anisotropic momentum distribution causes turbulence at all
the scales from the maximum on down, over a range of the Mach-number. However, because the
Mach-number is close to mp/me the smallest scales in this range correspond to the waves matching
the scales of the electrons with the maximal momentum me VSN . This means that at all these scales the
protons and electrons are scattered in momentum phase space. We have argued in ASR18 [34] that
the spectrum of irregularities in the direct shock region is I(k) k ∼ 1 and so the power per log bin of
wave-number is equal at all scales. It follows that thermalization occurs. Due to all this turbulence
the time scale of thermalization is of order a small multiple of the thermal Larmor radius divided by
the Alfvén speed, so highly adequate, by a factor of 2 Eknee/(mp V2

SN), and a fortiori 2 Eankle/(mp V2
SN).

The time scale for electrons might be mp/me times slower due to the anisotropy of the scattering,
but that is still quite adequate by many powers of ten. The time scale scales with the radius, and works
similarly at all relevant radii, the condition noted above.

Thermalization yields a first characteristic electron energy γe,sh c2 me. Beyond this energy,
our interpretation of the radio observations then says that the electrons gain energy only by drifts
(CR-I [55]); shock acceleration does not work yet, because the electrons do not see the shock.
In ASR18 [34] we noted that the electrons only get Stochastic Shock Drift Acceleration (StSDA),
giving them a spectrum of −3.06, from observations, say about −3 (this line was reasoning was
also used for ions by Caprioli 2012 [75]). This drift-dominated spectrum extends to the momentum
at which the energetic electrons reach a Larmor radius that equals that of the shock thermal protons,
γsh,inj c me, (if another CR ion is dominant, corresponding to the Larmor radius of that ion, with mass
number Adom and charge at injection Zdom). From this second momentum electrons “see” the shock,
and have the normal CR accelerated spectrum, say −7/3 for the most common CR component of
CRs accelerated in a wind (see papers CR-I, CR-II, CR-III, CR-IV, and ASR18 [34,39,51,52,55], and the
earlier references cited there). Protons attain the maximal energy content only at a few GeV (i.e.,
just above their rest mass energy). This applies to any particle number spectrum slightly steeper than
−2. That implies that electrons have a higher energy content at that momentum where they still are just
above thermal in the post-shocked region. We assume that at this stage electrons are in equipartition
with the protons (or dominant ions) at the start, due to charge neutrality. We posit that in the initial
post-shock thermal phase electric neutrality holds.

This means that

γe,shc2me =
1
2

Adommpc2β2
sh (4)

and

γsh,injc2me =
Adom
Zdom

mpc2βsh (5)

So between these two energies the energy density of CR electrons runs down by a factor of

2
βsh

1
Zdom

(6)

in the first step. Here we use the observations of a spectral index of about E−3 implying that the energy
content above a given energy runs as E−1, giving a factor of about 20, with the observed βsh = 0.1.
We interpret this as due to Stochastic Shock Drift Acceleration (StSDA, first used in CR-I [55]).

There is an observational check on this, as the electron energies required to explain the radio
observations of RSNe need to be above that first energy: We observe the emission at a frequency of
5 GHz at a magnetic field strength of order Gauss, requiring a Lorentz factor of γe � 30, while γe,sh is
about 10, so well below this. However, this argument implies that the emission should have a cutoff on
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the low frequency side, perhaps visible somewhat early in the emission phase and at a lower frequency,
such as 400 MHz. It also follows that at that stage of the emission there are constraints on what ions
could possibly dominate to explain the emission, implying that in this numerical example Adom � 3,
eliminating basically all common elements other than Hydrogen (We used Adom = 1 and Zdom = 1 in
our numerical examples).

In the second step, using a spectrum of p−7/3 the electrons reduce their energy in that range
where the proton contribution is not significant. They are below relativistic, so up to the energy of the
proton rest mass (or dominant ion again) the factor is

(
Zdom
βsh

)+1/3
(7)

which is about 2, using the same data again, with protons. So the CR electron energy density is
reduced by a combined factor of k � 40 when their momentum reaches that of the relativistic
protons, where this factor is determined by observations. Already Allen and Kronberg (1998) [65] had
mentioned 40 as a possible and indeed plausible value for k.

The argument makes it obvious that other sources, for which βsh is smaller, contribute even less.
On the other hand, if the shock speed is larger, i.e. the factor can be smaller and electrons can contribute
more, consistent with many other well established arguments (e.g., Bell 1978b [10], Drury 1983 [14]).
However, usually a parallel shock configuration is used (where the magnetic field is parallel to the
shock normal). Here we emphasize perpendicular shocks and Stochastic Shock Drift Acceleration (StSDA),
in a standard magnetic field MHD configuration in a SN-shock racing through a magnetic stellar wind
as shown by Parker (1958) [56] (see also, e.g., CR-II, McClements et al., 1997 [76], and Dieckmann et al.,
2000 [77]). That in turn implies that the combination of various sources contributing to electrons and
protons can reduce the electron net contribution even more, down to the observed factor of 1 in 100.
This line of reasoning starts with the energetic electrons having exactly the same energy density as the
dominant ions in the shock, due to charge conservation at thermal energies in the thermal post-shock
phase. To the degree that protons constitute a strong contribution from ISM-SN-CRs, which have a
slightly steeper spectrum than the most common wind-SN-CR component as well as slower shocks,
this suggests that at moderate energies the CR electrons have a spectrum slightly flatter than protons.

3.2. The Magnetic Field in the SN-Shocked Wind, and Implications

All this suggests that the proton/electron ratio k = 40 is appropriate as a fiducial parameter
to derive the magnetic field strength from radio observation via the minimum energy condition.
This leads to a correction factor of 4.29 over the magnetic field strength values listed in Allen and
Kronberg (1998) [65], and repeated above. However the shock must have slowed down significantly
from its free expansion phase through the wind. Using the ISM-Sedov volume fraction of the shocked
shell of 1/4, we need to recognize that the magnetic field is likely to have been squashed by a new
reverse shock pushed back through the material. This gives the magnetic field strength an extra factor
of 4, effectively cancelling the factor of 4.29 mentioned above. The magnetic field strength which we
wanted to test was the value before any additional enhancement, over the pure wind-shock mode.
Therefore we should reduce the magnetic field strength obtained by a factor of 4, coming back to
the original numbers by Allen and Kronberg (1998) [65]. This supports the argument by Allen and
Kronberg (1998) [65] to give their magnetic field strength value without such an uncertain correction.

We emphasize, that the values of r × B(r) in this table show a rather narrow distribution
(Allen 1999 [66]), strongly suggesting that this product is not only the same for various massive
star explosions, but also that this product is maintained in their evolution. The average of the last
column is 16.0: Using the calibration from Allen and Kronberg (1998) [65] and their flux density values
we can also estimate the corresponding value of < log{B × r} > from the independent table of SNRs
in the starburst galaxy M82 in Fenech et al. (2010) [49], who did not include a separation of thermal and
non-thermal emission, nor any absorption. However, to within the errors, we obtain the same number
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with a larger scatter confirming the analysis done by Allen and Kronberg (1998) [65]. The uncertainty
in < log{B × r} > due to the different distances to M82 used by Gendre et al. (2013) [70] and Allen and
Kronberg (1998) [65] is 0.05. Just using the formula given for the magnetic field estimate in Miley
(1980) [71] implies that {B × r} ∼ D5/7, where D is the distance used. Using the specific numbers
here, a factor of 100.1 higher than in ASR18 [34], gives for the ankle energy

Eankle = Z 1017.6± 0.2 eV , (8)

now using eV for energy as is custom in the CR community. This specific number for the error was
derived from the data given in paper ASR18 [34].

Thus we have two independent estimates of the product < log{B × r} >, one in exploded
RSG stars as well as BSG stars, at a typical radius of 1016 cm in various other galaxies, and one at
a typical scale here of order pc, 3 × 1018 cm in the starburst galaxy M82. The fact that these two
numbers coincide allows the interpretation that the population of SNRs in the starburst galaxy M82
is just the later stage of the same explosions (see Allen 1999 [66]). We note that this behavior differs
significantly both from a standard Sedov expansion into the ISM (see, e.g., CR-III [52]) as well as
from an expansion model of a relativistic blob for compact radio source expansion (see, e.g., van der
Laan 1966 [78] and Shklovskii 1960 [79]), for which B × r ∼ r+1 or ∼ r−1, respectively. This is for
the radial scale differences here a factor of either 10+2.5 or 10−2.5. So the Parker solution is not only
maintained across many powers of ten in radius (Allen 1999 [66]), but these explosions have the same
magnetic field strength in the SN-shock region racing through the stellar wind of stellar explosions in
our Galaxy, other galaxies, and in M82. It seems as we show below only BSG star winds can reach
such a radius of parsec scale in the environment of M82. This view is by far the most straightforward,
and simplest interpretation of the data. One might then ask why we do not observe such explosions in
our Galaxy. These are very rare in our Galaxy. It is not all surprising that we have not seen one during
the observations with modern tools. As noted size selection effects make the more common RSG star
explosions very difficult to detect; BSG star explosions are quite rare compared to the time scale of
modern observations. However, there is a possibility that the recent PeV source seen by H.E.S.S. (High
Energy Stereoscopic System) is just such an explosion (Abramowski et al. (2016) [80]). We note that
BSG explosions can contribute significantly during the CR storage time, which is much larger than the
historical observation time scale, even at the highest energy.

Observations of the CR spectrum, mass composition and arrival direction anisotropy will be
important from below the knee, such as with IceCube, HAWC and ISS-CREAM, between knee and ankle,
and to higher energies above the ankle (see, e.g., Aab et al., 2017a, b, 2018 [81–83], Abbasi et al. 2018a, b,
c [84–86] and Abeysekara et al. 2018a, c [87,88]): This will allow us to discern the origins of GCRs and
the transition to extragalactic CRs with the Pierre Auger Observatory and the Telescope Array.

Two immediate questions remain: These are (i) whether the plasma wind maintains its magnetic
profile Bϕ ∼ r−1 (Parker 1958, Weber and Davis 1967, [56,57]), and (ii) whether the SN-shock slows
down (see Kronberg et al., 2000 [67] for variability). Simple estimates of the ram-pressure in RSG star
winds and BSG star winds show that a RSG wind shell may be an order of magnitude smaller than
a BSG star wind shell. That difference entails that in BSG star winds the SN-shock has the chance to
race all the way to the wind shell before converting into a Sedov expansion (Cox 1972 [50]). In RSG
star explosions this seems to be a more remote possibility, depending on the outside environment;
a Sedov expansion implies conservation of energy (Sedov 1958 [89]). The sparse data on velocities
(e.g., Fenech et al., 2008, 2010 [48,49]) show that all measured velocities of the SNR expansion in M82
are below 0.1 c, usually far below. In the data listed above in Table 1 there is no hint of a correlation
between size and spectral index, possibly suggestive of a changing shock speed and Mach number.
Just from simple mass function arguments, the ratio of RSG star explosions to BSG star explosions
is expected to be of order 1 to 2. However, in RSG star wind shells the density is far higher than in
BSG star wind shells. This makes for more efficient cooling. It implies that we have four development
phases: (i) First we have the racing phase, when the SN-shock goes through the plasma wind at
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constant velocity. (ii) For RSG star winds we may have an intermediate wind-Sedov phase, when the
shock velocity slows down. (iii) Then we have the phase when the shock hits the outer shell and
becomes a ISM-Sedov expansion. (iv) Finally the shock region transforms to a cooling shock. For RSG
star explosions these stages are much shorter than for BSG star explosions. Consistent with such an
expectation, the typical radius is about 1 pc, with only one source at about 0.1 pc, which may be a RSG
star explosion, or a BSG star explosion in a very high pressure environment. During the ISM-Sedov
phase the radio luminosity is constant, deviating as soon as cooling sets in. The observations appear
consistent with this (Kronberg et al., 2000 [67]). The only exception with a well defined light-curve is
41.9 + 58 (Bartel et al., 1987 [62], Kronberg et al., 2000 [67]). It is the source suspected to be a recent
mis-aligned GRB (Muxlow et al., 2005 [69]; see also below), and/or possibly a binary BH merger
(ASR18 [34]).

We have also derived the required piston mass needed to keep driving the shock; the number
we obtained from γ-ray line observations was about 0.1 M
 (ASR18 [34]). One question is whether
this could be the 56Ni mass derived from optical observations (Maeda et al., 2010; Hamuy 2003;
Utrobin et al., 2017; Nakar et al., 2016; Lusk and Baron 2017, [90–94]).

The computed mass accumulated in a BSG star wind can be written as

ΔMBSG,wind = 10−2.3 M

Ṁ�−5

VW,8.3

r
pc

, (9)

where Ṁ�−5 is the mass loss of the star prior to the explosion in units of 10−5 M
 yr−1, and VW,8.3
is its wind velocity in units of 2000 km/s. The mass loss is directly determined from modelling the
radio observations of the radio supernovae (the references in Tables 1 and 2 of ASR18 [34]). The wind
velocity is typical for such stars. This suggests that a piston of 0.1 M
 could drive the SN-shock
unimpeded to scales of order 10 parsec as long as the ram pressure of the wind is sufficient to overcome
the environment.

Another consistency test of our concept and its numbers is that the kinetic energy should
significantly exceed the magnetic field energy. A piston of 0.1 M
 at 0.1 c corresponds to 1051 erg,
while the typical magnetic field strength of about � 5 mGauss corresponds to 1049.5 erg << 1051 erg,
using the volume fraction of 1/4 adopted above.

For the ram pressure we need to consider first the wind ram pressure against the outside medium,
and then the SN-shock ram pressure. The wind ram pressure condition for matching the ISM pressure is

r < 30 pc Ṁ�
1/2
−5 V1/2

W,8.3 P−1/2
ISM,−12 (10)

where PISM,−12 is the outside pressure in units of 10−12 dyn cm−2, a typical number for the outside
pressure in our Galaxy. The higher pressure in M82 would allow smaller sizes for the wind shell, but of
course the local pressure, where the SNRs are seen, may be lower than in the central region. A pressure
103 times higher would still allow the size scales observed for the SNRs in M82. The region containing
the SNRs has been described as a ring of about 500 pc radius (Weliachew et al. 1984, Kronberg and
Wilkinson 1975, and Kronberg et al. 1981, [46,95,96]). If the over-pressure inside that ring were two
orders of magnitude higher, for instance as argued in KBS85 [47], then the maximal size would only be
about 3 pc, near the upper end of the range of the SNR radii actually seen.

The corresponding SN-shock ram pressure condition gives

r < 102.7 pc Ṁ�
1/2
−5 V−1/2

W,8.3 VSN,−1 P−1/2
ISM,−12 (11)

where VSN,−1 is the shock speed in units of 0.1 c. Another check is when the mass accumulated outside
within the extra radial range Δ r slows down the shock’s progression. That is given by(

Δ r
r

)
= 10−0.7 Mpist,−1 r−3

pc n−1 (12)
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where Mpist,−1 is the mass of the piston in units of 0.1 M
, rpc is the radius in pc when the SN-shock
hits the outer medium, and n is the outside medium density in units of cm−3. That implies that
once the SN-shock hits the wind shell and outside medium at full speed, the shock slows almost
immediately to the Sedov stage, and only shortly later to the cooling phase. Adding in the mass
accumulated in the wind does not modify this conclusion significantly. In a BSG star wind nothing
earlier slows down the SN-shock.

The knee energy predicted here is

Eknee = 1016.0±0.2 Z eV . (13)

We conclude that, within the errors these numbers of the product of radial scale and magnetic field
strength (Allen 1999 [66], here in Table 1 and in Tables 1 and 2 in ASR18 [34]) are the same. This result
supports our argument that in these examples the SN-shock pushed out without losing significant
strength, kept following the Parker regime (Parker 1958 [56], Allen 1999 [66]), and so maintained these
energies. All or most of these examples in M82 are consistent with BSG star explosions. We note again
that we identify massive exploding stars in many other galaxies, the starburst galaxy M82, and in our
Galaxy as all being essentially the same, and assume that they produce the same CR spectrum—the
data shown here and earlier certainly allow such an approach. All of the SNRs seen in M82 are
consistent with being in the slow-down phase, which is after the SN-shock has hit the wind shell
or other environment. We note that other physical concepts may also yield similar values for the
quantity {B × r}, for instance for SN Ia explosions, where the transition from free expansion to Sedov
expansion readily yields the same value, thereafter with a slow diminishing over time in the expansion.

4. The Origin of High Energy Galactic Cosmic Rays

As discussed above: RSG star explosions produce High Energy (HE) GCRs, i.e., energies near
to, but with a kink down below the knee, and with a final cutoff below the ankle, with near normal
abundances but not extending to the highest energies. BSG star explosions produce HE GCRs with all
heavy elements enhanced up to the highest energies for GCRs (see, e.g., Todero Peixoto et al. 2015 [97],
Thoudam et al. 2016 [98]). If our simple picture as deduced above, is correct, that RSG star explosions
just terminate earlier at a radius about 1/10 of that of BSG star explosions. The anti-proton data
(ASR18 [34]) in our Galaxy suggest that the RSG star explosions run their shock down in velocity,
whereas the BSG star explosions hit their respective wind shell at full speed. We note that this
particular distinction may be different in the galaxy M82 due to the higher environmental over-pressure
(see Allen 1999 [66]). Therefore the characteristic energies, Eankle and Eknee are maintained only for
the BSG star explosions. It ensues that at the highest CR energies, RSG star explosions contribute
far less than the BSG star explosions. Since in our model these energies scale with nuclear charge
number Z, at a down-turn of the spectrum, the heavier elements go into dominance near the knee
(CR-IV [39]); we note that this concept of 1993 required and predicted that the product {B × r} has a
similar value in all relevant explosions of very massive stars exploding into their wind. At the final
cutoff, at the ankle energy, protons will disappear very much earlier than Carbon, Oxygen or heavier
elements such as Iron (see Figure 6 in CR-IV, as well as Figure 1 in ASR18 [34,39]). We emphasize again
that the observed characteristic energies Eknee and Eankle are directly reproduced by two independent
data sets on RSNe and SNRs, as both are proportional to {B × r}: This seems confirmed by a third
independent data set (Fenech et al., 2010 [49]). It is based on both RSNe in other galaxies, and SNRs in
the starburst galaxies M82, without assigning any special parameter a particular value. We do assume
that the CR population and its characteristics are the same in our Galaxy as in other galaxies, and in
the starburst galaxy M82. The two data sets agree well within the errors. The spectrum both below
and above the knee can be explained with a combination of Diffusive Shock Acceleration (DSA) and
Stochastic Shock Drift Acceleration (StSDA), as shown first in CR-I, CR-II, CR-III, and CR-IV, rederived in
ASR18 [34,39,51,52,55], all based on earlier work by Drury (1983), Jokipii (1987), Völk and Biermann
(1988), [14,58,60] and others. One consequence is that most interaction happens in the wind-shell,
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when the SN-driven shock hits (e.g., Biermann et al., 2001 [99]). This concept can be tested with the
spectra of secondary particles. Here we note that the concept requires that the γ-ray -spectra of the
Galaxy should reflect this early interaction, showing evidence for a spectrum of mostly E−7/3 from the
4 π component in wind-SN-CRs, and a weaker polar cap component of E−2. The Fermi data suggest
two such spectral components (de Boer et al., 2017 [100]). HAWC and H.E.S.S. data are fully consistent
with this prediction of a dominant 4 π component (e.g., Nayerhoda et al., 2018 [101]). At higher γ-ray
energies the resulting spectrum is predicted to become flatter due to the emergence of the polar-cap
component with E−2 in wind-SN-CRs (CR-IV [39]). Other new data can also be used for further tests,
e.g., from AMS (Alpha Magnetic Spectrometer on the ISS) or HAWC, such as the spectra of various
elements and secondary and primary contributions to Ni in cosmic rays (ASR18, Alfaro et al. 2017,
Aguilar et al. 2017, 2018a,b [34,102–105]).

Nonetheless several unanswered questions remain in this simple picture. We list some of them in
the following. All the processes discussed up to here may happen as argued. However, they do not
have to dominate, as there are many alternatives, especially considering SN Ia, as shown below.

(1) Very rarely, at a rate of order 10−2 of massive stars, we do have Gamma Ray Bursts (GBRs) in
any star forming galaxy, i.e. for order 100 very massive BSG star formed, there is one GRB. There is
no question that they accelerate particles to high energy. Where is the contribution from GRBs in our
own Galaxy? Could they also contribute below the ankle? Or is this already part of the extragalactic
contribution, as argued in many papers, such as Milgrom and Usov (1995, 1996) [106,107]; Vietri (1995,
1996, 1998) [108–110]; Waxman (1995), Miralda-Escudé and Waxman (1996), Waxman and Bahcall
(1997) [111–113]; Zhang and Mészáros (2004) [114]; Piran (2004) [115]? Based on the radio maps
showing some evidence of a jet- and BH-spin-flip, we proposed in ASR18 [34] that the compact radio
source 41.9 + 58 in the starburst galaxy M82 (KBS85 [47]) is actually the result of a recent merger of
two stellar black holes (BHs). This could have happened concurrent with a GRB (see Muxlow et al.,
2005 [69], who first argued for a misaligned GRB for this source). The argument then proceeds to
propose that this BH merger could explain the Ultra High Energy CR (UHECR) particles detected
by the Telescope Array (TA) detector (Abbasi et al., 2014, 2018a [84,116]). Many arguments have
been made (e.g., Meli et al., 2008, Abbasi et al., 2012, Albert et al., 2017a, [117–119]) that GRBs do not
contribute significantly to the UHECR population. All this depends on the model assumptions, and so
may not be in contradiction.

(2) There are many arguments in support of UHECRs coming from radio galaxies (e.g., Ginzburg
and Syrovatskij 1963, Hillas 1984, Biermann and Strittmatter 1987, Rachen and Biermann 1993a,
Rachen et al., 1993b, Meli et al., 2008, [5,16,59,119–121]). A special interest is in the case when their
relativistic jets are pointed at us, visible in the form of flat-spectrum-radio quasars (FSRQs) or blazars
(Kadler et al., 2016; Kun et al., 2017, 2019; Aartsen et al., 2018a,b, [122–126]): There are now a total of
nine candidate identifications for high energy neutrino events with FSRQs (see also the lectures of F.
Halzen at Erice 2018 [127]), many of them suggest an ongoing merger of two super-massive black holes
(Gergely and Biermann 2009, Caramete and Biermann 2010, Kun et al., 2017, 2019, [125,126,128,129]).
One of these candidates, TXS0506+056 is the most convincing, since it shows evidence for several
neutrino events. To make HE neutrinos requires the prior acceleration of HE and UHECR particles
first, so this tentative finding allows the speculation that mergers of super-massive black holes may
lead to ubiquitous production of UHECR particles. This entails the notion that UHECR production is
highly episodic. Do these sources also contribute below the ankle?

(3) BSG explosions can yield the energy, but can the CRs produced actually reach us? This is
especially an issue for electrons and positrons: we have argued that we need electrons up to about 30
TeV in the source region; H.E.S.S. has now detected electrons at 20 TeV, published on its website [130],
and in conference proceedings. The CR electron spectrum shown on the H.E.S.S. website is consistent
with our 2009 prediction (Biermann et al. 2009 [61]) of at lower energies first E−10/3, then E−3, and last,
at the highest energies, E−4. These are all based on the idea that many sources contribute under several
loss mechanisms (Kardashev 1962 [131]). At the highest energies the observed spectrum appears to
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be slightly flatter than E−4, possibly due to local and/or recent nearby sources. We note that the
synchrotron loss time of electrons at 20 TeV is of order 3 × 104 yrs (using a magnetic field strength
of order 5 μGauss: Beck et al., 1996 [132]; a crude estimate of 5 μGauss was first made in the 1940s,
then using equipartition with CRs as necessary for isotropy), implying a source rather close by (as has
been argued by many, e.g., Yüksel et al., 2009, 2012 [133,134]), or a very anisotropic transport to allow
larger distances. An alternate way of phrasing this speculation could be that the magnetic fields are
extremely structured, allowing some transport over large distances.

(4) The relative contribution of CR particles from RSG star and BSG star explosions at low
energy is about 4:1, following Binns et al. (e.g., Murphy et al., 2016 [135]). What is it at high energy?
The anti-proton data suggest that the RSG star explosions shocks run out of steam, and so that RSG star
explosions in our Galaxy contribute much less at the maximal energies than the BSG star explosions.
This may imply that the piston mass in RSG star explosions is smaller than in BSG star explosions,
consistent with a naive interpretation of the 56Ni data:

(5) Can the 56Ni mass derived from optical observations (Hamuy et al., 2003, Maeda et al., 2010,
Nakar et al., 2016, Lusk and Baron, 2017, Utrobin et al., 2017, [90–94]) be identified with the piston (see
also, e.g., Biermann et al., 1992 [136] and Wesson et al., 2015 [137])? The numbers seem to match rather
well, but have not been derived for BSG star explosions, and rely mostly on rather simple 1D models.
It is aparent that we do not actually know the explosion mechanism for very massive stars, be it due to
neutrinos (e.g., Bethe 1990 [138]), magnetic fields (e.g., Bisnovatyi-Kogan 1970, Bisnovatyi-Kogan et al.,
2008 [139,140]), some combination of the two mechanisms (à la Seemann and Biermann 1997 [141]),
or—another suggestion—quark deconfinement (Fischer et al., 2018 [142]).

(6) Do SN Ia explosions contribute anything to the observed CR particle population? The D6

scenario seems currently to be favored (Shen et al., 2018a [143]; D6 here stands for Dynamically Driven
Double-Degenerate Double-Detonation): This argument has been strengthened by identifying some
dwarf stars in the Gaia data as remaining from SN Ia explosions (Shen et al., 2018b, Raddi et al.,
2018 [144,145]). The radio data (e.g., Dickel et al., 1991 [146]) and the interpretation of the radio and
X-ray data (e.g., Chevalier 1982 [147], Archambault et al. 2017 [148]) demonstrate unequivocally that
these explosions do accelerate energetic particles (see also Bykov et al., 2018 [149]).

Assuming a fraction of 0.1 εB,−1 of the kinetic energy of the ejecta in SN Ia ESN,51 1051 erg (e.g.,
Dwarkadas and Chevalier 1998; Mazzali et al., 2007; Townsley et al., 2009: [150–152]) goes into the
amplification of magnetic fields following Lucek and Bell (2000), Bell and Lucek (2001), Bell (2004,
2008) [40,153–155], we obtain, in a Sedov expansion (Cox 1972) [50] at radius 1018.5 cm rpc (this is scaled
to a parsec, typically what is observed in M82)

B × r � 1016.2 Gauss cm ε1/2
B,−1 E1/2

SN,51 r−1/2
pc (14)

Obviously, in this mechanism there is a corresponding energy density of the energetic particles.
The mass MISM reached by the SN shock can be reached by a typical ejected mass of about Mej � 1 M

(e.g., Dwarkadas and Chevalier 1998; Mazzali et al., 2007; Townsley et al., 2009; [150–152]). The radius
implied is only weakly dependent on ISM density nISM (in cm−3), as

rpc � 2
( Mej

M


1
nISM

)1/3

(15)

and can readily be reached in free expansion. At larger radii Sedov expansion implies a slow lowering
of the quantity {B × r}. Therefore the quantity {B × r} at first rises linearly, as long as the shock is in
free expansion, and so the shock velocity constant, to rise to its maximum:

(B × r)max � 1016.0 Gauss cm ε1/2
B,−1 E1/2

SN,51

(
M

Mej

nISM

)1/6

(16)
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That is remarkably close to what we observe in M82, and is only weakly dependent on any single
given parameter. Thereafter this quantity declines as r−1/2, until the Sedov expansion shock reverts to
a cooling shock, at a larger radius (see, e.g., Cox (1972) [50]).

Thus explosions of SN Ia would seem to be a viable alternative to explain the observations of M82.
However, SN Ia explosions are not enhanced in their rate immediately in a starburst (Scannapieco and
Bildsten 2005; Raskin et al. 2009; [156,157]). Only very massive stars explode nearly simultaneously,
as only their evolutionary time scale is shorter than a typical starburst time of just a few million
years (e.g., Biermann and Fricke 1977; Huchra 1977; Huchra et al., 1983; Alonso-Herrero et al.,
2001; [158–161]). Very massive stars show the same magnetic field behavior, i.e., the derived values of
{B × r} are consistent with the same number over several powers of ten in radius, from near 1016 cm
to parsec scale. How do we then exclude the mechanism proposed by Lucek and Bell (2000), Bell and
Lucek (2001), Bell (2004, 2008), [40,153–155]? Since the SN shock is argued to run at undiminished
velocity over the radial scale from 1016 cm to parsec scale, the Bell-Lucek mechanism would in fact
also produce a constant value of {B × r} across this radial range, matching all these observations;
a condition for this would be a SN shock expansion into a Parker limit wind (Parker 1958, [56]),
fulfilled for both RSG and BSG star explosions into their winds. However, that is contradicted by the
interpretation of the observations, as SN shocks racing through the dense winds of Red Super Giant
(RSG) stars showing the same magnetic field as those racing through the tenuous winds of Blue Super
Giant (BSG) stars (see Bell 2004, 2008; ASR18; [34,153,154]). A straightforward conclusion is that all
these SNRs in M82 are produced by BSG star explosions, which come from the most massive normal
stars. In ASR18 [34] some options are discussed for the Bell-Lucek mechanism to contribute to the
observed magnetic fields. This would allow a possible understanding that both RSG and BSG stars
show a similar magnetic field behavior. However, this line of reasoning assumes that all such SNRs and
RSNe derive from the same class of stars, the most massive stars: The quantity {B × r} turns out to be
similar (i) at its peak value for SN Ia explosions, using the Bell-Lucek mechanism, and (ii) for the most
massive stars generally. Therefore the option is viable to assume that CRs derive in our Galaxy from
SN Ia explosions and in M82 and other such galaxies from the most massive stars: However, SN Ia
explosions only approximately give the same energy for knee and ankle due to the time dependence of
{B × r}. Thus using many such explosions would imply considerable smearing at the knee and ankle
energies, as well as a somewhat different number for the knee energy. This may be ruled out already
(e.g., Thoudam et al., 2016, [98]), but should be carefully checked out to confirm or refute this option.
What is the spread of individual knee energies among the population of contributing explosions?

(7) Pulsars and pulsar wind nebulae are directly observed to accelerate particles to high energy
(see, e.g., for a hint of neutrinos the TeVPA 2018 IceCube lectures; e.g., Aliu et al., 2014 [162]).
What is their contribution? The high energy gamma data data clearly demonstrate that they produce
energetic particles, but they cannot contribute easily to the observed positrons (Yüksel et al., 2009;
Abeysekara et al., 2017 [133,163]).

(8) Relativistic SNe: this is amply presented in Soderberg et al. (2010) [164], Bykov et al.
(2018) [149], in ASR18 [34], and in earlier papers cited therein. They surely contribute, since they are a
variant of GRBs; however, is their contribution mostly at the very highest energies?

(9) Active single and binary stars: Any massive star with a powerful wind contributes (Seo et al.
2018 [165]). Micro-quasars are binary stars, as are all massive stars (Chini et al. 2012, 2013 [166,167]).
Micro-quasars surely produce energetic particles and cosmic rays (e.g., Heinz and Sunyaev 2002,
Mirabel 2004, 2011 [168–170]). In sum the final evolutionary stages will contribute to energetic particles
(e.g., Vulic et al., 2018, Abeysekara et al., 2018b [171,172]). Is their contribution discernible in the CR data?

(10) Neutron star and stellar mass BH mergers: This may lead to a GRB. As observed they likely
contribute to the observed CRs (Abbott et al., 2017a,b; Albert et al., 2017b [173–175]). However, if such
CRs are produced in other galaxies, what path do they take through the combined magnetic fields
of intergalactic space with its filaments, halo, wind and disk of our Galaxy (see, e.g., Pshirkov et al.,
2011 [176], Mao et al., 2012 [177], Yüksel et al., 2012 [134], Kronberg 2013 [178])?
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(11) Transport out of the Galaxy? Radio data suggest that this CR transport is typically convective,
i.e., in a galactic plasma wind (Heesen et al., 2018 [179], Krause et al. (2018) [180] and Miskolczi et al.
(2018) [181]). They give a threshold condition in the form of star formation rate per area (see also
Rossa and Dettmar 2003 [182]). This confirms some very old ideas, going back to Weber and Davis
(1967) [57], Parker (1958) [56] and even earlier notions in the late 1940s.

(12) A CR contribution from the wind-shock of the Galactic plasma wind? This has been explored
repeatedly (Jokipii and Morfill 1987 [45]), most recently by Merten et al. (2018) [183].

(13) Neutrino production in the Galaxy? The IceCube and Antares observations have begun
to constrain the models (Albert et al., 2018 [184]). The γ-ray data already suggest plausible models,
all consistent with the concept that interaction is dominant when the SN-shocks hit the wind-shell
(Biermann et al., 2001, 2009 [61,99]). It suggests that interactions during CR transport through the
ISM of the galaxy are less important (Nath et al., 2012 [185]), as had been suspected for a long time.
Analogously to our comments on diffuse γ-ray emission there should be two neutrino spectra, one at
E−7/3 from the 4 π component, and at higher energy a lower E−2 from the polar-cap component (CR-IV
and de Boer et al. 2017, [39,100]). The corresponding neutrino emission spectra have a transition at
an energy which is poorly determined right now. At TeV energies we cannot easily separate the RSG
and BSG contributions where the latter may or may not dominate the neutrino emission. The stronger
interaction in the RSG star explosions (leading to anti-protons in our proposed model) may push the
transition energy to a higher value in the observations when summed over a line of sight; we note that
this approach may clarify the anti-proton spectrum.

The overall diffuse Galactic neutrino emission is predicted to show a sharp turn-off of both
components near 1/20 of the knee energy (for protons), so here

Eν o f f = 1014.7±0.2 eV , (17)

IceCube should be able to test this prediction in the future.
(14) What is the explosion mechanism, and do we obtain a BH every time, most of the time, or

only occasionally when BSG stars explode? What is the nature of the piston? The innermost layers that
get ejected may come from a zone just outside the budding black hole. Is this process the source of
the strong magnetic fields observed, coming out with the piston? Are there some stars that produce a
black hole without any significant explosion (see Mirabel 2017a,b,c [186–188])? Do we have a chance
to learn about BH physics from these explosions?

5. Summary

The main task that we have set ourselves was to check whether the characteristic energies implied
by the numbers for radius, magnetic field strength, and shock velocity deduced from observed Radio
Supernova (RSN) data (listed in ASR18 [34]) can be confirmed with the observations of the compact
sources, interpreted as Supernova Remnants (SNRs) in the starburst galaxy M82 (KBS85, Allen and
Kronberg 1998, Allen 1999, [47,65,66] as well as earlier and later references): The answer seems to be
positive. In fact we can confirm not only that the Parker magnetic field solution (B × r = const) is
maintained over many powers of ten in radial range of the SN-shock racing through the stellar wind
for massive stars, but that they all have the same magnetic field strength, in our Galaxy, other galaxies
and in starburst galaxies such as M82. The energies for the downturn, called the knee, and the
upturn, called the ankle, seen in the Cosmic Ray (CR) spectrum can be derived directly from the data,
again without any free parameter. That supports the interpretation that the observed CRs in the energy
range from below the knee all the way to the ankle may derive directly from Blue Supergiant (BSG) star
explosions. It also suggests that the general CR spectrum is the same in our Galaxy, other galaxies and
in starburst galaxies such as M82. Given that BSG star explosions are suspected to produce black holes,
and to drive the piston which gives rise to CRs, can CRs and their detailed properties teach us about
BH formation?
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Abstract: The development of the 10 PW laser system at the Extreme Light Infrastructure is a crucial
step towards the realization of an astrophysical Earthbound laboratory. The interaction of high-power
laser pulses with matter results in ultrashort (fs-ps) pulses of 10s of MeV ions and radiation that can
create plasma and induce nuclear reactions therein. Due to the high fluxes of reaction-driving beam
pulses, high yields of radioactive target nuclei in their ground and excited states can be provided in
situ on short time scales. Cosmogenic 26Al, which is of pronounced astrophysical interest, is a prime
candidate for evaluating these new experimental possibilities. We describe how, for a short duration
of Δt ∼ 200 ps, laser-driven protons with energies above Ep ∼ 5 MeV can induce the compound
nucleus reaction 26Mg(p, n)26Al leading to high and comparable yields of the three lowest-lying states
in 26Al including the short-lived, t1/2 = 1.20 ns state at 417 keV. In the aftermath of the reaction, for a
short duration of t ∼ ns, the yield ratios between the ground and the two lowest-lying excited states
will resemble those present at thermodynamic equilibrium at high temperatures, thus mimicking high
26Al entropies in cold environments. This can be seen as a possible first step towards an investigation
of the interplay between those states in plasma environments. Theory suggests an intricate coupling
of the ground state 26Alg.s. and the first excited isomer 26mAl via higher-lying excitations such as the
J = 3+ state at 417 keV resulting in a dramatic reduction of the effective lifetime of 26Al which will
influence the isotope’s abundance in our Galaxy.

Keywords: laser-induced nuclear reactions; high-power laser systems; laser plasma; nuclear
astrophysics; effective lifetime; 26Al

1. Introduction

Laboratory measurements of nuclear reaction rates are made on target nuclei in their ground states.
However, in stellar plasma conditions which govern the evolution of abundances in the Universe,
the reacting nuclei are distributed among their excited states. Without providing these conditions,
a proper experimental accounting of stellar models remains elusive. Nonetheless, direct experiments
on the interplay of ground and exited states relevant for nuclear astrophysics have so far escaped
scientific investigation since such studies are extremely difficult to realize in Earthbound laboratories
driven by existing RF-based accelerator systems. This is mainly due to the short-lived, fs–ns nature
of the relevant excited nuclear states in conjunction with the overall rather low instantaneous beam
intensities deliverable by RF-based accelerator systems during that short timescales which result in low
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spontaneous yields for the promptly decaying excited states. As of today, reaction rate evaluations on
excited states have not been measured and theory relies therefore on Hauser-Feshbach calculations [1]
in which an assumption of a thermal population of excited states is undertaken. This approach is
deemed to be very crude in general and is certainly incorrect for a handful of isotopes that have
longer-lived isomers and for which internal thermalization does not therefore easily occur. For such
nuclei, the equilibration of the longer-lived isomer and the ground state (g.s.) occurs only indirectly
via upper-lying levels at high temperatures in the MK to GK regime. The cosmogenic 26Al, the subject
of this investigation, is perhaps the most prominent case in nuclear astrophysics for this kind of nuclei.

In the following discourse, we depict how the new generation of all-optical, high-power laser
systems (HPLSs) based on chirped pulse amplification (CPA) invented by Strickland and Mourou [2]
can address the problem of providing short-lived states with considerably high yields and hence can
promote astrophysical research in the future.

2. Production and Decay of Cosmogenic 26Al

2.1. Spontaneous Yields

Core to the depicted concept is the high spontaneous flux of ion-driven reactions as provided by
a single short pulse from a HPLS which leads to high temporal yields Yd

i (t) of excited states by direct
population (d) in a nucleus. Assuming that all nuclear levels are numbered subsequently according to
their energy Ei, we find for the direct population of the i-th state;

Yd
i (t) = N · σi · φ · (1/λi) ·

{
(1 − exp (−λi · t)), for t < tirrad,

[1 − exp (−λi · tirrad)] · exp (−λi · (t − tirrad)), for t ≥ tirrad;
(1)

wherein N is the number of atoms exposed to the beam in the irradiated sample, σi the energy
dependent cross-section for the direct population of the i-th state in barns, φ the beam flux and λi the
total decay rate of the i-th level in s−1. The parameter tirrad represents the irradiation time during
which the beam of incoming particles triggers the reaction. For simplification, all the aforementioned
parameters are seen to be time-independent and thus constant during tirrad. The factor (t − tirrad ) is
the time elapsed after the production of a specific nucleus and its states via an irradiating beam has
stopped. Equation (1) is valid as long as σi · φ 	 λi which is the case even for the high, instantaneous
beam fluxes, φ that are achievable with a HPLS. Equation (1) only describes the direct population of
the i-th state by the reaction-driving pulse and needs to be extended if an indirect population (feeding)
of this state via higher-lying energetic states occurs. For this more general case, the total yield Yi(t) for
the i-th state, assuming that 1 ≤ i < k ≤ Ntot, can be calculated via,

Yi(t) = Yd
i (t) +

Ntot

∑
k>i

fki ·
∫ t

0
|Ak(t′)|dt′ (2)

in which

Ak(t′) = −dYk(t′)
dt′

(3)

is the instantaneous activity of the feeding state k with half-life λk and fki the partial branching ratio of
the k-th state to the i-th state. The variable Ntot describes the total number of states in the nucleus which
feed into the level at Ei. For complex systems in which a long decay chain with constant initial activities
Ak(0) exists, Equation (2) will result in the Bateman equation for the i-th state [3]. To include the
possibility that the feeding state at Ek is also directly populated by the flux of particles with a specific
cross-section of σk, the instantaneous activity Ak(t′) defined in Equation (3) was used in Equation (2)
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for the calculations in this work. We also exclude the possibility of any induced upward transitions
from Ei to the higher-lying states at Ek via photo-absorption as no extremely hot equilibrated plasma
condition can be provided by a HPLS for which those photo-absorption processes would appear with
high enough yields to change Yi.

Equation (1) shows Yi scales linear with φ. Experiments show that ∼108−9 times higher values
for the spontaneous beam fluxes φ are achievable with HPLS if compared to typical values associated
RF-based technology. Though these extremely high fluxes can only be delivered for ultrashort
irradiation time spans tirrad which are in the order of the lifetime of short-lived states, the resulting
enhancement in the presented case, t1/2 = 1.20 ns level at 417 keV in 26Al, will still be in the order of
107−8 larger when compared to a DC or RC beam from a conventional accelerator system, since the
crucial factor [1− exp (−λ · tirrad)] is still around ∼0.1. The other important factor in Equation (1) is the
exponential decline after tirrad which is given by the term exp (−λ · (t − tirrad)). This term expresses
the fact that any time-resolved probing of the interplay of states including short-lived isomers must
occur within a short timeframe itself, which can only be realized by a generically short probing pulse as
provided by a HPLS. Therefore, to allow such kinds of studies at e.g., the Extreme Light Infrastructure
for Nuclear Physics (ELI-NP), two synchronized laser beamlines are implemented. The possibility of
ultrafast probing is another unique feature of HPLS-technology.

In addition to a direct reaction-induced production of a nuclear state, a population enhancement
of states of interest can often be achieved via the feeding from states at higher energies as shown in
Equation (2). This circumstance, which will become especially interesting once mono-energetic beams,
can be delivered by a HPLS.

It is also important to note that Equation (1) only applies for a single pulse of short duration
and the overall total reaction yields driven by a HPLS are some orders of magnitude smaller than
those achievable with most of the RF-based systems over a prolonged experimental campaign.
However, in summary, it is clear that if tirrad is in the order of the lifetimes of short-lived excited
states (τshort = 1/λshort), their yields, relative to longer living, e.g., few seconds, or even stable states,
can be optimized for time spans in the order of τshort.

2.2. Yield Distributions of Excited States and Temperature Equivalents

The yield ratios between the ground and exited states can be mapped to a corresponding
Maxwell-Boltzmann distribution describing a thermal equilibrium represented by a single temperature
T via,

Y2(t)
Y1(t)

=
(2 · J2 + 1)
(2 · J1 + 1)

· exp−
(

E2 − E1

kBT

)
, (4)

in which Y1 and Y2 describe the state populations at a given time, J1 and J2 are the spin values of
the nuclear states at the energies E1 and E2. Equation (4) has been used for the matching of state
populations to temperature values of evaporation fragments emitted from a compound nucleus after a
fusion reaction. Thus, the appliance of this concept to laser-induced nuclear compound reactions seems
more than adequate, especially as the time spans involved are similar to the typical interaction times
which can be provided by a HPLS. The formation stage for the compound nucleus takes a period of
time approximately equal to the time interval for the bombarding particle to travel across the diameter
of the target nucleus which is ∼1 × 10−21 s. After a relatively long period during which the compound
system has thermally equilibrated which can extend up to 1 × 10−15 s, it disintegrates, usually into
an ejected small particle and a larger evaporation fragment nucleus which inherits the compound’s
temperature represented by the corresponding value of kBT. Thus, after a correction for the energy
given to the rotational motion of the residuals is applied, one can deduce on the internal temperature
of a reaction residual from its measured population ratio. The validity of this approach was e.g.,
demonstrated by Morrissey et al. [4] who proved that the population ratio does represent the internal
temperature of a residual nucleus for a wide range of internal excitation energies. Hence, kBT will
represent the temperature of a nucleus if equilibrated in hot plasma. Obviously, in an experiment no
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hot plasma conditions can be provided in the matter surrounding the compound nucleus sustaining
an equilibrium in a secondary reaction target. Therefore, the high value for kBT within the nucleus will
only prevail for the fleeting time spans associated with the shortest lifetimes of the decaying excited
states that were populated. High-power laser accelerators can create this special state of synthetic
entropy condition where we will find a gamut of hot nuclei in their short-lived excited states in a
surrounding cold environment after a reaction-triggering laser pulse. During the associated short time
spans the temperature, which was present in the nuclear matter at time of the evaporation, is normally
equivalent to kBT values in the MeV regime which equates to hot plasma temperatures in the GK
region. It is worth noting that of course one can produce excited states in nuclei, for example via
nuclear reactions or beta decay, or in-flight whereby γ-rays are detected with arrays of germanium
detectors around a target position with RF-based technology. However, it is the provision of high
spontaneous yields which makes a HPLS an interesting tool for selected cases of nuclei in which the
equilibrium studies on thermalized conditions are particularly hard to achieve due to the interplay of
long- and short-lived isomers. Moreover, the high temporary yields of hot evaporation residues can,
in principle, be probed by a secondary ion- or γ-beam originating from a second synchronized laser
pulse. We again must stress the fact that no real plasma environment at hot temperatures will exist in
such a hypothetical experiment; it is just the population distributions of the excited states in plasma
which is mimicked by the inheritance of the compound nucleus’ temperature.

The cosmogenic 26Al, was chosen for this evaluation due to its importance for astrophysics and
some already existing or soon to be published experimental work [5,6]. Our work here will give
an answer to the long-standing questions: “What is a unique feature of all-optical PW accelerators
which cannot be achieved with traditional RF-based accelerator technology and how can the the CPA
technology invented by Strickland and Mourou be best applied to enrich fundamental nuclear physics
research?”. We believe that we can answer this question satisfactorily as we depict the unique ability
of high-intensity laser acceleration to allow the production of high temporal yields of ultrashort-lived
nuclear species in their ground and excited states, which is a crucial step towards the realization of
an astrophysical laboratory. The supply of high yields of short-lived states positively distinguishes
HPLS-driven accelerators from standard RF-based technology. In the future, these states can be may
subjected to further probing by e.g., creating a low-temperature plasma environment such as WDM
during the reaction processes or using an ultraintense probing X-ray beam in coincidence. Moreover,
our work will show that already existing TW and PW laser-driven systems can be used to measure
hitherto elusive in situ nuclear reaction rates in plasma to underpin astrophysical theory. As such,
the presented discourse promotes future nuclear research at facilities such as ELI-NP and elucidates
how they will help understanding of the complex chemical evolution within our Galaxy. In this
respect one needs to point out that it is e.g., already possible to create warm dense-matter conditions
in the laboratory [7,8]. Even the study of exotic fusion-fission reactions in the quest to produce very
neutron-rich isotopes to understand the production of heavy nuclei in the Universe [9] is envisaged
at ELI-NP.

2.3. The Importance of 26Al for Astrophysics

To understand the astrophysical abundances in our Galaxy, the cosmogenic isotope 26Al is of
outstanding astrophysical significance as it is a core isotope for γ-ray astronomy [10]. Its presence in
the Galaxy was discovered by Mahoney et al. [11]. Theoretically, the isotope derives from explosive
helium, carbon, oxygen, and silicon burning cycles [12], as well as novae or supernovae explosions,
Wolf-Rayet Stars, red giants, and supermassive stars [13,14]. Moreover, the correlated excesses of its
daughter product 26Mg in comparison with stable 27Al provide important constraints on the formation
time of primitive meteorites and components therein [15–17]. The total galactic abundance of 26Al
is estimated to be around 2 M
 to 3 M
. State-of-the-art theories only account for a fraction of this
value. A study of the effective lifetime τeff of 26Al is henceforth necessary. Any related experimental
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investigation must account for the rather unique and complex decay pattern of the isotope which is
sketched in Figure 1.

26Mgg.s.

0+ 0

2+ 1809

5+ 0
26Alg.s.

0+ 228

3+ 417

1+ 1057

4.988MeV

5.820MeV

t1/2 = 0.717My

t1/2 = 6.35 s
t1/2 = 1.25 ns

t1/2 = 25 fs

t1/2 = 476 fs

Ep

Figure 1. Simplified decay pattern of 26Al including the lowest four states. The two β+ decay branches
are depicted with the blue dotted lines. The γ-transitions between the states are indicated with red
arrows, such as the 417 keV state which solely decays into the ground state 26Alg.s. To the right of
the level scheme, the proton energy range 4.988 MeV ≤ Ep ≤ 5.820 MeV surveyed for the reaction
26Mg(p, n)26Al by Skelton et al. is depicted [18].

In cold environments, 26Al decays via two prominent β+ decay routes from its ground and
first excited state which are characterized by very different values of their degree of forbiddenness.
This special scenario complicates the evaluation of the effective 26Al decay rate λeff in a stellar plasma
as one cannot assume the first two states existed in an equilibrated thermal distribution. Specifically,
the decay from its J = 5+ ground state is a second-order forbidden β+ decay with a corresponding
long half-life of t1/2 = 0.717 My leading to a branching of 97.24% to the first excited state in 26Mg at
1809 keV. The β+ decay is followed by a quasi-prompt emission (t1/2 = 476 fs) of the corresponding
γ-ray in 26Mg. It was this transition which was discovered by Mahoney et al. with the HEAO-3
satellite surveying the radiation background of the Galaxy in 1984 [11]. On the other hand, the first
excited state of 26Al at 228 keV (26mAl) decays via a rather fast (t1/2(

26mAl) = 6.35 s) super-allowed
0+ −→ 0+ β+ decay directly into the stable ground state 26Mgg.s.. Due to the high spin difference,
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a direct electromagnetic transition from the 228 keV level to the ground state 0+ −→ 5+ in 26Al has
an extremely low transition probability and, as such, one is forced to treat the decay of 26Alg.s. and
26mAl as different species in theoretical evaluations. To shed light on the overall destruction of 26Al one
needs to estimate the interplay between these two states in hot environments to be able to calculate the
effective decay rate λeff in stellar plasma.

Theory predicts that a thermal equilibrium between the long-lived 5+ ground state and the first
isomeric 0+ state at 228 keV will occur at high temperatures (1 × 106 K to 1 × 109 K) via a manifold
of interlinking high-energy transitions which induce a population of short-lived (fs–ns) high-lying
energy levels. This will result in a much shorter τeff for the 26Al in hot environments. The groundwork
of this interpretation was done by Ward and Fowler [19], followed by a more complex analysis by
Coc et al. in 1999 [20]. Both efforts are cited in the most elaborated work to date, which focuses
on the decay of 26Al in thermodynamic equilibrium by Gupta and Meyer [21]. In that work a new,
holistic approach that introduces a dissection of the structure of 26Al into two different ensembles
e1 and e2 is based on whether the most prominent decay path feeds into the ground state (e1) or the
first excited state (e2) at cold temperatures. They then calculate in detail how these two ensembles
start to merge into a single Maxwell-Boltzmann distribution. In detail, the authors evaluated the
Einstein coefficients of induced absorption between the lowest-lying 64 states in 26Al which allows the
determination of the effective transition rate between the two assumed species represented by e1 and
e2, labelled λ12 for 26Al as a function of temperature T. Their results show that below T ∼ 0.4 GK the
26mAl metastable state has no chance to equilibrate with the ground state before decaying via 26mAl.
The scenario dramatically changes above T ∼ 0.4 GK where internal equilibration of 26Al competes
with the β+ decay from the metastable 26mAl thus influencing the transition between the two species.
This equilibration leads to a much-enhanced λeff. The increase of λeff between 0.1 GK to 10 GK is
around 25 orders of magnitude (1 × 10−10 s−1 to 1 × 1015 s−1) thus underpinning the need to find
experimental pathways for investigations. It is, however, clear that a technical realization of such a hot
plasma in the above-cited temperature regime will experimentally remain elusive for the foreseeable
future. However, the production of the short-lived states via the decay of a hot nuclear compound
results in the production of sufficiently high yields of the excited 417 keV 3+ state, comparable to those
of the first two states in 26Al for a duration of several ns (see Equation (1)). According to Gupta and
Meyer, the aforementioned 2nd excited state plays the most crucial role in steering the equilibration
between the two ensembles. As such, the provision of the short-lived 417 keV isomer with high yield
can be seen as a first step towards measurements at short-lived excited states and their interplay with
longer-lived states. This scenario will become particularly interesting if, in future, high fluxes of fs-long
probing X-rays can be delivered in coincidence with the production of the excited states or warm
dense-matter conditions (WDM) with the driving proton beams. Again, in both cases, no extremely
hot plasma conditions will exist but still such investigations must be seen as experimental stepping
stones on the pathway to an astrophysical laboratory.

2.4. Cross-Section of 26Al and its Production in Laser Plasma Experiments

The most effective way to produce 26Al in situ is by harvesting laser-induced proton acceleration.
In the associated compound nucleus reaction 26Mg(p, n)26Al in which the formed compound nucleus
27Al is excited by the energy above the reaction threshold of the impacting proton. The emittance
of a neutron in the exit channel leads to excited states in 26Al as well as directly to the ground
state 26Alg.s.. Due to the prominence of this reaction, precise measurements of the individual cross
sections for 26Alg.s., 26mAl and the 3+ level at 417 keV, 26Al417, have been carried out over three decades
ago by Skelton et al. [18]. Their experimental campaign facilitated an efficient neutron detector,
the graphite-cube neutron-detection system (GCNDS) at the California Institute of Technology in
Pasadena, CA, US. The cross-section measurements spanned over a proton energy range of almost
1 MeV from the reaction threshold at Ep = 4.988 MeV to Ep = 5.820 MeV (see Figure 1). A very precise
average energy resolution for the cross sections of δE = 2.5 keV was achieved by measuring a total of
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328 different energy values [22]. In detail they examined three different physical quantities to conclude
on the reaction cross sections for the first three states in 26Al. Details are displayed in Table 1. Therein
ntot refers to all neutrons emitted in the reaction process while n228 and n417 represent neutron channels
that lead to the population of the first or second excited state at 228 keV and 417 keV respectively.

Based on the published data, the integral cross sections σint and their uncertainties for the three
lowest-lying states in 26Al were calculated in this work. The relative uncertainty, δσint

g.s./σint
g.s., of the

integral cross-section for 26Alg.s., was found to be higher than those of the other two integral cross
sections, as the integral cross section for the population of the ground state σint

g.s. was not measured,
but calculated from the difference of the measured total neutron yield and the sum of the yields for n417

and n228. In the experiment it was not possible to directly measure the produced amount of 26Alg.s.,
an unfortunate restriction which will also apply for future high-power laser-based investigations.
This is due to the overall low total production yield which will not allow a direct quantification of
σint

g.s.. Firstly, the very long lifetime of 26Alg.s. does not permit the measurement of its decay with any
radiation detector. Moreover, the expected total yields for the ground state will be in the order of
∼1 × 105 to ∼1 × 107 per pulse for a thick target which is still far below the sensitivity of conventional
mass separators. The installation of an online isotope separation system including a Penning-trap;
as e.g., depicted in [23] would allow to measure smallest amounts of 26Alg.s. that would emerge from a
thin target after a laser pulse; could potentially address this issue. However, to our knowledge, such an
online isotope separation system is not foreseen to be implemented at any upcoming HPLS worldwide
in the near future.

Table 1. Calculated integral cross sections σint and methods used to measure σ(E) for the lowest three
states in 26Al.

State σint/MeVmb Method Used in [18]

σint
g.s. 4.9(9)

Total neutron yield from the 26Mg(p, ntot)26Al reaction measured by the GCNDS.
Note, due to the very long half-life of 26Alg.s., no delayed 511 keV annihilation
radiation yield will be measurable emerging from the associated ground
state decay.

σint
228 30.2(3)

Delayed 511 keV annihilation radiation yield from the 26Mg(p, n228)
26mAl

reaction measured by two NaI(Tl) detectors in coincidence. An irradiation-count
cycle with tirrad = 6 s and tcount = 30 s was applied.

σint
417 19.3(9)

Prompt 417 keV γ-ray yield from the 26Mg(p, n417)
26Al using an ultrathin target

with a thickness of 8.5 μgcm−2. The prompt radiation was measured by a 60 cm3

Ge(Li) detector.

We assume that integral cross sections will be valid for the high instantaneous fluxes φ of protons
at a HPLS as plasma conditions will not prevail in the secondary target. The precise measurements
as depicted by Skelton et al. [18] cannot be repeated at a HPLS for the foreseeable future. First and
foremost, the systems are not capable of delivering high-flux pulses of reaction-driving mono-energetic
protons with high frequency. Hence, overall yields and associated measurement statistics derived
from a laser plasma experiment will lack behind the results obtainable with RF-based technology.
Indeed, laser accelerators are best described as high-intensity low-repetition-rate systems if compared
to RF-based technology. In addition, the most widely applied ion acceleration mechanism is the
target normal sheath acceleration (TNSA) scheme as described by e.g., Wilks et al. [24]. Although
proton energies of up to 100 MeV are achievable with TNSA [25], their proton energy distribution
dN/dEp inherits the Maxwell-Boltzmann energy distribution of the initially accelerated electrons and
is therefore not mono-energetic, hence HPLS will practical allow only the measurement of integral
cross sections at present.

Moreover, a direct efficient way of a measurement of neutrons in the way presented by
Skelton et al. [18] is also not feasible for the time being at any existing PW laser site as they used a
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highly efficient neutron detector surrounding the relatively small target chamber. For comparison,
the target chambers used in high-power laser research will have a volume in the order of several m3

and hence cannot be surrounded by a 4π detector system.
Additionally, during any proton pulse, an in situ measurement of the 417 keV transition is

also not possible, as the initially produced proton beam coincides with intense soft and hard X-ray
background radiation producing a strong electromagnetic pulse (EMP). Therefore, the only observable
in a laser-driven 26Al experiment will be the 511 keV delayed annihilation line, from which σint

228 can be
derived. Nonetheless, we will be able to scale the presumed yields for the ground state and second
excited state at 417 keV based on the calculated integral cross sections σint

g.s. and σint
417 using the measured

value of σint
228 as reference.

An inaugural prima facie experiment was undertaken with the Vulcan laser at the Rutherford
Appleton Laboratory (RAL) in which the 26Mg(p, n228)

26mAl reaction was studied with laser
accelerated protons created by 300 TW pulses at a rate of ∼ f = 2 × 10−4 Hz. Protons well above
the reaction threshold at Ep = 4.988 MeV could be produced. A delayed γ-radiation line measured
in situ at 511 keV with texp

1/2 = 6.6(3) s was unambiguously identified as the annihilation radiation
associated with the β+decay of 26mAl. The total yield per pulse measured was as high as 5 × 105 of
26mAl. They produced nuclei were concentrated within a volume of ∼ 0.08 cm3 in the secondary MgO
reaction target. For more details see [5,6].

3. Theoretical Evaluation of Achievable Population Distributions for the First Three Excited

States in 26Al in Laser Induced Plasma Experiments

3.1. General Considerations

Based on Equations (1) and (2) and the values of the integrated cross sections σint from Table 1,
as well as the results of the inaugural experimental study, the achievable population yields of the lowest
three states in 26Al were theoretically estimated. A short proton irradiation period, tirrad = 200 ps was
assumed. To adjust such a short tirrad in an experiment, one needs to place the ultrathin plastic sheets
used as primary targets for proton production in very close proximity to the secondary reaction target,
consisting of 26Mg or 26MgO in isotopically enriched form. This was applied in the aforementioned
inaugural test experiment ah RAL. In such close geometry one is able to minimize the spread in
the time-of-flight, δtTOF, between the most energetic protons produced and those that will be just
above the reaction threshold at Ep = 4.988 MeV [6]. It is worth pointing out that the minimization
of δtTOF is crucial to provide a short tirrad. Distances between the primary production target and the
secondary reaction target of less than 1 cm are technical feasible to date. Choosing a much closer
distance could mean that the secondary production target maybe damaged or even destroyed by a
single laser pulse at high intensity. Obviously, the original 25 fs duration of the initial laser pulse
which drives the proton production cannot be sustained, but with distances in the cm regime, δtTOF
values below 100 ps can be achieved. At any experiment one ideally would maximize the intensity of
protons in the relevant energy rather than producing higher energetic protons with e.g., Ep ≥ 9 MeV.
Also, the high magnitude of protons with energies below the reaction threshold maybe facilitated in
future experiments to create conditions of WDM in the volume within the secondary target where the
reaction takes place. That alone is worth a consideration, as such scenarios cannot be achieved with
conventional RF-based technology.

Isotopically enriched 26Mg target comes at a high cost. Natural magnesium cannot be taken
due to a series of intruder reaction channels which would make the identification of the t1/2 = 6.35 s
decay of 26mAl impossible. A crucial parameter is also the thickness of the 26Mg target. To enhance
the yield, one would install a bulky target which would extend to thicknesses in the sub-mm to mm
regime. In the prima facie experiment at RAL a thick target consisting of MgO powder was used in
which all protons were stopped [5]. This optimization of the target thickness was based on SRIM [26]
calculations in which the condition was set that even the most energetic protons produced in the
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experiment with Ep ∼ 9 MeV are deaccelerated to energy values below the reaction threshold within
the secondary target. A thickness of 1 mm was derived. SRIM can also be used to calculate the
corresponding time tstop by which all protons are reduced to kinetic energies below Ep = 4.988 MeV.
It was found that within a duration of tstop = 100 ps the electronic and nuclear stopping has reduced
all impacting protons with Ep ∼ 9 MeV to an energy below the reaction threshold in the chosen
thick target. With respect to tstop it is important to mention that the stopping of the fast protons
occurs already during the time less energetic, hence slower, reaction-driving protons arrive at the
target. Hence, a crude estimate of a maximal irradiation time of tirrad = 200 ps (δTOF + tstop) can be
assumed. Most importantly, for the case study on 26Al, is the fact this value is still well below the
lifetime of the crucial short-lived second excited state at 417 keV with t1/2 = 1.20 ns. With optimized
geometry and targetry the assumed 200 ps value for tirrad can easily be halved in future experiments
with PW systems.

It is important to mention that HPLS will eventually be capable of producing macroscopic sheets
of protons in which collective stopping effects will lead to a much-increased stopping power and
hence reduced stopping times. In this work we do not consider these potential effects, but, as well
as minimizing tirrad, an enhanced stopping will result in higher plasma temperatures than those e.g.,
characterizing WDM conditions, offering new pathways for astrophysical investigations in the future.

3.2. Simulations of Population Yields for 26Al obtained by a Short Pulsed Laser Proton Beam of High Intensity

Figure 2 shows the calculated distributions of Yg.s., Y228 and Y417 deduced from
Equations (1) and (2) assuming tirrad = 200 ps. The extracted values for the associated integral cross
sections σint in the region between Ep = 4.988 MeV and Ep = 5.820 MeV were taken from Table 1.
We assume the proton energy distribution, dN/dEp, within this range to be constant as a first order
approximation. The time zero t0 = 0 which is truncated in the logarithmic display, refers to the
time of the first reaction induced by the fastest protons arriving in the secondary production target.
Although the yield depicted on the y−abscissa is in arbitrary units, a.u., the value is aligned with
obtainable levels of concentration in units of 1 cm−3 deduced from the initial measurements of 26mAl at
the RAL. The values can be seen as a minimum estimate for achievable yield concentrations with a PW
laser system. We assume all consecutive pulses to impact on the same volume within the secondary
production target, hence the yield for 26Alg.s., Yg.s., builds up continuously after each pulse due to the
very long lifetime of the ground state, t1/2 = 0.717 My. In addition, the ground state is populated by
direct feeding from the 417 keV level (Equation (2)) which decays via an E2 transition (see Figure 1).
As 26Al is cosmogenic we can assume its original concentration in Mg or MgO, before the first shot,
in the secondary target probe to be Y0

g.s. ∼ 0. Moreover, we consider that two sequential proton pulses
are separated by an interval of t = 100 s for simplicity which reflects roughly the time interval between
two consecutive pulses from the 10 PW system at ELI-NP. As a result, the yield for 26mAl, Y228, does not
build up between two consecutive shots which would be the case for the 1 PW and 0.1 PW systems
at ELI-NP as they operate at higher repetition rates ∼ Hz. Most interestingly is the fact that σint

g.s.
describing the direct population of the ground state, is significantly lower than for the excited states
but builds up continuously in the active secondary target volume after each pulse due to its long
lifetime. We calculated these conditions for a series of consecutive laser pulses, assuming the target to
remain undamaged during the impact of all subsequent pulses. Crucially for the understanding of
temporal yield evolution is the fact that the irradiation time t < 200 ps is still lower than the lifetime of
the 417 keV state which allows this state to accrue comparable yields with regard to the first excited
state at 228 keV per single pulse. For the first couple of pulses this is even true for a comparison with
Yg.s. as can be derived from Figure 2. The two yields Y228 and Y417 remain unchanged for the two
consecutive pulses shown in Figure 2 and for any additional subsequent pulse. This is a very special
condition only achievable with the ultrashort pulses provided by an all-optical accelerator system.
Consecutive pulses will only lead to higher values for Yg.s. in the same target volume.
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For the near future, a total of several 100 pulses with a 10 PW laser system can be seen as a
reasonable estimation for the number of total shots deliverable in a single experiment. With optimized
target geometry, the appliance of proton focusing and PW induced proton pulses, potentially of
mono-energetic nature, one can expect yields to be several orders of magnitude higher than those
sketched in this work based on the RAL experiment. As shown in Table 1, the decay of the 511 keV
delayed annihilation radiation will be the only measurable entity in any future laser-driven experiment
while the other intensities would have to be calculated in reference to the precise cross-section data
of Skelton et al. [18]. It is also important to point out that, if the irradiated volume is changed on
a pulse-by-pulse base, each consecutive pulse will impact on a region where no measurable yield
for 26Alg.s. existed before. The importance of that scenario and associated technical aspects will be
depicted in the aforementioned forthcoming publication [6]. However, it is clear that due to the high
costs of isotopically enriched 26Mg an experiment relating on a constant supply of non-irradiated 26Mg
will be not feasible for budget and resourcing reasons.
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Figure 2. Calculated yields Y228 (red) and Y417 (green) as function of time t per proton pulse with
tirrad = 200 ps (vertical dashed line) and 4.988 MeV ≤ Ep ≤ 5.820 MeV. The accumulated yields Yg.s.

for the ground state are superimposed for the 2nd (solid black) and 3rd (dashed black) consecutive
proton pulses. We assume those pulses to impact on the same target volume in the secondary production
target. Note the influence of the direct feeding from the 417 keV level to the ground state from the
non-linear enhancement of Yg.s. during tirrad. A time interval of 100 s between the 2nd and 3rd pulse
was assumed.
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3.3. Thermodynamic Temperature Equivalents from the Distribution of the First Three Excited States in 26Al in
Laser Plasma Experiments

Using the Maxwell-Boltzmann distribution as depicted in Equation (4) the ratios of the two yield
distributions; Y228/Yg.s. and Y417/Yg.s. were mapped into temperature equivalents to emphasize the
unique ability of laser-driven experiments to facilitate the short, reaction-driving, ion pulses to mimic
temperature-equivalent scenarios as present in hot interstellar conditions. In absence of a real hot
plasma this interpretation exploits the fact that the hot state of the 26Al compound residue is conserved
for fleeting lifetimes after the reaction-driving pulse has impacted. The results for the consecutive
pulses numbered, 1, 2, 3, 5, 10, 25, 50 and 100 are displayed in Figure 3.
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Figure 3. Calculated T equivalents for Y228/Yg.s. (red lines) and Y417/Yg.s. (green) from yield
distributions according to Maxwell-Boltzmann distribution, for consecutive pulse numbers 1 (solid
thick), 2 (dashed thick), 3 (dotted thick), 5 (solid thin), 25 (dashed thin) and 100 (dotted thin).
The protons are considered to irradiate the same volume in the secondary target. The times tequi

for each pulse at which the two yield ratios converge to resemble one temperature value T are indicated
by the blue & red circles which are connected to a blue line to guide the eye.

Theory states that to infer a temperature between the ground state and the first excited state in the
case of 26Al is not a straight forward concept, as those states are only connected via higher-lying excited
states in low to middle temperature plasma. Nevertheless, the temperature equivalents between
these two states, based on their yield population, remain in the GK temperature regime due to the
short times of the populating laser proton pulse. At such high temperatures, thermalization can be
assumed in stellar environments [21]. Most crucially, for any successive pulse there exist a defined
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time tequi, where the T equivalents of the first two excited states are equal, mimicking the conditions of
a thermal equilibrium distribution in the absence of real hot temperature conditions in the production
target. For the calculated cases, this regime stretches from 3.10 ns in which the temperature equivalent
is 1.3 GK for the first pulse to 9.95 ns with T = 0.4 GK for the 100th pulse. Any probing X-ray
flash or secondary ion beam would be best timed around tequi to exploit that artificially stellar-like
astrophysical scenario mimicking an equilibrium in hot plasma. It is worth noting that for consecutive
runs, this particular time increases to almost 10 ns while the temperature-equivalent value decreases.
The fact represents the natural buildup of the long-lived ground state.

Using RF-based technology the realization of such conditions characterized by yield distributions
resembling high temperatures at short time intervals after reaction-triggering pulses is not possible.
It is the shortness of the fastest transition that demands a short triggering high beam flux φ to achieve
such scenarios. Moreover, the assumed high yields achievable with a HPLS system are multiple
orders of magnitude higher than those of current RF-technology which summarizes the essence of
the contribution these systems can provide for future astrophysical studies. Again, one needs to
emphasize that we are not referring here to real hot plasma temperatures. It can be envisaged that,
once mono-energetic laser proton pulses are achieved, the depicted calculation can be extended to
include any of the 64 states below the proton separation energy Sp = 6.306 MeV threshold of 26Al.
Such a calculation will help in the understanding of the complex interplay between the short-lived
states belonging to the e1 and e2 ensembles and the longer-lived low lying states as function of the
temperature T thus allowing to study the evolution of the effective lifetime τeff for 26Al.

3.4. Considerations about Measurability at HPLSs

The above work sketches the unique experimental reaction scenarios which can be established
with the short pulses of high-power laser-driven system. Core to the considerations is the fact that
short-lived states can be produced with high yields, which exhibit, in the depicted case of 26Al a
1.9 × 1022 times shorter lifetime compared to that of the ground state. It is however important to
consider the measurability of those scenarios in this work. First and foremost, in the case of 26Al,
the only measurable parameter at a high-power laser system will be, for the foreseeable future,
the delayed 511 keV radiation. A measurement of the prompt radiation will stay elusive mainly to the
EMP pulse which will not allow a direct deduction of the yield of the t1/2 = 1.20 ns at 417 keV. Current
γ-ray detector systems placed at PW are maybe capable of resolving ms isomers at best [27]. Moreover,
it is unlikely for any forthcoming HPLS system to host a sophisticated, efficient neutron detector system
for inaugural experiments. To deduce yield changes in 26Al independently of pulse-to-pulse variations,
one could refer to a second reaction channel with a precisely measured cross-section that is triggered
in coincidence with the production of 26Al. The prima facie experiment therefore used MgO to compare
changes in the yield ratio between 26mAl and 13N obtained via 16O(p,α)13N. Since the β+ half-life of
the resulting 13N nucleus is 9.965 min the corresponding yield could be clearly distinguished from the
super-allowed β+ decay of 26mAl with t1/2 = 6.35 s [6].

The beamlines at the ELI-NP facility are ideally suited to spearhead any related measurement.
In Table 2 shows the core features of the ELI-NP HPLS characterized by their power P. The ELI-NP
laser system has two equal arms allowing the synchronization of the two beams. The energy Epul
and pulse duration tpul depicted for the laser pulse represent the average values as required from the
THALES Group, the laser manufacturer in France. At the highest power of 10 PW a repetition rate f of
1 pulse per minute is foreseen. The intensity Ipul for the 10 PW is estimated to reach values in excess of
1 × 1023 Wcm−2. At this intensity simulations provide a maximum proton energy Emax

p of a few 100 s
of MeV, to be conservative. The corresponding values for the 0.1 PW and 1 PW systems are taken from
published work [25]. Most importantly it can be seen that the least energetic 100 TW beamline can
deliver protons above the reaction threshold, having additionally the advantage of a comparatively
high repetition rate. It is however important to note that the mean beam currents achievable with any
of the HPLS are still a few orders of magnitude smaller than those achievable with the conventional
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RF-accelerator technology. The values supplied for Imax
p describe the estimated ranges of the electrical

peak currents induced by the reaction-driving protons from a single high-power laser pulse.

Table 2. Characteristic features of the high-power laser beamlines to be implemented at ELI-NP.

P / PW Epul / J tpul / fs Ipul / Wcm−2 f / Hz Emax
p / MeV Imax

p

10 250 25 1022−23 0.017 >200 kA-MA
1 25 25 1021−22 1 ∼100 A-kA

0.1 2.5 25 1020−21 10 ∼30 mA-A

Our presented paper should be seen as a guideline for development, pointing out the possibilities,
rather than an experimental proposal form. It is however hoped that with ever increasing fluxes φ,
optimized geometry and high laser-to-proton energy conversion obtainable by the next generation of
multi-PW laser plasma accelerators the total obtainable yields for the production of 26Al will provide
densities in the order of 1 × 1010 cm−3 and possibly even much higher. With improved values for
laser energy-to-γ-conversion, a second laser beam in coincidence could therefore be used to probe
the coupling of excited states by photo-excitation transitions by supplying a secondary, intense, X-ray
beam. This will allow, potentially, the characterization of a yield change of Y228 in the presence of a
hot photon bath. An enhancement of Y228 in such a case would be a first indication of the onset of an
equilibrium between the ground and first excited state via the coupling of the e1 and e2 ensembles
in 26Al [21]. Moreover, such a study could enable to understand the intricate interplay between the
excited states which govern the λeff. As current theories only account for a fraction of the abundance
of 26Al one may expect that a more elaborate evaluation of the effective lifetime will better reflect the
production and decay mechanisms in actual astrophysical scenarios explaining the measured surplus
of 26Al in our Galaxy.

From the depicted scenarios, it is clear that an online isotope separator facility which uses a
Penning-trap would be an ideal extension to improve any related experiment as it would allow a direct
identification of 26Alg.s. as well as supporting the measurement of 26mAl. It is hoped to implement such
a system eventually at the experimental stations dedicated to nuclear reaction research at ELI-NP.

4. Conclusions

We presented a pathway for high-power laser physics at the interface of nuclear astrophysics.
The example of 26Al showed that laser systems can provide short-lived states in high yields, comparable
with those states that exhibit much longer lifetimes. This feature is unique to HPLS due to the ability
of all-optical accelerator systems to deliver high temporal fluxes φ of reaction-driving protons for the
fleeting time spans in the order of the lifetimes of the shortest-lived excited states. Exploiting the
fact that the high temperatures within the residual 26Al nuclei prevail for some ultrashort duration
after its creation by a compound reaction, high entropy conditions in cold plasma environments can
be achieved and potentially be tested with a second radiation or particle beam. In the case of 26Al
the yield ratios, Y228/Yg.s. and Y417/Yg.s., interpreted in the framework of the Maxwell-Boltzmann
statistics, were found to mimic thermal equilibrium at defined times tequi in the range of 300 ps
to 10 ns resembling thermalization in a fictitious GK plasma environment. This circumstance can
help in future experiments in the quest to create a nuclear astrophysical laboratory. In this respect,
future investigations could be the application of coinciding X-ray pulses of high intensities, or an
additional proton beam creating WDM. The study of other isotopes and the interplay of their excited
states maybe envisaged with, e.g., 34Cl, 115In and 180Ta being other very interesting cases for future
investigation [20,21].
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Abbreviations

The following abbreviations are used in this manuscript:

CPA Chirped pulse amplification
ELI-NP Extreme Light Infrastructure-Nuclear Physics
EMP Electromagnetic pulse
GCNDS Graphite-cube neutron-detection system
HPLS High-power laser system
RAL Rutherford Appleton Laboratory
TNSA Target normal sheath acceleration
TOF Time-of-flight
WDM Warm dense matter
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