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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].

170



Galaxies 2019, 7, 20

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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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.

187



Galaxies 2019, 7, 33

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.
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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

215



Galaxies 2019, 7, 48

(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

219



Galaxies 2019, 7, 48

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)

225



Galaxies 2019, 7, 48

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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