
����������
�������

Citation: Bošnjak, Ž.; Barniol Duran,

R.; Pe’er, A. The GRB Prompt

Emission: An Unsolved Puzzle.

Galaxies 2022, 10, 38. https://

doi.org/10.3390/galaxies10020038

Academic Editors: Elena Moretti and

Francesco Longo

Received: 13 December 2021

Accepted: 4 February 2022

Published: 22 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

galaxies

Review

The GRB Prompt Emission: An Unsolved Puzzle
Željka Bošnjak 1,*,† , Rodolfo Barniol Duran 2,*,† and Asaf Pe’er 3,*,†

1 Faculty of Electrical Engineering and Computing, University of Zagreb, Unska ul. 3, 10000 Zagreb, Croatia
2 Department of Physics and Astronomy, California State University, Sacramento, 6000 J Street,

Sacramento, CA 95819, USA
3 Physics Department, Bar Ilan University, Ramat-Gan 52900, Israel
* Correspondence: Zeljka.Bosnjak@fer.hr (Ž.B.); barniolduran@csus.edu (R.B.D.); asaf.peer@biu.ac.il (A.P.)
† These authors contributed equally to this work.

Abstract: The recent multi-messenger and multi-wavelength observations of gamma-ray bursts
(GRBs) have encouraged renewed interest in these energetic events. In spite of the substantial amount
of data accumulated during the past few decades, the nature of the prompt emission remains an
unsolved puzzle. We present an overview of the leading models for their prompt emission phase,
focusing on the perspective opened by future missions.

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

1. Introduction

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

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

These recent observations add and extend the knowledge gained in the past several
decades about the nature of GRBs. Observationally, we know that the vast majority of
GRBs have the following common features: (i) Most GRBs consist of highly variable
pulses of gamma-ray photons typically lasting dozen of seconds, having a non-thermal
spectrum peaking at ∼a few 100 keV. (ii) The occurrence rate is approximately once per

Galaxies 2022, 10, 38. https://doi.org/10.3390/galaxies10020038 https://www.mdpi.com/journal/galaxies

https://doi.org/10.3390/galaxies10020038
https://doi.org/10.3390/galaxies10020038
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/galaxies
https://www.mdpi.com
https://orcid.org/0000-0001-6536-0320
https://orcid.org/0000-0002-5565-4824
https://orcid.org/0000-0001-8667-0889
https://doi.org/10.3390/galaxies10020038
https://www.mdpi.com/journal/galaxies
https://www.mdpi.com/article/10.3390/galaxies10020038?type=check_update&version=1


Galaxies 2022, 10, 38 2 of 20

day from random directions in the sky [9–11]. (iii) The prompt emission is followed by the
afterglow emission detected at lower energies (X-ray, optical, and radio) lasting for days,
weeks, months, and (in radio band) years after the main event. (iv) For a number of GRBs,
long lasting gamma-ray photons with energy >100 MeV have been observed during the
afterglow phase.

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

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

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

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

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

High Energy Emission

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

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

2.2. Light Curve Properties

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

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

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

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

2.3. Polarization

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

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

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

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

3. Theories of GRB Prompt Emission

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

3.1. Hot Fireball Model

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

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

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

3.2. Particle Acceleration

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

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

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

3.3. Internal Shock Model

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

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

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

−p
e , above their initial

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

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

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

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

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

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

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

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

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

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

3.4. The Role of Neutrons in the GRB Jet

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

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

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

3.5. Magnetically Dominated Jet

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

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

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

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

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

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

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

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

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

3.6.2. Comptonized Thermal Radiation

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

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

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

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

pair annihilation close to the central engine, across the virtually empty jet before being
back-scattered from the cork material ahead of them (if the cork does not disintegrate too
rapidly). Although in the cork frame they are scattered backward, they will be detected
by an observed located off axis, due to the relativistic angle change between the cork
and observer’s frame. It was recently demonstrated [203,204] that the resulting spectra
in this setup is in excellent agreement with the observed, both at low and high energy.
Furthermore, this model naturally explained the observed peak energy—total energy
relation (known as “Amati” correlation; [205]) without the need to invoke any additional
assumption.

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
11

10
−14

10
−13

10
−12

10
−11

10
−10

10
−9

10
−8

10
−7

10
−6

Obs. energy [eV]

F
lu

x
, 

ν
 F

ν
 [

e
rg

 c
m

−
2
 s

e
c

−
1
]

τ
γ e

 = 0.01

τ
γ e

 = 0.1

τ
γ e

 = 1

τ
γ e

 = 10

τ
γ e

 = 100

τ
γ e

 = 1000

Figure 4. Left: time averaged broadband spectra expected following kinetic energy dissipation at
various optical depths. For low optical depth, the two low energy bumps are due to synchrotron
emission and the original thermal component, and the high energy bumps are due to inverse Compton.
At high optical depth, τ ≥ 100, a Wien peak is formed at 10 keV and is blue-shifted to the MeV range
by the bulk Lorentz factor of ∼100 expected in GRBs. In the intermediate regime, 0.1 . τ . 100, a
flat energy spectrum above the thermal peak is obtained by multiple Compton scatterings. Figure
taken from [194]. ©AAS. Reproduced with permission. Right: spectral decomposition of GRB
090902B (taken 9.6–13.0 s after the GBM trigger) enables clear identification of the physical origin
of the emission. The dash-dotted (red) curve shows the spectrum that would have been obtained if
synchrotron radiation was the only source of emission. The dashed (green) curve shows the resulting
spectrum from synchrotron and synchrotron self-Compton SSC, and the solid (blue) curve shows
the spectrum with the full radiative ingredients (synchrotron, SSC, the MeV thermal peak, and
Comptonization of the thermal photons). From [206]. Reprinted (and modified) permission of
Oxford University Press on behalf of the Royal Astronomical Society.

3.6.3. Hadronic Processes

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

4. Discussion: A Look into the Future

With the advent of observations at very high (GeV/TeV) energies by Imaging Atmo-
spheric Cherenkov Telescopes such as MAGIC [6] and H.E.S.S. [7], and the perspective being
opened by the future multi-messenger environment for gamma-ray bursts, the premise of
radiation models will inevitably be revisited. At very high energies, the future Cherenkov
Telescope Array (CTA) will provide improved sensitivity to up to an order of magnitude
with respect to current IACTs [215,216]. Although the recently provided detection rate is
modest (during the prompt phase, it is expected to be . 1 per year [217,218]), if CTA pro-
vides GRB observations with high photon statistics, it will help constrain emission models
(e.g., the properties in the emission site of high-energy photons). The observed variability
could help differentiate between emission mechanisms [217]. As the Fermi LAT spectra
often displays a hard power-law spectrum extending to GeV energies, the observations
of the high energy part could provide the information on the total radiated energy, and
the bulk Lorentz factor can be constrained if the high-energy spectral cutoff due to pair
production is identified [217]. At the low energy end, the SVOM (Space-based multi-band
astronomical Variable Objects Monitor) mission aims to survey the high-energy sky and
follow-up transients at optical and X-ray wavelengths [219]. Its main goals are observations
of the high-redshift GRBs (z > 5), and faint/soft nearby events. It will also likely be the
alert facility for CTA, opening e.g., the possibility of detecting low luminosity events which
are not triggered by the current missions [220]. Other future multi-messenger facilities
for GRB-related science include, e.g., the third-generation gravitational-wave observatory
Einstein Telescope [221], the development of the extension of the IceCube Neutrino Ob-
servatory IceCube-Gen2 [222], and ATHENA [223] satellite for the X-ray domain. Upper
limit of neutrino flux from GRBs [224] as well as the observations at longer wavelengths
(e.g., using the upcoming Vera Rubin Observatory or the Square Kilometer Array-SKA)
could provide information on jet composition—baryonic or magnetic jet. The observational
advances need however to be followed by theoretical effort, i.e., numerical simulations of
the processes involved in the production of prompt emission, such as energy dissipation
and particle acceleration, in order to fully understand the extreme conditions in which
gamma-ray bursts are produced.

Author Contributions: All authors Ž.B., R.B.D. and A.P. have contributed to writing—review and
editing. All authors have read and agreed to the published version of the manuscript.

Funding: R.B.D. acknowledges support from the National Science Foundation under grants 1816694
and 2107932. A.P. was partially supported by the EU via the ERC consolidating grant 773062 (O.M.J.).
Ž.B. acknowledges support from the Croatian Science Foundation (HrZZ) Project IP-2016-06-9782.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable

Acknowledgments: We thank P. Beniamini, D. Giannios and P. Kumar for useful discussions related
to this manuscript.



Galaxies 2022, 10, 38 13 of 20

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Abbott, B.P.; Abbott, R.; Abbott, T.D.; Acernese, F.; Ackley, K.; Adams, C.; Adams, T.; Addesso, P.; Adhikari, R.X.; Adya, V.B.;

et al. GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral. Phys. Rev. Lett. 2017, 119, 161101.
[CrossRef]

2. Abbott, B.P.; Abbott, R.; Abbott, T.D.; Acernese, F.; Ackley, K.; Adams, C.; Adams, T.; Addesso, P.; Adhikari, R.X.; Adya, V.B.; et al.
Multi-messenger Observations of a Binary Neutron Star Merger. Astrophys. J. Lett. 2017, 848, L12. [CrossRef]

3. Kasliwal, M.M.; Nakar, E.; Singer, L.P.; Kaplan, D.L.; Cook, D.O.; Van Sistine, A.; Lau, R.M.; Fremling, C.; Gottlieb, O.; Jencson, J.E.;
et al. Illuminating gravitational waves: A concordant picture of photons from a neutron star merger. Science 2017, 358, 1559–1565.
[CrossRef]

4. Kasen, D.; Metzger, B.; Barnes, J.; Quataert, E.; Ramirez-Ruiz, E. Origin of the heavy elements in binary neutron-star mergers
from a gravitational-wave event. Nature 2017, 551, 80–84. [CrossRef]

5. Smartt, S.J.; Chen, T.W.; Jerkstrand, A.; Coughlin, M.; Kankare, E.; Sim, S.A.; Fraser, M.; Inserra, C.; Maguire, K.; Chambers, K.C.;
et al. A kilonova as the electromagnetic counterpart to a gravitational-wave source. Nature 2017, 551, 75–79. [CrossRef]

6. MAGIC Collaboration; Acciari, V.A.; Ansoldi, S.; Antonelli, L.A.; Arbet Engels, A.; Baack, D.; Babić, A.; Banerjee, B.; Barres
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