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Abstract

We provide a comprehensive review of major developments in our understanding
of gamma-ray bursts, with particular focus on the discoveries made within the last
fifteen years when their true nature was uncovered. We describe the observational
properties of photons from the radio to multi-GeV bands, both in the prompt emis-
sion and the afterglow phases. Mechanisms for the generation of these photons in
GRBs are discussed and confronted with observations to shed light on the physical
properties of these explosions, their progenitor stars and the surrounding medium.
After presenting observational evidence that a powerful, collimated, jet moving at
close to the speed of light is produced in these explosions, we describe our current
understanding regarding the generation, acceleration, and dissipation of the jet. We
discuss mounting observational evidence that long duration GRBs are produced
when massive stars die, and that at least some short duration bursts are associated
with old, roughly solar mass, compact stars. The question of whether a black-hole or
a strongly magnetized, rapidly rotating neutron star is produced in these explosions
is also discussed. We provide a brief summary of what we have learned about rel-
ativistic collisionless shocks and particle acceleration from GRB afterglow studies,
and discuss the current understanding of radiation mechanism during the prompt
emission phase. We discuss theoretical predictions of possible high-energy neutrino
emission from GRBs and the current observational constraints. Finally, we discuss
how these explosions may be used to study cosmology, e.g. star formation, metal
enrichment, reionization history, as well as the formation of first stars and galaxies
in the universe.
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1 Introduction

This introduction to Gamma-Ray Bursts (GRBs) is meant to provide a brief
summary of their main properties so that someone not interested in details
can obtain a quick overview, in a few pages, of the main properties of these
explosions from the reading of this introduction.

The serendipitous discovery of Gamma-Ray Bursts (GRBs) in the late sixties
by the Vela satellites 1 (Klebesadel et al., 1973) puzzled astronomers for several
decades: GRBs are irregular pulses of gamma-ray radiation (typically lasting
for less than one minute), with a non-thermal (broken power-law) spectrum
peaking at ∼10–104 keV, and are seen a few times a day at random locations in
the sky (e.g. Band et al., 1993; Kouveliotou et al., 1993; Meegan et al., 1992).
Their spectacular nature, detection at redshift larger than 9 with current gen-
eration of instruments, and their connection with supernovae explosions and
possibly black-holes formation, have led to a great deal of time and effort in-
vested to their study (e.g. Fishman and Meegan, 1995; Piran, 1999; Mészáros,
2002; Zhang and Mészáros, 2004; Piran, 2004; Woosley and Bloom, 2006; Fox
and Mészáros, 2006; Zhang, 2007; Gehrels et al., 2009).

The histogram of GRB duration has two distinct peaks. One at 0.3s and the
other at about 30s, and there is a trough in between the peaks at 2s. Bursts
with duration less than 2s are classified as short-GRBs and those that last
for more than 2s are called long-GRBs. Based only on the two peaks in the
duration distribution, and well before anything was known about the distance
or physical origin of GRBs, it was suspected that these peaks correspond to
two physically distinct progenitors. Recent observations have confirmed that
long-GRBs are one possible outcome of the collapses of massive stars (mass
>
∼ 15M⊙), and that at least some of the short-GRBs arise in the mergers of
compact objects in binary systems (perhaps merger of two neutron stars or
a neutron star and a black hole). The connection between the classifications
based on burst duration and based on distinct physical origins turns out to
be more complicated though, and is still not fully understood.

Distances to GRBs were completely uncertain until the launch of Compton-

1 Vela — short for velador, meaning “watchman” in Spanish — were a group of
12 satellites (including 6 advanced Vela design) that were launched starting from
October 17, 1963 until 1970, and the last satellite was decommissioned in 1984 (even
though they were designed for a nominal life of 6–18 months). Vela satellites were
launched to monitor compliance with the treaty “banning nuclear weapon tests in
the atmosphere, in outer space and under water” signed by the governments of the
Soviet Union, the United Kingdom and the United States, in Moscow on August
5, 1963 before being opened for signature by other countries. It was ratified by the
U.S. Senate on September 24, 1963. The treaty went into effect on October 10, 1963.
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Gamma-Ray-Observatory (CGRO), from space shuttle Atlantis, on 5 April
1991 in a low earth orbit at 450 km (in order to avoid the Van Allen radiation
belt that covers ∼ 103 − 6 × 104 km altitude). It carried four instruments
that provided a wide energy band coverage of 20 keV — 30 GeV (at 17 tons,
CGRO, was the heaviest astrophysical payload flown at that time). CGRO
established that these bursts are isotropically distributed (Meegan et al., 1992)
and their number at the faint end (but well above the instrument threshold)
deviates from the expected Euclidean count 2 N(> f) ∝ f−3/2 (e.g. Mao and
Paczynski, 1992; Piran, 1992; Fenimore et al., 1993). These two discoveries
taken together convinced most astronomers that GRBs are located at distances
much larger than the size of the local group of galaxies.

The confirmation of the cosmological distance to GRBs was obtained in 1997,
when the BeppoSAX satellite, launched on April 30, 1996, provided angular
position of bursts to within 4 arc-minutes – more than a factor 20 improve-
ment compared with the Compton Gamma-ray Observatory – which enabled
optical and radio astronomers to search for counterparts for these explosions.
A rapidly fading X-ray & optical emission (the “afterglow”) accompanying
a GRB was found on February 28, 1997, about a day after the detection of
a burst, and that led to the determination of redshift for this GRB to be
0.695 (Costa et al., 1997; Frontera et al., 1998; van Paradijs et al., 1997). This
launched a new era in the study of GRBs which has led to a wealth of new
information and a much deeper understanding of these enigmatic explosions
(e.g. Frail et al., 1997; Kulkarni et al., 1998; Bloom et al., 1999; Zhang and
Mészáros, 2004; Piran, 2004; Zhang, 2007; Gehrels et al., 2009).

From burst redshift and flux we know that GRBs radiate between 1048 and 1055

ergs, if isotropic. This means that GRBs are the most energetic explosions in
the Universe; the luminosity of the brightest bursts rivaling that of the entire
Universe at all wavelengths albeit for only a few seconds (Kulkarni et al.,
1999a).

Our understanding of GRBs has improved enormously in the last 15 years due
to the observations made by several dedicated γ-ray/X-ray satellites (Bep-
poSAX, KONUS/Wind, HETE-2, Swift, Integral, AGILE, Fermi) and the
follow-up observations carried out by numerous ground-based optical, IR, mm
and radio observatories. Much of this progress has been made possible by the
monitoring and theoretical modeling of long-lived afterglow emissions follow-

2 The easiest way to understand this relation is to consider sources of the same
intrinsic luminosity, L, uniformly distributed in an Euclidean space. The observed
flux decreases with distance R as R−2, and the total number of sources within R
grows as R3. The observed flux from these sources is > f = L/(4πR2). Hence
the total number of objects an observer sees with flux above f scales as f−3/2.
This argument is easy to generalize to consider a more realistic source luminosity
function.
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ing the burst.

We know from breaks in optical & X-ray afterglow lightcurves that GRBs are
highly beamed (Rhoads, 1999; Sari et al., 1999), and the true amount of energy
release in these explosions is 1048−1052 ergs (Frail et al., 2001; Panaitescu and
Kumar, 2001; Berger et al., 2003a; Curran et al., 2008; Liang et al., 2008a;
Racusin et al., 2009; Cenko et al., 2010).

The follow-up of GRBs at longer wavelengths (X-ray, optical, and radio) has
established that afterglow light-curves often decay as a power-law with time
(Fν

∝
∼ t−1.0) and have a power-law spectrum (Fν

∝
∼ ν−0.9±0.5). The synchrotron

radiation from the external forward-shock — which results from the interac-
tion of GRB-ejecta with the circumburst medium (Rees and Mészáros, 1992;
Paczýnski and Rhoads, 1993; Mészáros and Rees, 1993, 1997a) — provides
a good fit to the multi-wavelength afterglow data for GRBs (e.g. Panaitescu
and Kumar, 2002).

In many cases, the decay of the optical or X-ray afterglow light-curve steepens
to Fν

∝
∼ t−2.2 at ∼ 1 day after the burst. The most natural explanation for this

steepening (foreseen by Rhoads, 1999) is that GRB outflows are not spherical
but collimated into narrow jets (Sari et al., 1999). As the ejecta is decelerated
and the strength of the relativistic beaming diminishes, the edge of the jet
becomes visible to the observer. The finite angular extent of the ejecta leads
to an achromatic faster decay of optical & X-ray lightcurves. This achromatic
transition from a slower to a faster decay of lightcurves is called “jet-break”.

The initial opening angle of the jet and its kinetic energy can be obtained by
modeling the broadband emission (radio to X-ray) of those GRB afterglows
whose light-curve fall-off exhibited a jet-break. From these fits it is found that
the opening angle of GRB jets is in the range of ∼ 2 – 10 degrees, thus the
ejecta collimation reduces the required energy budget by a factor ∼ 102 − 103

relative to the isotropic case; the true amount of energy release for most long
duration GRB is found to be 1049 ∼ 1052 erg (Rhoads, 1999; Sari et al., 1999;
Frail et al., 2001; Panaitescu and Kumar, 2001; Berger et al., 2003a; Cenko
et al., 2010). The medium within ∼ 0.1 pc of the burst is found to have a
uniform density in many cases, and the density is of the order of a few protons
per cm3 (Panaitescu and Kumar, 2002). This is a surprising result in the light
of the evidence that long duration GRBs are produced in the collapse of a
massive star – as suggested by Woosley (1993); Paczýnski (1998); MacFadyen
and Woosley (1999) – where we expect the density to decrease with distance
from the center as r−2 due to the wind from the progenitor star (Dai and Lu,
1998b; Chevalier and Li, 1999, 2000; Ramirez-Ruiz et al., 2001).

It was expected from theoretical considerations that GRB outflows are highly
relativistic (e.g. Paczýnski, 1986; Goodman, 1986; Fenimore et al., 1996; Pi-
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ran, 1999). A direct observational confirmation of this was provided by mea-
surements of radio scintillation for GRB 970508 (Goodman, 1997; Frail et al.,
1997), and “superluminal” motion of the radio afterglow of a relatively nearby
burst GRB 030329 (Taylor et al., 2004) where the blastwaves were found to
be still mildly relativistic several weeks after the explosion.

The evidence for association of long-duration GRBs (those lasting for more
than 2s) with core collapse SNa comes from two different kinds of observa-
tions: (i) GRBs are typically found to be in star forming regions of their host
galaxies (e.g. Bloom et al., 2002b; Fruchter et al., 2006; Christensen et al.,
2004; Castro Cerón et al., 2006); (ii) For several GRBs, Type Ic supernovae
have been detected spectroscopically associated with the GRBs. Most of the
SNe-associated GRBs have luminosity significantly lower than typical GRBs 3 ,
e.g. GRB 980425 (Galama et al., 1998), 030329 (Hjorth et al., 2003; Stanek
et al., 2003), 060218 (Modjaz et al., 2006; Campana et al., 2006; Pian et al.,
2006), 100316D (Chornock et al., 2010; Starling et al., 2011), 101219B (Sparre
et al., 2011), and 120422A (Melandri et al., 2012). However, two nearby high-
luminosity GRBs, i.e. 031203 (Malesani et al., 2004) and 130427A (Xu et al.,
2013; Levan et al., 2013), are also found to be associated with Type Ic SNe.
Additionally, a subset of about a dozen GRBs show at late-times (∼ 10 days)
SNa-like “bump” in the optical data and simultaneously a change in color
that is inconsistent with synchrotron emission, and suggests that optical flux
from the underlying supernova is starting to overtake the GRB afterglow flux
(Bloom et al., 1999; Woosley and Bloom, 2006).

Significant progress toward answering the long standing question regarding
the nature of short duration GRBs (those lasting for less than 2s) was made
possible by the Swift satellite’s more accurate localization of these bursts (3
arcmin vs. a few degrees for Compton-GRO). This led to the discovery that
a fraction of these bursts are located in elliptical galaxies, i.e. associated with
older stellar population, and were found to be on average less energetic and at
a lower redshift (Gehrels et al., 2005; Fox et al., 2005; Barthelmy et al., 2005c;
Berger et al., 2005; Panaitescu, 2006; Bloom et al., 2006; Guetta and Piran,
2006; Nakar, 2007). These observations are consistent with the old idea that
these bursts originate from neutron star mergers (Eichler et al., 1989; Narayan
et al., 1992). However, there is no conclusive proof for this model as yet.

The Swift satellite, designed for the study of GRBs and launched in November
2004, has X-ray and UV-optical telescopes on board and provides localization
of bursts to within 3 arcminutes. When Swift’s gamma-ray telescope (Burst
and Altert Telescope or BAT) detects a burst, the X-Ray Telescope (XRT)
and the UV-Optical Telescope (UVOT) on board Swift quickly slew to the

3 These low-luminosity GRBs may not be representative of the main GRB popu-
lation (e.g. Liang et al., 2007a; Bromberg et al., 2011a).
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GRB position within 60-100 seconds to observe the target, which provides
excellent coverage of the transition from the prompt γ-ray phase to the lower-
frequency afterglow emission phase 4 . Swift has provided a wealth of puzzling
observations (Tagliaferri et al., 2005; Chincarini et al., 2005; Nousek et al.,
2006), and revealed that a variety of physical processes shape the early X-ray
afterglow lightcurves (Zhang et al., 2006). Its XRT has found that for about
50% of GRBs the X-ray flux decays very rapidly after the burst (Fx ∝ t−3),
followed by a plateau during which the X-ray afterglow flux decrease is much
slower (Fx ∝ t−1/2) than expected in the standard forward-shock model. The
former feature indicates that the γ-ray prompt radiation and afterglows are
produced by two different mechanisms or arise from different outflows while
the latter perhaps suggests that the forward shock that powers the afterglow
takes a long time (of order several hours) to become a self-similar blast wave
with constant energy (another possibility is that the observed x-ray radiation
is not produced in the external shock).

Swift has also discovered episodes of a sharp increase in the X-ray flux (flares)
minutes to hours after the end of the GRB (Burrows et al., 2005b; Chincarini
et al., 2007, 2010; Margutti et al., 2011). The rapid rise time for the X-ray
flux, with δt/t ∼ 0.1, rules out the possibility that flares are produced as a
result of inhomogeneity in the circumstellar medium where the curvature of
the relativistic shock front limits δt ∼ R/2cΓ2 ∼ t or δt/t ∼ 1 (Nakar and
Piran, 2002a; Ioka et al., 2005; Nakar and Granot, 2007). This suggests that
the central engine in these explosions is active for a time period much longer
than the burst duration 5 (Burrows et al., 2005b; Zhang et al., 2006; Fan and
Wei, 2005; Lazzati and Perna, 2007).

While the X-ray and optical data for t >∼ 104s (time measured from γ-ray trig-
ger) are consistent with external forward shock emission, the features seen in
the X-ray data prior to ∼ 104s are not well understood. Similarly the expected
achromatic breaks in the lightcurves (associated with finite jet angle) are seen
in some bursts but not others (Fan and Piran, 2006a; Panaitescu et al., 2006a;
Liang et al., 2007b; Sato et al., 2007; Liang et al., 2008a; Curran et al., 2008;
Racusin et al., 2009).

One of the foremost unanswered questions about GRBs is the physical mecha-
nism by which prompt γ-rays – the radiation that triggers detectors on board

4 Prior to the launch of Swift, there was a gap of typically about 7-8 hours between
the detection of a burst in the γ-ray band and the follow up study of its afterglow
emissions in the X-ray and lower energy bands.
5 Well before the discovery of X-ray flares Katz and Piran (1997) suggested a
long lived central engine activity as an explanation for the high-energy γ-rays from
GRB 940217 detected 5000 s after the GRO/BATSE trigger (Hurley et al., 1994).
However, it is possible that these high energy photons might have been produced
in an external shock.
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GRB satellites – are produced. Is the mechanism the popular internal shock
model 6 (Rees and Mészáros, 1994), the external shock model, or something
entirely different? Are γ-ray photons generated via the synchrotron process
or inverse-Compton process, or by a different mechanism? Answers to these
questions will help us address some of the most important unsolved problems
in GRBs – how is the explosion powered in these bursts? Does the relativistic
jet produced in these explosions consist of ordinary baryonic matter, electron-
positron pairs, or is the energy primarily in magnetic fields?

The Fermi satellite, a multi-purpose high energy satellite launched in June
2008, has provided useful data extending from ∼ 10keV to >300GeV to help
answer some of these questions. It has made several important discoveries re-
garding GRBs (Abdo et al., 2009c,a; Ackermann et al., 2010, 2011; Zhang
et al., 2011): (1) in most cases the high energy photons (>102MeV) are de-
tected with a delay of a few seconds with respect to the lower energy emis-
sion ( <

∼ 1MeV); (2) high energy emission lasts for a time period much longer
(∼ 103s) than emission below ∼ 1 MeV (which lasts for less than 1 minute
for most GRBs); (3) the broad-band prompt γ-ray spectra are found in most
cases to consist of one peak and power law functions with different indices at
low and high energies with a smooth transition from one to the other over a
factor <

∼ 10 in frequency (this is the so called “Band” spectrum), however in
a few cases the spectrum has an addition component.

There are several different lines of strong evidence suggesting that the high
energy photons (>102MeV) we observe after the prompt phase (t >∼ 10s) are
produced in the external forward shock via the synchrotron process (Kumar
and Barniol Duran, 2009; Ghisellini et al., 2010). On the other hand the origin
of prompt γ-ray emission, low and high energies, remains a puzzle. Some of
the proposed models are: synchrotron and inverse-Compton (IC) radiation
processes in internal or external shocks or at sites where magnetic field in
Poynting jet is dissipated (e.g. Rees and Mészáros, 1992; Dermer and Mitman,
1999; Lyutikov and Blandford, 2003; Zhang and Yan, 2011); and photospheric
radiation with contribution from multiple IC scatterings (e.g. Thompson, 1994;
Ghisellini and Celotti, 1999; Mészáros and Rees, 2000b; Pe’er et al., 2006b;
Pe’er, 2008; Giannios and Spruit, 2007; Ioka et al., 2007; Asano and Terasawa,
2009; Lazzati and Begelman, 2010; Beloborodov, 2010; Toma et al., 2011b;
Mizuta et al., 2011; Nagakura et al., 2011; Bromberg et al., 2011a).

Swift satellite has found GRBs at high redshifts; the highest redshift GRB
discovered to date is at z = 9.4 when the universe was just 0.52 billion years

6 According to the internal shock model, a fraction of jet kinetic energy is converted
to thermal energy when a faster moving segment of the jet collides with a slower
moving part that was ejected at an earlier time. The thermal energy produced is
then radiated away as γ-ray photons via a number of different mechanisms such as
the synchrotron and inverse-Compton process.

10



old or 3.8% of its current age (Cucchiara et al., 2011b). Swift is capable of
detecting bursts of similar intrinsic brightness up to redshift of about 15.
Because of their intrinsically simple spectrum and extremely high luminosity,
GRBs are expected to offer a unique probe of the end of cosmic dark age when
the first stars and galaxies were forming.

This review is organized in the order of the best understood GRB proper-
ties discussed first and the least well understood phenomena described last.
We start with a brief review of radiation physics, and describe the theory of
GRB afterglows which began to be developed even before the first detection
of afterglow radiation. We then describe how well the afterglow theory does
when confronted with observations. We first consider the late time afterglow
observations (these observations starting from roughly half a day after the
explosion can last for weeks to months), and what they have taught us about
GRBs and the medium in their vicinity. This is followed by early afterglow
observation — starting from ∼30s (2s) since the burst trigger for long (short)
GRBs and spanning a duration of a few hours — and our current understand-
ing of the puzzles they pose. Then the least well understood of all the data
— properties of the GRB prompt radiation — and the strengths and weak-
nesses of various models proposed to explain these observations are reviewed.
Next, we take up the properties of the central engine, and describe the two
leading models: a new-born hyper-accreting black hole, and a strongly magne-
tized, rapidly spinning neutron star (magnetar). We then move on to discuss
the possible progenitors of GRBs. We also devote a section to discussion of
possible neutrino emission from GRBs.

11



2 Radiative processes

We provide in this section a brief overview of a few of the most important
radiative processes in GRBs which will be used extensively in this review.
There are excellent books that cover this topic in detail such as the monograph
by Rybicki and Lightman (1979), and books on high energy astrophysics by
Longair (2010); Krolik (1999); Dermer and Menon (2009); Kulsrud (2005).
This section is no substitute for the extensive coverage of this topic provided
in these books. The purpose here is to provide a quick summary of some of the
main results we need in other sections, so as to make this review somewhat
self contained.

We describe synchrotron, inverse-Compton and photo-pion processes in this
section. A few basic relativity results that are needed for understanding of
radiative processes are also included here.

2.1 Photon arrival time from a moving source, Doppler shift, Lorentz invari-
ance of power etc.

Consider a source moving with speed v, and corresponding Lorentz factor Γ,
at an angle θ with respect to the line of sight to the observer located far away
from the source. Two photons are emitted δt′ apart in the source comoving
frame. In the lab frame (the frame in which the source is seen to move at
speed v), the time interval of emitting these two photons is δt = Γδt′. The
time difference for the arrival of these photons at the observer is given by (see
fig. 1):

δtobs = δt + [d− v cos θ(δt)] /c− d/c = δt(1 − v cos θ/c)

= δt′Γ(1 − v cos θ/c) = δt′D−1 (1)

where d is the distance to the source,

D = [Γ(1 − v cos θ/c)]−1 (2)

is the Doppler factor. For θ ≪ 1 and Γ ≫ 1. the above expression for δtobs can
be approximated as

δtobs ≈
δt′

Γ

[

1 + (θΓ)2/2
]

=
δt

Γ2

[

1 + (θΓ)2/2
]

. (3)

The photon frequency in the observer frame, ν, can be expressed in terms of
the comoving frame frequency ν ′ using the standard Lorentz transformation

12



Fig. 1. The relation between pulse duration in source comoving frame, δt′, lab frame
(δt), and the time interval for pulse received by a distant observer is shown in this
figure. The source is moving with speed v (Lorentz factor Γ), at an angle θ with
respect to observer line of sight. One photon is emitted when the source was at the
location at the left side of the figure. And a second photon is emitted δt′ later when
the photon has already traveled a distance cδt toward the observer, and the source
is also a distance v cos θδt closer. The difference between these two distances is the
time interval in the observer frame for the arrival of the two photons which is given
by equation 1.

of photon 4-momentum in comoving frame — ν ′(1, cos θ′, sin θ′, 0) — to the
lab frame 4-momentum ν(1, cos θ, sin θ, 0)

ν = ν ′Γ (1 + v cos θ′/c) & ν cos θ = ν ′Γ(cos θ′ + v/c) (4)

or

ν =
ν ′

Γ (1 − v cos θ/c)
≡ ν ′D, (5)

which is the standard Doppler shift formula.

Relativistic beaming of photons

The transverse component of momentum does not change under Lorentz trans-
formation, i.e. its comoving and lab frame values are the same

ν sin θ = ν ′ sin θ′ or sin θ = sin θ′/D. (6)

For large Γ, θ ≈ θ′/Γ, i.e. photons are focused in the forward direction such
that the angular size of the photon beam in the lab frame is smaller than it is
in the comoving frame by a factor ∼ Γ. The solid angle for a conical beam of
photons in lab frame is smaller than in the comoving frame by a factor ∼ Γ2.
A more precise expression for Lorentz transformation of solid angle is:

dΩ = sin θdθdφ = sin θ′dθ′dφ′/D2 = dΩ′/D2. (7)

13



Next we show that the power 7 radiated by a particle is Lorentz invariant
when the radiation beam is symmetric under parity transformation in particle
rest-frame, i.e. the energy radiated per unit solid angle in directions (θ, φ) &
(π−θ, π+φ) are equal. One of the easiest ways to see this is to consider the 4-
momentum carried away by photons emitted in time interval δt′ in the source
frame, which is: P ′δt′(1, 0, 0, 0); where P ′ is the power in source comoving
frame, and the space components are zero because of parity symmetry. The
4-momentum and the elapsed time in the lab frame are: ΓP ′δt′(1, v, 0, 0), Γδt′.
Hence the power in the lab frame is P = P ′Γδt′/(Γδt′) = P ′.

Transformation of specific luminosity and specific intensity

Another useful result concerns the Lorentz transformation of luminosity. Let us
consider a source that is spherically symmetric and is expanding with Lorentz
factor (LF) Γ. The observed specific luminosity, Lν , is the total energy that
flows through a surface enclosing the source per unit time and frequency. Thus,
it follows that

Lν =
dE

dνdtobs
= Γ

dE ′

dν ′dt′
= ΓL′

ν′ , (8)

where we made use of dνdtobs = dν ′dt′ (see eqs. 1 and 5), and E = ΓE ′ when
the 3-momentum vector is zero as it must for a spherically symmetric radiation
source.

The specific intensity is defined as flux per unit frequency and per unit solid
angle carried by photons traveling within a narrow conical beam with its axis
perpendicular to surface dA, i.e.

Iν ≡ dE

dνdtobsdAdΩ
. (9)

Considering that E transforms as ν, dΩ transformation is given by equation
(7), and dνdtobsdA is Lorentz invariant, we find

Iν = D3I ′ν′ . (10)

Observed lightcurve from a source that is suddenly turned off

Transient sources such as GRBs can turn off rapidly on a time scale of a second
or less. Following Fenimore et al. (1995) and Kumar and Panaitescu (2000a) we
consider a case here where a relativistic, conical, optically thin source moving
with LF Γ turns off abruptly, and calculate how the flux declines with time
as seen by a far away observer in a fixed frequency band.

7 Power is defined as the frequency integrated total energy radiated per unit time
over 4π steradians.
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Fig. 2. A sketch of the various angles and distances for the large angle (or high
latitude) emission when the γ-ray source turns off suddenly.

We consider the source to be a thin shell, and points in the source are specified
by (r, θ, φ) where angle θ is measured with respect to the line of sight to the
observer. The source turns off suddenly when it is at radius r = R0. Photons
released at (r = vt, θ, φ) arrive at the observer with a time delay with respect
to a photon emitted at r = 0 of

tobs = t− r cos θ/c = t(1 − v cos θ/c) = t/(ΓD). (11)

We calculate the lightcurve at frequency ν from the source after time t0,obs ≈
R0/(2cΓ2) which corresponds to the arrival of photons from (R0, 0, 0) at the
observer. At tobs > t0,obs the observer sees photons which left the source when
r < R0 as determined by equation (11). The time dependence of the observed
flux, when the intrinsic spectrum is I ′ν′ = I ′ν ′−β, follows from the Lorentz
transformation of specific intensity. At any given observer time tobs > t0,obs we
receive radiation from θ > θt; where θt is the angle corresponding to time tobs
such that tobs = R0(1/v− cos θt/c) (see eq. 11). Considering that the observed
flux is proportional to the integral of Iν over the solid angle of the source, we
find fν ∝ ∫

θt
dθ sin θD−(3+β). Or fν ∝ (1 − v cos θt/c)

−(2+β) ∝ t
−(2+β)
obs . A more

precise derivation of this result is outlined below.

The specific flux in observer frame from a relativistic source of comoving spe-
cific intensity I ′ν′ and spectrum ∝ ν ′−β is given by

fν(tobs) =
∫

dΩobs Iν cos θobs = 2π
∫

dθobs
I ′ν′

0
ν ′
0
β sin 2θobs[(1 + z)Γ]−(3+β)

2νβ [1 − v cos(θ + θobs)/c]
3+β ,

(12)
where ν ′

0 is a frequency that lies on the powerlaw segment of the spectrum
for I ′ν′ , and we made use of the Lorentz transformation of specific intensity to
obtain the last part of the above equation. The factor (1 + z)3+β in the above
equation takes into account redshift of frequency for a source at z.

Using the law of sine for a triangle (see fig. 2), sin θ/dA = sin θobs/r, the above
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integral is transformed to

fν ≈ 2πI ′ν ′
0ν

′
0
βν−β

[(1 + z)Γ]3+β

(

R0

dA

)2 ∫ π/2

θt
dθ

sin θ cos θ

(1 − v cos θ/c)3+β
. (13)

We replaced θ + θobs in the denominator with θ since θobs ≪ θ. The above
integral is straightforward to carry out and yields

fν(tobs) ∝ (1 − v cos θt/c)
−(2+β)ν−β ∝ t

−(2+β)
obs ν−β. (14)

Thus, the observed radiation does not drop to zero as soon as the source is
turned off, but the flux declines rapidly with time and eventually vanishes
when θt exceeds the angular size of the source (θj).

2.2 Synchrotron radiation

Consider an electron of Lorentz factor γe, and speed ve, moving perpendicular
to the magnetic field of strength B. The electric field in the electron rest
frame is E = γeveB/c, and hence according to the Larmor’s formula the
power radiated due to electron acceleration in this electric field is

Psyn =
2q4E2

3c3m2
e

=
2q4B2γ2

ev
2
e

3c5m2
e

= σTB
2γ2

ev
2
e/(4πc), (15)

where σT = 8πq4/(3m2
ec

4) is the Thomson cross section. Since electric dipole
radiation has parity symmetry, Psyn is a Lorentz invariant quantity (see §2.1),
and hence the above equation gives the correct synchrotron power from an elec-
tron as viewed in the lab frame. The average power per electron, for isotropic
pitch angle distribution, is smaller than the above expression by a factor 3/2.

The Larmor frequency of the electron (or its angular speed) is

ωL =
qB

γemec
. (16)

Due to relativistic beaming of photons described in §2.1 radiation from the
electron that a distant observer receives is confined to the duration when the
electron velocity vector lies within an angle γ−1

e of the observer line of sight
(fig. 3). The fraction of orbital time when this condition is satisfied is ∼ 1/πγe,
and therefore the duration of the radiation pulse received by the observer in
each orbit is:

δtobs ∼
2

γeωL

1

2γ2
e

∼ mec

qBγ2
e

, (17)

where we used equation (1) that relates the comoving time, δt′ = δt/γe, to
the observer frame time duration for photon pulse arrival. The inverse of this
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Fig. 3. The figure shows a segment of electron orbit that is moving in magnetic
field with LF γe. Radiation from the electron is received by a distant observer only
for a small segment of the orbit when the electron’s velocity vector lies within γ−1

e

of the observer line of sight as a result of the beaming of photons in the forward
direction in the lab frame (radiation in electron comoving frame is dipolar which
covers almost 4π steradians). The observed synchrotron peak frequency for emission
from this electron follows from this simple property (eq. 18).

time is the characteristic frequency for synchrotron radiation which is given
by

ωsyn ∼ qBγ2
e

mec
and νsyn =

ωsyn

2π
∼ qBγ2

e

2πmec
, (18)

where νsyn is the cyclic frequency. A more precise treatment has an additional
factor (3/2) sinα; α is the pitch angle between the electron’s velocity and the
magnetic field. The synchrotron spectrum peaks at ∼ νsyn. The spectrum be-
low the peak scales as Psyn(ν) ∝ ν1/3 (this behavior is determined by the
Fourier transform of the synchrotron pulse profile), and it declines exponen-
tially for ν > νsyn (see Fig. 4); we refer to Rybicki and Lightman (1979) for the
calculation of synchrotron spectrum. The power per unit frequency Psyn(ν) at
the peak of the spectrum is

Psyn(νsyn) ∼ Psyn/νsyn ∼ σTBmec
2

2q
. (19)

The synchrotron spectrum for a power-law distribution of electrons, dne/dγe ∝
γ−p
e , is fν ∝ ν−(p−1)/2. This follows from adding up contributions to the specific

flux at ν from those electrons with LF larger than

γν ∼
(

2πνmec

qB

)1/2

, (20)

and that leads to

fν =
∫ ∞

γν
dγe

dne

dγe
Psyn(ν) ∝ ν−(p−1)/2, (21)
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Fig. 4. This figure shows the synchrotron spectrum for a single electron; the x-axis
is frequency in units of ωsyn (see eq. 18), and the flux is normalized to unity at the
peak.

where we made use of Psyn(ν) ∝ (ν/νsyn)1/3 for ν < νsyn, and equation (18)
for νsyn.

2.2.1 Effect of synchrotron cooling on electron distribution

Another characteristic synchrotron frequency is associated with the cooling
of electrons (νc). Let us consider that electrons are accelerated at some time,
and then cool via synchrotron radiation for time duration t0. Electrons with
LF >

∼ γc (defined below) lose a significant fraction of their energy during this
time and their LF drops below γc

dmec
2γe

dt
= −σT

6π
B2γ2

ec or γc ∼
6πmec

σTB2t0
. (22)

The synchrotron frequency corresponding to this LF is defined as the syn-
chrotron cooling frequency:

νc ≡
3qBγ2

c

4πmec
∼ 27πqmec

σ2
TB

3t20
. (23)

The power-law index of the synchrotron spectrum changes at νc due to the
fact that electron distribution function for γe > γc is modified as a result of
loss of energy. This can be seen from the continuity equation for electrons in
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the energy space:

∂

∂t

dne

dγe
+

∂

∂γe

[

γ̇e
dne

dγe

]

= S(γe), (24)

where γ̇e = −σTB
2γ2

e/(6πmec) is the rate of change of γe due to synchrotron
loss, and S(γe) is the rate at which electrons with LF γe are injected into the
system. The continuity equation has a steady state solution (∂/∂t = 0) for
time independent magnetic field which is: dne/dγe ∝ γ̇e

−1 ∝ γ−2
e for γc <

γe < γm; where γm is the minimum LF of injected electrons i.e. S(γe) = 0 for
γe < γm. The synchrotron spectrum corresponding to this segment of electron
distribution function is fν ∝ ν−1/2. For a time dependent magnetic field the
distribution function is not a power law function of γe with index 2, and in
general its shape evolves with time (Uhm and Zhang, 2014b).

For γe > γc > γm, the solution of the continuity equation is dne/dγe ∝ γ−p−1
e

in the steady state (for constant B). And the corresponding synchrotron spec-
trum is fν ∝ ν−p/2.

2.2.2 Synchrotron self-absorption frequency

Yet another characteristic frequency, νa, corresponds to the case where ab-
sorption of photons by the inverse-synchrotron process becomes important.
The easiest way to determine νa is by the application of Kirchhoff’s law – the
emergent specific flux cannot exceed the black-body flux corresponding to the
appropriate electron temperature which is

kBT ≈ max(γa,min[γm, γc])mec
2/2.7 (25)

where γm, γc and γa are electron Lorentz factors corresponding to synchrotron
frequencies νm, νc and νa, respectively, and kB is Boltzmann constant. The
synchrotron self-absorption frequency (νa) is the frequency where the emergent
synchrotron flux is equal to the black-body flux:

2mec
2max(γa,min[γm, γc])ν

2
a

2.7c2
≈ σTBmec

2N>

4πq
(26)

where the left side of this equation is the Planck function in the Rayleigh-
Jeans limit, and N> is the column density of electrons with LF larger than
max(γa,min[γm, γc]).

The emergent synchrotron spectrum for a distribution of electrons depends
on the ordering of these characteristic frequencies. Spectra for two particular
orderings are shown in fig. 5.
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Fig. 5. Synchrotron spectrum for the case where νa < νm < νc is shown in the left
panel, and for the case νa < νc < νm in the right panel, e.g. (Sari et al., 1998).

2.2.3 Maximum energy of synchrotron photons

Charged articles are accelerated as they travel back and forth across a shock
front via the first order Fermi process. They gain energy by a factor ∼ 2
each time they are scattered from one side to the other of a relativistic shock
front. The maximum synchrotron frequency for an electron in this case turns
out to be about 50Γ MeV, and for a proton it is a factor mp/me larger; Γ is
the Lorentz factor of shocked plasma with respect to the observer, and mp is
proton mass.

The minimum time required for acceleration of a charged particle of mass m
while crossing a shock front is of the order of the Larmor time t′L = mcγ/(qB′);
where γ is LF of the particle in the shock comoving frame, and prime (′)
refers to quantity measured in the rest frame of the shocked fluid. The par-
ticle should not lose more than half its energy to synchrotron radiation in
time t′L, otherwise it will never get accelerated to LF γ. This implies that
4q4B′2γ2t′L/(9m2c3) < mc2γ/2 or qB′γ2/(2πmc) < 9mc3/(16πq2). The left
side of the last inequality is the synchrotron frequency for the particle, and
the right side depends on the particle’s mass. So we find that the maximum
synchrotron photon energy for an electron (proton) is ∼50 MeV (100 GeV) in
shocked fluid comoving frame under the optimistic Bohm diffusion limit.

It is possible to violate this limit, by a factor of a few at least, when the
magnetic field is highly inhomogeneous down stream of the shock front; syn-
chrotron photons produced when a particle is passing through a region of much
higher-than-average magnetic field can have energy larger than the limit de-
scribed above, e.g. Kumar et al. (2012).
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2.3 Inverse-Compton radiation

When a photon of frequency ν is scattered by an electron of larger energy,
the photon gains energy in this process on the average. If the electron Lorentz
factor is γe, and hνγe ≪ mec

2, then the average frequency of scattered photon
is νs ∼ νγ2

e . This is easy to see by viewing the process from the rest frame
of the electron where the angle-averaged frequency of the incident photon
is ν ′ ∼ νγe (see eq. 5 for relativistic Doppler shift). For hν ′ ≪ mec

2 the
scattering is elastic – the electron recoil can be neglected – so that the scattered
photon has frequency ν ′ (in electron rest frame) and its angular probability
distribution is a dipole function. Transforming the frequency of the scattered
photon back to the original frame introduces another Lorentz boost and that
results in νs ∼ νγ2

e .

Consider next an electron moving through a radiation field where the energy
density in photons is uγ. The power in IC-scattered photons, Pic, follows from
the energy boost by a factor γ2

e for each photon (independent of photon energy
for the case where hνγe ≪ mec

2 that we are considering here):

Pic ∼ σT

∫

dν
uνc

hν
hνγ2

e ∼ σTuγγ
2
ec, (27)

where uνdν is energy density in photons of frequency between ν and ν + dν;
∫

dν uν = uγ. We see from equations (15) and (27) that the ratio of synchrotron
and IC powers is uB/uγ; where uB = B2/8π is the energy density in magnetic
field.

A particularly important case of IC radiation is when seed photons are pro-
duced by the synchrotron process, i.e. electrons that produce seed photons
also IC scatter them to typically much larger energies. This process — called
synchrotron-self-Compton or SSC — could be important for GRBs and other
relativistic sources. The relative importance of synchrotron and IC processes
for extracting energy from a population of energetic electrons is specified by
the Compton Y parameter. Energy density in photons for the synchrotron
process is:

uγ =
∫

dr
∫

dγe
Psyn

c

dne

dγe
=

σT (δR)B2

6π

∫

dγe γ
2
e

dne

dγe
=

σT (δR)neB
2

6π
〈γ2

e 〉,
(28)

where δR is the radial width of the source, and

〈γ2
e 〉 ≡

1

ne

∫

dγe γ
2
e

dne

dγe
. (29)

Making use of the expression for uγ for synchrotron radiation we find the
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Compton-Y parameter to be

Y ∼ Pic/Psyn ∼ τe〈γ2
e 〉, where τe = σT (δR)ne (30)

is the optical depth of the source to Thomson scattering.

IC spectrum The spectrum of IC radiation is obtained by convolving electron

distribution with the seed photon spectrum (Rybicki and Lightman, 1979):

fic(νic) ≈
3σT (δR)

4

∫

dν
νic
ν2

fsyn(ν)
∫ dγe

γ2
e

dne

dγe
F
(

νic/4γ2
eν
)

, (31)

where

F (x) ≈ 2

3
(1 − x), x ≡ νic/(4γ2

eν). (32)

It follows from these equations that the IC spectrum, fic(νic), for a δ-function
seed photon spectrum (where photons have frequency ν0), and a power-law
distribution of electrons with index p which is cutoff at the low energy end at
γm, is proportional to νic for νic < 4γ2

mν0. Therefore, the low energy part of
IC spectrum can be significantly harder than the hardest possible synchrotron
spectrum (ν1/3) when synchrotron-self-absorption is negligible. At higher pho-
ton energies, νic > 4γ2

mν0, the IC spectrum has an asymptotic power-law index

ν
−(p−1)/2
ic , same as the spectrum for the synchrotron process.

IC in Klein-Nishina regime

When photon energy in electron comoving frame approaches (or exceeds) mec
2

two effects become important. One of which is that the electron recoil in
the scattering can no longer be ignored. The other effect is that the cross-
section is smaller than σT and it decreases with increasing photon energy as
∼ ν−1. See Rybicki and Lightman (1979) for appropriate equations. One simple
consequence of the recoil effect is that the energy of the scattered photon is
limited to ∼ mec

2γe/2 (and is no longer ∼ ν0γ
2
e ) which is obvious from energy

conservation.

2.4 Hadronic processes

Photo-pion process refers to the production of pions (π0, π+ and π−) in col-
lisions of photons with protons; charge conservation requires that π− is pro-
duced with at least one π+. The decay of π+ produces positrons of very high
LF which can then produce high energy photons via the synchrotron process.
A neutral pion π0 can directly decay into two photons. The photo-pion process
is likely to be important in those situations where electrons are unable to be
accelerated efficiently to very high LFs whereas protons are. It also offers a
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way to beat the well known limit on the maximum synchrotron photon energy
of about 50Γ MeV for shock accelerated electrons(see §2.2.3).

The delta resonance for photon-proton interaction, p + γ → ∆+, has the
largest cross section, σγp = 5 × 10−28cm2, and the lowest energy threshold —
∼ 200 MeV for photon in proton rest frame — of the photo-proton resonances,
and is therefore the most important photo-pion interaction to consider for
many astrophysical systems. The delta resonance has two main decay channels:
∆+ → π++n and ∆+ → π0+p. The neutral pions quickly decay in 8.4×10−17s
(in their rest frame) to two photons, and the outgoing γ-ray energy is at least
67 MeV (in pion rest frame).

The π+ decays in 2.6 × 10−8s to µ+ & νµ, and the anti-muon subsequently
decays as µ+ → e+ + ν̄µ + νe. The isospin conservation gives a branching ratio
for π+ : π0 decay channels of ∆+ to be 1 : 2. However, when contributions
from all the possible resonances as well as the direct pion production are
included the ratio of charged pions to neutral pions is actually closer to 2 : 1
(Rachen and Mészáros, 1998). A detailed discussion of the photo-pion process
in the context of high energy emission from GRBs is provided in §7.9.1, and
its contribution to neutrinos is described in §10.

Another relevant process is the Bethe-Heitler pair production process p+γ →
p + e+ + e−. Its relative importance with respect to the photon pion process
in contributing to radiation from GRBs is described in §7.9.2.
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3 Afterglow theory

3.1 Relativistic shocks: basic scalings

One important piece of the GRB theory is a “generic” model that does not
depend on the details of the central engine. This is a relativistic blastwave
theory that describes interaction between the “fireball” — which moves with
Lorentz factor Γ0 before deceleration & has total “isotropic equivalent” energy
E — and the circumburst medium (CBM) described by the density profile,
n(R) = (A/mp)R

−k. Such a fireball–CBM interaction is inevitable for any
type of energetic explosion. A power-law decaying multi-wavelength afterglow
was in fact predicted by Paczýnski and Rhoads (1993); Mészáros and Rees
(1997a) before the first observational detection of X-ray afterglow in 1997 by
the BeppoSAX satellite. A relativistic shock theory was developed by Bland-
ford and McKee (1976) in the context of AGN jets which turned out to be
well suited for interpreting GRB afterglows in X-ray, optical and radio bands
when they were discovered in 1997 (Costa et al., 1997; van Paradijs et al., 1997;
Frail et al., 1997). The self-similar nature of the blastwave solution naturally
explains the power law behavior of the afterglow lightcurves.

The basic dynamics of blastwave is easy to understand using simple physical
arguments, and the main results are sketched in Figure 6. The emphasis is
on trying to provide a physical understanding of the key concepts and not on
rigorous derivations. For the latter we shall provide citations of the relevant
literature.

It is best to work in the comoving frame of the shocked fluid which is traveling
with Lorentz factor Γ with respect to unshocked fluid. The density of the
unshocked medium in this frame is Γn, and upstream particles are seen to
be streaming toward the shocked fluid with a Lorentz factor Γ; upstream
particles have thermal energy much smaller than their rest mass. What a
shock does is to randomize the orientation of particle velocity vectors, without
changing their Lorentz factors, when they cross the shock front, and therefore
the mean “thermal” energy of protons down-stream of the shock front is Γmpc

2

(derivation provided below). As viewed from the lab frame, the average energy
of each down-stream proton is Γ2mpc

2, and hence for a blast wave at radius
R, the total energy in the shocked plasma is

E ≈ 4πAR3−kc2Γ2/(3 − k), (33)

where AR−k is the density of the medium at radius R and 4πAR3−k/(3 − k)
is the total swept up gas mass. This equation describes the basic dynamics of
the blast wave. For instance, for a constant density CBM, and a non-radiative
blast wave with constant total energy, the LF Γ ∝ R−3/2. The deceleration
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Fig. 6. A schematic sketch of highly relativistic shock as viewed from the mean
rest frame of the shocked fluid; lines represent magnetic fields, and arrows show
particle velocity with respect to the shocked plasma. The Lorentz factor of the
unshocked medium (right hand part of the sketch) with respect to shocked plasma
is Γ. Cold, upstream, particles stream toward the shocked plasma with Lorentz
factor Γ as viewed in this frame, and after crossing the front their velocity direction
is randomized but the magnitude of their proper-velocity is nearly unchanged. The
shock also compresses plasma by a factor 4 (as viewed in the comoving frame of
shocked plasma), and amplifies magnetic fields and accelerates particles.

radius – the distance from the center of explosion (CoE) where the blast wave
LF decreases by a factor 2 from its initial value of Γ0 and the energy imparted
to the CBM is E/2 – is obtained from the above equation which for a constant
density medium is given by

Rd ≈ (1.2 × 1017cm)E
1/3
53 n−1/3Γ

−2/3
0,2 . (34)

Shocks also compress plasma — for highly relativistic shocks the compression
factor is 4Γ, i.e. the comoving frame density of the shocked plasma is 4Γn
(quantitative expression is provided in eq. 36 below) — and accelerate particles
to produce a power-law distribution function, and generate magnetic fields.
These ingredients are all that one needs for calculating afterglow radiation
from the interaction of a relativistic outflow with the surrounding medium.

We outline the derivation of the two results mentioned above, i.e. compres-
sion of plasma and entropy produced by a blast-wave, and then describe the
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dynamics for a number of different situations before taking up the radiation
physics of GRB afterglows.

For a relativistic shock propagating into a cold upstream medium, the physical
condition of the shocked plasma is obtained from the conservation of baryon
number, energy & momentum fluxes across the shock front; the baryon number
flux is given by n′Γc, and the momentum and energy fluxes are part of the
energy-momentum tensor T µν = (ρ′c2+p′)uµuν +p′gµν , where ρ′c2 & p′ are the
total energy density & pressure in the plasma rest frame, uµ is the 4-velocity,
and gµν is the metric tensor. These conservation equations can be reduced
to the following three equations (Blandford and McKee, 1976; Rezzolla and
Zanotti, 2013):

e′2
n′
2

= (γ21 − 1)mpc
2, (35)

n′
2

n′
1

=
γ̂γ21 + 1

γ̂ − 1
, (36)

γ2
1s =

(γ21 + 1)[γ̂(γ21 − 1) + 1]2

γ̂(2 − γ̂)(γ21 − 1) + 2
. (37)

Here mp is proton mass, c is speed of light, subscript “2” and “1” denote
downstream and upstream, respectively, e′ & n′ are internal energy density &
proton number density (in local fluid rest frame), γ21 is the relative Lorentz
factor of plasma in region 2 with respect to region 1, γ1s is the relative Lorentz
factor of plasma in region 1 with respect to the shock front, and γ̂ is the
adiabatic index of the fluid. For ultra-relativistic shocks, Γ ≫ 1, that describe
the afterglow emission from GRB blastwave for a few days (e.g. Piran, 1999),
one has γ̂ = 4/3, and it follows from the above conservation equations that
e′2/n

′
2 ≃ γ21mpc

2 (the average energy of protons down-stream of the shock
front is ∼ γ21mpc

2), n′
2/n

′
1 ≃ 4γ21 (downstream plasma is compressed by a

factor of 4γ21, and γ1s ≃
√

2γ21 (the shock front travels slightly faster than
the downstream fluid).

Once the blastwave enters the self-similar deceleration phase, some simple
scalings can be derived. Let us consider the case of a constant energy blast-
wave (E) traveling in a constant density CBM (n) as an example. Energy
conservation can be written as

E =
4π

3
R3nmpc

2 · Γ2 = const, (38)

where Γ = γ21 is the bulk Lorentz factor of the blastwave (with respect to the
unshocked medium), R is the distance of the shock front from the explosion
center, and the factor Γ2 takes into account average proton thermal energy in
the lab frame (proton thermal energy in the shocked fluid comoving frame is
mpc

2Γ). One therefore finds Γ2R3 =constant, or

Γ ∝ R−3/2. (39)

26



The time duration for arrival of photons at the observer is smaller than the
center-of-explosion (CoE) frame time by roughly a factor 2Γ2 due to the blast-
wave and photons moving in more or less the same direction and the difference
in their speed being ∼ 1/2Γ2 (see §2.1). Therefore,

tobs ∼
R

2Γ2c
∝ R4 ∝ Γ−8/3, (40)

and

Γ ∝ R−3/2 ∝ t
−3/8
obs , R ∝ t

1/4
obs. (41)

More generally, one can consider a power-law stratified density profile

n = n0

(

R

R0

)−k

, (42)

with k < 3. The energy conservation equation can be written as

E =
∫

n0

(

R

R0

)−k

mpc
2Γ24πR2 dR = const, (43)

or R3−kΓ2 =constant. Carrying out the same exercise as above, one finds the
observer frame time

tobs ∼
R

2Γ2c
∝ RΓ−2 ∝











Γ
2

k−3 · Γ−2 ∝ Γ
8−2k
k−3

R ·R3−k ∝ R4−k
(44)

so that

Γ ∝ R
k−3

2 ∝ t
k−3

8−2k

obs , R ∝ t
1

4−k

obs . (45)

This reduces to (41) for k = 0 (constant density). For a free wind with constant
mass loss rate Ṁ and wind speed vw, one has Ṁ = 4πR2nvw =constant, or
n ∝ R−2 (or k = 2). Plugging in k = 2, one gets the scaling for a wind medium
(Dai and Lu, 1998b; Mészáros et al., 1998; Chevalier and Li, 1999, 2000)

Γ ∝ R−1/2 ∝ t
−1/4
obs , R ∝ t

1/2
obs. (46)

It is possible that the blastwave energy continuously increases with time. This
is the case for instance when a fireball is fed by a long lasting, Poynting-flux
dominated, jet (so that the reverse shock, discussed in §3.3, does not exist
or is very weak). Then, the dynamics of the blast wave is determined by
taking into account the additional energy added to it by the outflow from the
central engine (Blandford and McKee, 1976; Cohen and Piran, 1999). This is
particularly relevant when the central engine is a millisecond magnetar (Usov,
1992; Thompson, 1994; Dai and Lu, 1998a; Zhang and Mészáros, 2001a).
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Consider a central engine with time dependent luminosity –

L(t) = L0

(

tobs
t0

)−q

. (47)

For q ≥ 1 the injected energy does not grow appreciably with time, and the
blastwave behavior is essentially same as the constant energy case. So in the
following discussion we will consider the case of q < 1.

The total energy in the blastwave

Etot = E0 + Einj = E0 +
∫ tobs

0
L(t)dt = E0 +

L0t
q
0

1 − q
· t1−q

obs , (48)

where E0 is the initial energy in the blastwave, and Einj is the injected energy
into the blastwave from the long-lasting central engine.

The blastwave scaling becomes different when Einj ≫ E0 for q < 1. In this
case, the total energy

Etot ∼ Einj ∝ t1−q
obs . (49)

For the constant density CBM case, one has

Γ2R3 ∝ t1−q
obs . (50)

Again taking tobs ∝ R/Γ2, one can rewrite the above equation as

Γ2R3 ∝ R1−qΓ2(q−1). (51)

Regrouping the parameters, one finally has

Γ ∝ R− 2+q
4−2q ∝ t

− 2+q
8

obs , R ∝ t
2−q
4

obs . (52)

The limiting case of q → 1 reduces to the constant energy blastwave dynamics.

For the CBM with density falling off as R−2 (wind like medium), one has

Γ2R ∝ t1−q
obs ∝ R1−qΓ2q−2. (53)

This leads to the following time dependence for blastwave LF and radius

Γ ∝ R
q

2q−4 ∝ t
− q

4

obs, R ∝ t
2−q
2

obs . (54)

Again this is reduced to the constant energy wind medium when → 1.

An alternative energy injection, or refreshed shock, mechanism is to consider
a Lorentz factor stratification of the ejecta (Rees and Mészáros, 1998), e.g.

M(> γ) ∝ γ−s. (55)
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Mass (and therefore energy) is added to the blastwave when the blastwave
progressively decelerates, so that

E ∝ γ1−s ∝ Γ1−s, (56)

where γ is the Lorentz factor of the ejecta, and Γ is the Lorentz factor of the
blastwave. Since energy is injected when Γ ∼ γ, the reverse shock is very weak,
one can again neglect the reverse shock contribution.

The two energy injection mechanisms can be considered equivalent, as far as
the blast wave dynamics is considered, and one model can be related to the
other by expressing the injection parameter s in terms of q (Zhang et al.,
2006). For the constant density CBM one has

Γ ∝ R−3/(1+s) ∝ t
−3/(7+s)
obs , R ∝ t

(1+s)/(7+s)
obs . (57)

Therefore, the relation between s and q is obtained by comparing equations
(52) & (57), and requiring the dynamics for the two forms of energy injections
to be the same:

s =
10 − 7q

2 + q
, q =

10 − 2s

7 + s
. (58)

For the wind like CBM one has

Γ ∝ R−1/(1+s) ∝ t
−1/(3+s)
obs , R ∝ t

(1+s)/(3+s)
obs , (59)

so that the equivalency relation between s & q for a wind-like CBM is

s =
4 − 3q

q
, q =

4

3 + s
. (60)

3.2 Afterglow synchrotron spectrum and lightcurve

An instantaneous afterglow spectrum can be characterized by a multi-segment
broken power law (Sari et al., 1998), separated by three characteristic frequen-
cies: the typical synchrotron frequency of the accelerated electrons with the
minimum Lorentz factor νm, the cooling frequency νc, and the synchrotron
self-absorption frequency νa. In the afterglow phase, νa is usually the smallest
of these three frequencies at least for a few months after the explosion for
a typical CBM density, and the spectrum falls into two broad categories de-
pending on the ordering of νm and νc. The spectrum when νm < νc, classified
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as “slow cooling” case, is (see §2.2, Fig. 4, Sari et al. (1998))

fν =







































fν,max

(

νa
νm

)1/3 (
ν
νa

)2
, ν < νa

fν,max

(

ν
νm

)1/3
, νa < ν < νm

fν,max

(

ν
νm

)−(p−1)/2
, νm < ν < νc

fν,max

(
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)−(p−1)/2 (
ν
νc

)−p/2
, ν > νc

(61)

and for νc < νm, or “fast cooling” regime, the emergent spectrum is

fν =







































fν,max
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νc

)1/3 (
ν
νa

)2
, ν < νa

fν,max
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)1/3
, νa < ν < νc

fν,max

(
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fν,max

(

νm
νc

)−1/2 (
ν
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)−p/2
. ν > νm

(62)

Here fν,max is the maximum flux density, which is fν(νm) for slow cooling and
fν(νc) for fast cooling. These spectral functions are independent of blast-wave
dynamics, although the ordering of νm, νc and νa and how they evolve with
time are determined by the dynamics, CBM properties, and micro-physics
parameters of shocked plasma.

The characteristic frequencies νm, νc can be calculated from the synchrotron
frequency formula (§2.2, eq. 18)

ν =
3

4π
γ2 qB

′

mec
(63)

by replacing γ with γm and γc, where γm is the minimum Lorentz factor of
electrons in the shock heated plasma 8 which is given by

γm = g(p)ǫe(Γ − 1)
mp

me

np

ne

, (64)

Γ is the Lorentz factor of the blast wave, ǫe is the fraction of energy density
of shocked fluid given to electrons, np & ne are the number densities of pro-
tons and electrons, respectively, and the dimensionless factor g(p) when the
maximum LF of electrons accelerated in the shock is γM is given by

g(p) ≃











p−2
p−1

, p > 2

ln−1(γ
M
/γm), p = 2

. (65)

8 The electron distribution function, dn/dγ, peaks at γm. For γ > γm, dn/dγ ∝ γ−p,
and for γ < γm the distribution function is uncertain but could be thermal.
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The above expression for g follows from the requirement that the total electron
energy — obtained by integrating the distribution function, dn/dγ ∝ γ−p, for
γ > γm — is ǫe times the energy density on the shocked fluid, i.e. ǫe4Γ(Γ −
1)npmpc

2. The Lorentz factor of electrons that cool on a dynamical time (t′)
is (see §2.2 for details)

γc =
6πmec

σ
T
t′B′2(1 + Y )

, (66)

where Y = usyn/uB is the synchrotron self-Compton parameter 9 , which is the
ratio of the synchrotron photon energy density usyn and the magnetic energy
density uB = B2/8π.

The self-absorption frequency νa can be calculated by equating the emergent
flux at νa to the blackbody flux corresponding to the temperature of electrons
with synchrotron characteristic frequency νa (see §2.2 for details)

Isynν (νa) = Ibbν (νa) ≃ 2kBT · ν
2
a

c2
, (67)

where
kBT ≃ max [γa,min(γc, γm)]mec

2/3, (68)

and γa is the Lorentz factor corresponding to ν ′
a, i.e. γa = (4πmecν

′
a/3qB′)1/2.

The comoving magnetic field strength is obtained by taking the energy density
in magnetic field to be ǫB times the energy density of shocked CBM:

B′ ≈ [32πmpc
2ǫBnp(Γ − 1)Γ]1/2. (69)

The time-dependence of spectral break frequencies νm, νc, and νa can be cal-
culated from the shock dynamics, or in particular from the evolution of shock
Lorentz factor Γ. For instance, for a constant density CBM, Γ ∝ t

−3/8
obs (eq. 41),

and therefore B′ ∝
∼ Γ ∝ t

−3/8
obs , γm ∝

∼ Γ ∝ t
−3/8
obs , and so νm ∝ B′γ2

mΓ ∝
∼ Γ4 ∝ t

−3/2
obs ;

it is easy to show that νm ∝ t
−3/2
obs even when the CBM density is not constant

but varies as a power-law function of distance. Similarly it can be shown that
νc ∝ t

−1/2
obs and νa is time independent for a constant density medium. The full

expression for νm, νc and νa for a constant density medium is (e.g. Granot and
Sari, 2002; Gao et al., 2013b)

νm = 3.3 × 1014 Hz (1 + z)1/2ǫ
1/2
B,−2[ǫeg(p)]2E

1/2
52 t

−3/2
obs,d , (70)

νc = 6.3 × 1015 Hz (1 + z)−1/2ǫ
−3/2
B,−2E

−1/2
52 n−1

p t
−1/2
obs,d , (71)

νa = 4.2 × 108 Hz (1 + z)−1

[

(p + 2)(p− 1)

(3p + 2)

]0.6

[ǫeg(p)]−1ǫ
1/5
B,−2E

1/5
52 n3/5

p , (72)

9 The expression for Compton Y parameter is different when photon-electron scat-
terings are in Klein-Nishina limit, i.e. when the energy of a typical photon in the
rest frame of the electron is larger than mec

2.
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whereas for a wind like CBM

νm = 4.0 × 1014 Hz (p− 0.69)(1 + z)1/2ǫ
1/2
B,−2[ǫeg(p)]2E

1/2
52 t

−3/2
obs,d ; (73)

νc = 4.4 × 1013 Hz (3.45 − p) exp(0.45p)(1 + z)−3/2ǫ
−3/2
B,−2E

1/2
52 A−2

∗ t
1/2
obs,d; (74)

νa = 3.3×109 Hz (1+z)−2/5

(

p− 1

3p + 2

)3/5

[ǫeg(p)]−1ǫ
1/5
B,−2E

−2/5
52 A6/5

∗ t
−3/5
obs,d ; (75)

where tobs,d is time in observer frame in units of 1 day, and A∗ is density
parameter for a wind like CBM defined as n(R) = A∗(3× 1035)R−2cm−3 with
the unit for R in cm; A∗ = 1 corresponds to mass loss rate in the wind of
GRB progenitor star of 10−5M⊙yr−1 at wind speed of 108cm/s.

The specific flux at the peak of the spectrum can be written as (see §2.2)

fν,max =
(1 + z)L′

ν′Γ

4πD2
L

≈ (1 + z)
NtotP

′
ν,maxΓ

4πD2
L

, (76)

where L′
ν′ is specific luminosity in jet comoving frame, Ntot is the total number

of electrons that contribute to radiation at frequency ν,

P ′
ν′,max ≈

√
3q3B′

mec2
, (77)

is the power radiated per unit frequency for one electron at the peak of the
spectrum i.e. specific power for an electron with thermal LF γ ≈ min(γc, γm),
z is the redshift of the burst, and

DL = (1 + z)
c

H0

∫ z

0

dz′
√

Ωm(1 + z′)3 + ΩΛ

(78)

is the luminosity distance of the burst, H0 is the Hubble’s constant, Ωm and
ΩΛ are density parameters for matter and dark energy, respectively.

We see from equation (76) that the peak specific flux, Fν,max ∝ NtotB
′Γ ∝

R3Γ2, is time independent for a constant density medium — since R3Γ2 is
the total energy in the blast wave which is constant for an adiabatic external
shock. For a wind-like stratified medium Fν,max ∝ RΓB′ ∝ Γ2 ∝ t

−1/2
obs . The

full expression for the peak specific flux for these two types of CBM media are
(e.g. Granot and Sari, 2002; Yost et al., 2003)

fν,max = 1.6 mJy (1 + z)ǫ
1/2
B,−2E52n

1/2
p D−2

L,28, np ∝ R0 (79)

fν,max = 7.7 mJy (p + 0.12)(1 + z)3/2ǫ
1/2
B,−2E52A∗D

−2
L,28t

−1/2
obs,d, np ∝ R−2.(80)

Making use of these expressions for peak flux, νm, and νc, it can be shown that
the observed specific flux for ν > max(νm, νc) is (Kumar, 2000; Freedman and
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Fig. 7. Radio, optical, and X-ray model light-curves for eight GRB afterglows (legend
of middle graph applies to all panels). The model light-curves were obtained by
χ2-minimization using radio, millimeter, sub-millimeter, near infrared, optical, and
X-ray data. The radio fluctuations are due to scatterings by inhomogeneities in the
Galactic interstellar medium (Goodman 1997). Fluxes have been multiplied by the
indicated factors, for clarity (figure from Panaitescu & Kumar 2001).

Waxman, 2001)

fν ∝ E(p+2)/4ǫp−1
e ǫ

(p−2)/4
B t

−(3p−2)/4
obs ν−p/2, (81)

which is completely independent of CBM density and its stratification, and
very weakly dependent on ǫB, which are the two most uncertain parameters
in afterglow modeling. This result turns out to be very useful for interpreting
high energy GRB data (ν >

∼ 102MeV) obtained by the Fermi/LAT as described
in §4.3.

The synchrotron radiation mechanism in external shock provides a good de-
scription of late time (t >∼ 10hr) GRB afterglow radiation from radio to X-ray
frequencies (see Fig. 7), as well as GeV emission of some GRBs at early times
(see §4.3).

3.3 Reverse shock

During the early afterglow phase, a strong reverse shock (RS) propagates
across the GRB-ejecta to decelerate it if the magnetic field in the ejecta is dy-
namically unimportant, i.e. the magnetization parameter σ ≡ B′2/(4πn′

pmpc
2) ≪

1. The RS dynamics is more complicated than the self-similar solution for for-
ward shock (FS) propagating into CBM. The RS–FS system can be separated
in four regions (see Fig.8): 1. the unshocked medium; 2. shocked medium; 3.
shocked ejecta; 4. unshocked ejecta. These regions are separated by the forward
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Fig. 8. This is a schematic sketch of a pair of shocks produced when a relativistic
jet from a GRB collides with the circum-burst medium (CBM), as viewed from the
rest frame of unshocked CBM. Regions 2 & 3 represent shocked CBM and GRB
jet respectively. They move together with the same Lorentz factor (γ2, as viewed
by a stationary observer in the unshocked CBM), and have the same pressure but
different densities.

shock front (FS, between 1 & 2), a surface of contact density-discontinuity (be-
tween 2 & 3), and the reverse shock front (RS, between 3 & 4). Radiation from
RS-heated GRB ejecta was predicted (Meszaros and Rees, 1993; Mészáros and
Rees, 1997a; Sari and Piran, 1999b) prior to its discovery in 1999 when a very
bright optical flash was observed from GRB 990123 while γ-ray burst was still
active (Akerlof et al., 1999; Sari and Piran, 1999a; Mészáros and Rees, 1999).

A quick derivation of FS–RS system properties, for an unmagnetized GRB-jet,
follows from the requirement of pressure equilibrium across the contact discon-
tinuity surface (which separates regions 2 & 3). Let us take the Lorentz factors
of the RS-heated GRB-jet with respect to unshocked jet to be γ34, and the
shocked CBM with respect to unshocked CBM to be γ21. We know from previ-
ous discussions regarding relativistic shocks that the pressures of the shocked
fluid in regions 2 & 3 are 4γ2

21n1 & 4γ2
34n

′
4, respectively; density in region i, in

the local comoving frame, is n′
i. The Lorentz factor of the unshocked jet (re-

gion 4) with respect to the unshocked CBM is the jet Lorentz factor Γ0 which
is equal to 2γ21γ34 (this follows from the addition of 4-velocities). Combining
this relation with pressure equilibrium across the contact discontinuity surface
we find:

γ34 ≈ (n1/4n′
4)

1/4Γ
1/2
0 , and γ21 ≈ (n′

4/4n1)
1/4Γ

1/2
0 . (82)

These equations are only valid when both RS and FS are relativistic (similar
relations are easy to obtain for a non-relativistic RS). We note that the Lorentz
factor of the shocked jet with respect to CBM (γ3) is equal to γ21 since both
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shocked regions move together at the same speed. With RS/FS Lorentz factors
in hand it is straightforward to determine various thermodynamical variables
of the shocked plasma in regions 2 & 3. A more detailed derivation of these
results can be found in Sari and Piran (1995).

The calculation of radiation from RS is similar to the FS emission described in
§3.2. For the simplest model, one assumes a finite radial extent of the GRB-jet
(related to the finite duration of the GRB) and a roughly constant Lorentz
factor of the ejecta 10 . In this case the RS lightcurve declines rapidly (∼ t−2)
due to adiabatic cooling of electrons, and a decrease of the magnetic field
strength, after the RS reaches the back end of the jet (Sari and Piran, 1999b).
A useful classification for RS is based on the dimensionless width of the ejecta
defined below (Sari and Piran, 1995)

ξ ≡ (l/∆)1/2Γ
−4/3
0 , (83)

where l is the Sedov radius (the radius at which the rest mass energy of the
swept up CBM by the blastwave is equal to the initial energy of the GRB),
∆ = cT is the thickness of the GRB-ejecta in lab frame (T is the burst
duration in CoE frame), and Γ0 is the initial Lorentz factor. The GRB-ejecta
is considered a “thin shell” or a “thick shell” depending on whether ξ > 1 or
ξ < 1, respectively. The FS/RS dynamics for the two regimes are different,
and so are the resulting lightcurves. A detailed study of the RS dynamics
and emission signature can be found in Kobayashi (2000). A joint study of
RS/FR emission signatures can be found in (Kobayashi and Zhang, 2003b;
Zhang et al., 2003a; Kumar and Panaitescu, 2003; Wu et al., 2003; Kobayashi
and Zhang, 2003a; Gao et al., 2013b).

The shock solution for a jet with arbitrary magnetization σ, in the context
of GRBs, can be found in e.g. Zhang and Kobayashi (2005); Mimica et al.
(2009); Narayan et al. (2011); Fan et al. (2004) discuss the case of σ < 1.
The shock solution of a continuous, relativistic magnetized jet is described in
seminal papers of Kennel and Coroniti (1984a,b) in context of pulsar wind.

The relative importance of the RS and FS emissions depends on the ratio of
microphysics parameters in these two shock regions, and on the Lorentz factors
of reverse-shock & forward-shock fronts (Kobayashi and Zhang, 2003b; Zhang
et al., 2003a; Nakar and Piran, 2004). Radiation from the reverse-shock offers
one of the few ways to determine the GRB jet composition, e.g. McMahon
et al. (2006); Nakar and Piran (2004). However, this requires separating FS
and RS contributions to the afterglow data. A few different cases of RS/FS

10 It is possible that the ejecta has a Lorentz factor stratification. If so, the RS is
long-lived, and may give rise to interesting features in the RS lightcurve (Rees and
Mészáros, 1998; Sari and Mészáros, 2000; Uhm and Beloborodov, 2007; Genet et al.,
2007; Uhm et al., 2012; Uhm and Zhang, 2014a).
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signatures are described below (Zhang et al., 2003a; Jin and Fan, 2007).

Type I: re-brightening. For standard microphysics parameters, i.e. ǫe = 0.1
and ǫB = 0.01, for both FS and RS, the optical lightcurve usually shows a re-
brightening signature. The first peak is dominated by the RS emission, while
the second peak corresponds to the decline of νm in the FS below the optical
band. Such a pattern has been observed in some bursts (e.g. Kobayashi and
Zhang, 2003b; Shao and Dai, 2005), however, the color change at the second
peak – associated with the passing of νm through the optical band — has not
been confirmed so far.

Type II: flattening. If the the magnetization parameter for the unshocked
GRB ejecta is not so large as to suppress the RS, and RS has larger magnetic
field than the FS, then the emission from RS would dominate as was the case
for GRB 990123. The early optical flare is RS dominated, and the flare peaks
at the time when the reverse shock completes its passage through the GRB
ejecta. The decay of the RS flux in a fixed observer frequency band after the
peak is ∼ t−2 (Mészáros and Rees, 1999; Sari and Piran, 1999b). This fast
decline transitions to a more normal t−1 decay when emission from the FS
takes over. There are quite a few cases of optical afterglows that show this
behavior (Fox et al., 2003; Li et al., 2003; Zhang et al., 2003a; Kumar and
Panaitescu, 2003; Gomboc et al., 2008).

Type III: no RS component. In the Swift era, many early optical afterglow
lightcurves have been obtained. To one’s surprise, many of these lightcurves
show a smooth hump with the post-decay slope consistent with the FS emis-
sion, without the signature of a RS (Molinari et al., 2007; Rykoff et al., 2009;
Liang et al., 2010). This can be due to a Poynting flux dominated GRB-jet
that suppresses RS (Zhang and Kobayashi, 2005; Mimica et al., 2009), or a
very low νm in the RS (Jin and Fan, 2007).

3.4 Jet break

Evidence suggests that GRB outflows are collimated as anticipated by Rhoads
(1997). This is inferred from an achromatic break seen in many afterglow
lightcurves which are known as “jet breaks”. The steepening of the lightcurve
following the “jet break” is due to two effects (e.g. Rhoads, 1999; Sari et al.,
1999).

The first is the so-called “edge” effect (e.g. Mészáros and Rees, 1999; Panaitescu
and Mészáros, 1999; Rhoads, 1999; Sari et al., 1999). For a jet moving rela-
tivistically with Lorentz factor Γ, photons emitted at any point on the jet are
beamed, as seen in the lab frame, within a 1/Γ cone. Thus, for a conical jet
with opening angle θj, initially when Γ > 1/θj, an observer only sees radiation
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from a small fraction of the jet. He then has no knowledge about the finite col-
limation angle for the jet, and the jet dynamics resembles that of an isotropic
fireball; the lightcurve during this phase is the “pre-jet-break” lightcurve. As
the jet decelerates, the 1/Γ cone increases, and the photon beaming angle be-
comes comparable to the opening angle of the jet-cone. Lightcurves display a
“jet break” when this condition is satisfied. When Γ < 1/θj, the observer be-
comes aware of a deficit of flux with respect to an isotropic fireball case, and the
lightcurve starts to fall off more steeply than the pre-break, isotropic, phase.
The edge effect involves no change to blastwave dynamics. It is a geometrical,
plus special relativistic, effect, and its effect on the observed specific flux is
to introduce an additional factor of θ2j/(1/Γ)2 ∝ Γ2 to account for the deficit
in the solid angle from which radiation is received compared with a spherical
outflow. For a uniform density CSM case, one has Γ ∝ t−3/8, and therefore the
post-jet-break lightcurve, for all different orderings of synchrotron character-
istic frequencies, falls off faster than the isotropic case by a factor Γ2 ∝ t−3/4;
the temporal behavior of synchrotron characteristic frequencies are unaffected
by the edge effect.

For the case of a CBM with density stratification like that of a wind, Γ ∝ t−1/4,
and post-jet-break lightcurve fall-off is steeper than the isotropic case by a
factor t−1/2. It is found that the jet break in the wind medium is very smooth,
covering more than 2 orders of magnitude in time, when smearing due to
integration over equal-arrival-time surface is taken into account (Kumar and
Panaitescu, 2000b; Piran, 2000; Granot and Piran, 2012). However, numerical
simulations of jet propagation find that lightcurves make a transition to a
steeper fall-off, due to jet-break, on a shorter time scale of perhaps an order
of magnitude (e.g. De Colle et al., 2012).

The second effect of a finite jet angle on the lightcurve arises due to its sideways
expansion. Rhoads (1999) and Sari et al. (1999) showed that the epoch when
the edge effect kicks in is also the time when sound waves cross the jet in the
transverse direction leading to its sideways expansion. The jet opening angle
increases as θj ∼ Γ−1 when the sideways expansion speed in jet rest-frame is
of order the sound speed which for a relativistic plasma is c/31/2; θj ∼ Γ−1 is
a consequence of time dilation plus transverse speed ∼ c – the time elapsed in
jet comoving frame is a factor Γ smaller than the lab frame time, and therefore
the transverse size of the jet, when it expands with speed ∼ c in its own rest
frame, is approximately R/Γ. The transverse speed of the jet, in the lab frame,
in this case is vθ ∼ c/Γ. However, according to the momentum equation for
a relativistic plasma ∂(ρΓ2vθ)/∂t ∼ r−1∂p/∂θ, one has vθ ∼ c/(Γ2θj); for a
detailed discussion of this result see e.g. Kumar and Granot (2003); Granot
and Piran (2012). The jet evolution for these two different transverse speeds
– c/Γ and c/(Γ2θj) – are found to be not too different (Granot and Piran,
2012).
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Combining the energy conservation equation for a constant density CBM
— E ∝ R3Γ2θ2j — with θj ∼ Γ−1 after the jet-break, we find that the
jet radius increase slows down substantially after the jet-break. Therefore,
Γ ∝ (R/tobs)

1/2 ∝
∼ t

−1/2
obs after the jet break. A more precise analytic derivation

of jet radius and LF evolution is discussed in e.g. Rhoads (1999); Sari et al.
(1999); Piran (2000); Granot and Piran (2012), and is given by:

Γ ∝
∼ exp(−R/ljet), → Γ ∝ t

−1/2
obs , (84)

where

ljet ≡
[

Ejet

(4π/3)npmpc2

]1/3

. (85)

Therefore, one has
νm ∝ Γ4 ∝ t−2

obs; (86)

νc ∝ Γ−1t−2
obsB

′−3 ∝ t0obs; (87)

Fν,max ∝ R3B′Γ ∝ R3Γ2 ∝ t−1
obs, (88)

so that the post jet-break afterglow lightcurve, in slow cooling regime, is given
by

fν ∝



























ν1/3t
−1/3
obs , νa < ν < νm,

ν−(p−1)/2t−p
obs, νm < ν < νc,

ν−p/2t−p
obs, ν > νc.

(89)

The flux decay in a band that lies above min(νc, νm), ∝ t−p, is steeper than
when the edge effect alone is considered.

Numerical simulations suggest that sideways expansion of a relativistic jet is
unimportant until Γ drops below ∼ 2 (Granot et al., 2001; Kumar and Granot,
2003; Cannizzo et al., 2004; Zhang and MacFadyen, 2009; De Colle et al., 2012;
Granot and Piran, 2012; van Eerten and MacFadyen, 2012; van Eerten et al.,
2012). Nevertheless, numerical simulations also show that a post-jet-break
lightcurve is similar to the simple analytical model we have described with
sideways expansion (Zhang and MacFadyen, 2009). The lightcurve behavior
also depends on observer’s viewing direction. Fitting late-time X-ray data
with numerical jet models suggests that the line of sight for most GRBs is
mis-aligned from the jet axis. (Zhang et al., 2014b; Ryan et al., 2014).

The GRB jets are expected to be structured, i.e. the luminosity per unit solid
angle and Lorentz factor vary with angle across the jet. Several papers have
analyzed jet properties varying with angle as a power-law function (Mészáros
et al., 1998; Rossi et al., 2002; Zhang and Mészáros, 2002b), or has a Gaussian
distribution (Zhang and Mészáros, 2002b; Kumar and Granot, 2003; Zhang
et al., 2004a). For an on-axis observer to a structured jet, the afterglow decay
slope is steeper than the top hat jet case described above (Mészáros et al.,
1998; Dai and Gou, 2001; Panaitescu, 2005). For an off-axis observer, the
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viewing angle becomes important for the lightcurve. For a power law jet, the
“jet break” time for an off-axis observer is determined by the viewing angle θv
rather than the jet opening angle θj as was the case for a “top hat” jet model
(Zhang and Mészáros, 2002b; Rossi et al., 2002; Kumar and Granot, 2003;
Granot and Kumar, 2003). For a Gaussian jet, the lightcurve is similar to a
top hat jet if the line of sight is inside the Gaussian cone, while it is similar
to the off-axis power-law case if the line of sight is outside (but not too much
larger than) the Gaussian cone (Kumar and Granot, 2003; Granot and Kumar,
2003). Structured jets make it possible to understand the GRB phenomenology
within the framework of a “quasi-universal” (Rossi et al., 2002; Zhang and
Mészáros, 2002b; Zhang et al., 2004a) jet, i.e. GRB jets are similar to each
other, and different observed properties are due to different viewing angles
of the observer 11 . Such models have well defined luminosity function (Zhang
and Mészáros, 2002b; Rossi et al., 2002) and distribution of the observed jet
break time (Perna et al., 2003). Even though the “universal” jet model is
challenged by the data (Nakar et al., 2004), a “quasi-universal” jet, with more
free parameters, is perhaps consistent with various observational constraints
(Lloyd-Ronning et al., 2004; Zhang et al., 2004a; Dai and Zhang, 2005).

Another widely discussed jet structure is the two-component jet model. Ac-
cording to which the GRB outflow is composed of a narrow jet, usually with
higher Lγ,iso and Γ, which is surrounded by a wider, usually with lower Lγ,iso

and Γ, jet component. Depending on the viewing angle, such a two-component
jet can account for a variety of lightcurve features, including an early jet break
and late time re-brightening (Huang et al., 2004; Peng et al., 2005; Wu et al.,
2005). The model has been applied to interpret the afterglow data for sev-
eral busts, such as GRB 030329 (Berger et al., 2003b) and GRB 080319B
(Racusin et al., 2008). The collapsar model of long-duration GRBs offers a
natural mechanism for generating a two-component jet: a narrow, highly rel-
ativistic, jet emerging from a star is accompanied by a wider, less relativistic
“cocoon” surrounding the jet (Ramirez-Ruiz et al., 2002; Zhang et al., 2004b).
Alternatively, the narrow jet may be related to a magnetically confined proton
component, while the wide jet is related to a neutron component that is not
subject to magnetic confinement (Peng et al., 2005).

The GRB jets can even be “patchy”, i.e. the emission comes from many bright
patches or “mini-jets” within a broad jet cone (Kumar and Piran, 2000a; Ya-
mazaki et al., 2004b). Mechanisms to produce patchy jets include non-uniform
shells within the internal shock scenario (Kumar and Piran, 2000a), localized
Lorentz boosted emission regions associated with relativistic outflows in mag-
netic reconnections, or turbulence in a magnetically-dominated jet (Lyutikov

11 This suggestion arose from the rough anti-correlation between Eγ,iso and θj (Frail
et al., 2001; Bloom et al., 2003), so the original suggestion was that GRB jets are
quasi-universal (e.g. Zhang and Mészáros, 2002b), rather than strictly universal.
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and Blandford, 2003; Narayan and Kumar, 2009; Kumar and Narayan, 2009;
Lazar et al., 2009; Zhang and Yan, 2011; Zhang and Zhang, 2014).

An interesting effect associated with relativistic jets of finite opening angle is
the so-called “orphan afterglows”, namely, detection of afterglow events with-
out the detection of prompt γ-ray emission itself. An observer lying outside
the jet cone might not see γ-rays due to the strong relativistic beaming of
photons in the direction of the jet and away from the observer line of sight.
However, this observer will see the afterglow lightcurve rise initially as the
Doppler beaming factor gradually increases when the 1/Γ cone widens, and
the flux will peak when 1/Γ cone enters the line of sight. Subsequently, the
lightcurve behaves like a normal (post jet-break) afterglow lightcurve (Gra-
not et al., 2002). An orphan afterglow is also possible for a dirty fireball, for
which the prompt GRB is not detected due to its low Lorentz factor, while
the afterglow radiation is produced when the outflow is decelerated (Huang
et al., 2002). Many authors have discussed the detectability of orphan after-
glows over the years (e.g. Totani and Panaitescu, 2002; Levinson et al., 2002;
Nakar et al., 2002; Zou et al., 2007). However, thus far no positive detection
has been made 12 . This is likely due to the combined effect of the faint nature
of orphan afterglows and the difficulty of identifying them.

3.5 Other effects

In this sub-section we describe a number of effects that could modify the
“standard” afterglow behavior of GRBs — which is based on an adiabatic,
relativistic, blastwave dynamics — we have discussed thus far. The effects of
radiative losses on the blastwave dynamics, and afterglow lightcurves, have
been discussed by a number of authors (e.g. Rees and Mészáros, 1998; Der-
mer et al., 1999; Mészáros and Rees, 1999; Huang et al., 1999; Böttcher and
Dermer, 2000; Nava et al., 2013), and we refer to these works for details. In
the following subsections we describe a few selected effects that can leave a
signature on afterglow lightcurves.

3.5.1 Naked afterglow and high-latitude effect

When a blast wave encounters a void the observed flux does not drop abruptly
even though the adiabatic cooling of electrons does indeed lead to a very sharp
decline of emissivity in the absence of electron acceleration. The reason is that
photons from parts of the jet lying at an angle larger than Γ−1 with respect

12 One possible exception was PTF11agg (Cenko et al., 2013), which is an optical
transient with power law decay but without a γ-ray trigger. However, Cenko et al.
(2013) argued that it is unlikely an orphan afterglow seen off-axis.
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to the line of sight (high latitudes) continue to contribute to the observed flux
for some period of time — due to the larger path length they have to travel
to get to the observer — after the jet has run into a void or the emission is
turned off suddenly for some other reason. A characteristic signature of this
“high latitude” radiation is that the temporal decay index (α) is related to
the spectral index (β) — fν ∝ t−αν−β — as follows:

α = β + 2. (90)

A simple derivation of this result can be found in §2.1, and for a more complete
discussion we refer to Fenimore et al. (1996); Kumar and Panaitescu (2000a);
Dermer (2004). The “high latitude” emission contributes to the observed flux
as the γ-ray emission winds down, and it probably accounts for the steeply de-
clining X-ray lightcurve observed by the Swift satellite immediately following
the prompt γ-ray phase for some GRBs (Zhang et al., 2006). It also provides
a good model for the decay phase of X-ray flares when the “zero time point”
is taken to be close to the start-time of the flare (Liang et al., 2006a).

3.5.2 Energy injection

Energy can be added to a decelerating blastwave, not only in a smooth, con-
tinuous way (for details of a continuously fed fireball, please see more extended
discussion in Sec.3.1, Eqs.47–60), but also in discrete steps when fast shells
ejected at late times from the central engine runs into the hot blastwave. This
interaction can be described in terms of five (Kumar and Piran, 2000b) or six
(Zhang and Mészáros, 2002c) different regions separated by three shocks and
one or two contact continuities, and displays rich afterglow behavior. Some
abrupt optical rebrightenings detected during the afterglow phase (e.g. Nar-
dini et al., 2011) might be related to such interactions (Zhang and Mészáros,
2002c).

3.5.3 Density bumps

A blastwave may run into regions of enhanced density in the circum-stellar
medium. These may lead to bump features in afterglow lightcurves (Dai and
Lu, 2002; Lazzati et al., 2002; Dai and Wu, 2003; Pe’er and Wijers, 2006).
However, numerical calculations (Nakar et al., 2003; Nakar and Granot, 2007;
Uhm and Beloborodov, 2007; Uhm and Zhang, 2014a; Geng et al., 2014) sug-
gest that this re-brightening feature is expected to be very smooth and its
amplitude very small in most situations. The main reason is that due to the
relativistic equal-arrival-time surface effect, the emission received at any ob-
server time comes from different latitudes and different emission times. This
poses some intrinsic constraint on ∆L/L with respect to ∆t/t (e.g. Nakar
et al., 2003; Ioka et al., 2005), making the bumps very smooth. Furthermore,
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if the observed band (e.g. X-rays) is above the cooling frequency, then the
observed flux is independent of the ambient density (Kumar, 2000; Freedman
and Waxman, 2001). If there is a long-lasting reverse shock, the reverse shock
lightcurve is more sensitive to the medium density fluctuations than the for-
ward shock lightcurve (Uhm and Zhang, 2014a). A significant afterglow feature
due to density fluctuation is expected only when the long-lasting reverse shock
emission outshines the forward shock emission.

3.5.4 Synchrotron self-Compton

The synchrotron self-Compton (SSC) mechanism has two effects on the after-
glow radiation. First, it introduces an extra cooling to electrons, so that the
synchrotron cooling frequency is reduced by a factor (1+Y )2 (e.g. Wei and Lu,
1998; Panaitescu and Kumar, 2000; Sari and Esin, 2001); where Y = usyn/uB

is the ratio of synchrotron photon energy density and magnetic field energy
density. Second, the SSC introduces an extra spectral component at high ener-
gies which could dominate in the GeV band, and might show up in the X-ray
band at late time if the ambient density is large (Meszaros and Rees, 1993;
Mészáros et al., 1994; Sari and Esin, 2001; Zhang and Mészáros, 2001b). IC
cooling of electrons in the Klein-Nishina regime can somewhat flatten the in-
dex of synchrotron spectrum in the cooling regime (e.g. Derishev et al., 2001;
Nakar et al., 2009; Daigne et al., 2011; Barniol Duran et al., 2012), and steepen
the decay slope of GeV afterglows (Wang et al., 2010).

The GeV afterglows of most GRBs can be explained as synchrotron radiation
from the forward shock (e.g. Kumar and Barniol Duran, 2009, 2010). However,
the GeV afterglow of GRB 130427A cannot be interpreted as the synchrotron
radiation only (Ackermann et al., 2014), and a possible SSC contribution to
the GeV afterglow has been suggested (e.g. Fan et al., 2013a; Liu et al., 2013).

3.5.5 Hard electron spectrum

For p between 1 and 2, the minimum electron Lorentz factor (γm) depends on
the maximum Lorentz factor of shock accelerated electrons (γM) and is given
by

γm =

(

2 − p

p− 1

mp

me

ǫeΓγ
p−2
M

)1/(p−1)

, (91)

cf. (Dai and Cheng, 2001; Bhattacharya, 2001; Resmi and Bhattacharya,
2008). In this case the afterglow decay slopes are systematically shallower
than when p > 2, which can be confused with injection of energy to the
decelerating blastwave especially when spectral information is missing.
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3.5.6 Effect of neutron decay

The immediate vicinity of the GRB central engine is likely to have high tem-
perature for dissociation of nuclei. A baryonic jet launched from such a site,
therefore, is expected to contain free neutrons along with protons. Neutrons
decouple from protons when the proton-neutron elastic collision optical depth
drops below unity, after which neutrons stream freely (Derishev et al., 1999;
Bahcall and Mészáros, 2000; Mészáros and Rees, 2000a; Beloborodov, 2003b).
Free neutrons undergo β-decay

n → p+ + e− + ν̄e, (92)

with a mean co-moving life time of just under 15 minutes

τ ′n = 881.5 ± 1.5s. (93)

The typical radius of neutron decay is

Rβ = cτ ′nΓn ≃ (8 × 1015 cm)(Γn/300), (94)

which is below the deceleration radius for a uniform density CBM. Since neu-
tron decay happens continuously in time (and in distance), neutron decay are
expected to affect both prompt and early afterglow lightcurves.

The impact of neutron decay on the early afterglow has been studied by Be-
loborodov (2003a) and Fan et al. (2005a), who found that it can lead to a
re-brightening feature in the otherwise power-law decay lightcurve. The sig-
nature is different for the ISM and wind cases (Fan et al., 2005a).

3.5.7 Radiation front effect

Gamma-ray photons released during the prompt emission phase move ahead
of the GRB ejecta and interact with the ambient medium before the ejecta
drives a shock wave into the medium. The CBM profile is modified due to this
interaction, and as a result the early afterglow emission is different from the
case of a shock wave moving into an undisturbed medium (Madau and Thomp-
son, 2000; Thompson and Madau, 2000; Mészáros et al., 2001; Beloborodov,
2002; Kumar and Panaitescu, 2004). The main effect of this interaction be-
tween γ-ray photons and the CBM is to enrich the medium ahead of the GRB
ejecta with electron-positron pairs which are produced as a result of γ-rays
scattered by electrons in the medium which then collide with outward moving
γ-rays associated with the prompt radiation to produce e±; the newly created
pairs further scatter γ-ray photons thereby leading to another generation of
e±, and so on. Thus, the blast-wave propagates through a medium loaded with
pairs which is also moving away from the CoE due to momentum deposited
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to the CBM by outward moving radiation front. These effects are particularly
important when the CBM density is large.

3.5.8 Transition to Newtonian phase

A decelerating, relativistic, blastwave becomes Newtonian when it has swept
up mass from the CBM that is of order the rest mass of the GRB-ejecta times
the initial Lorentz factor, or E/c2; E is the energy of the blastwave. For a
uniform density CBM the radius where the shock becomes sub-relativistic is
RN ∼ [3E/(4πc2n0mp)]

1/3 = 1.2×1018cm(E52/n0)
1/3. The blastwave dynamics

in the Newtonian phase, for a uniform density CBM, is described by the well
known Sedov-van Neumann-Taylor solution:

v ∝ R−3/2 ∝ t
−3/5
obs and R ∝ t

2/5
obs. (95)

Therefore, B′ ∝ t
−3/5
obs , γm ∝ v2 ∝ t

−6/5
obs , νm ∝ B′γ2

m ∝ t−3
obs, νc ∝ t

−1/5
obs , and

Fν,max ∝ t
3/5
obs, so that

fν ∝











ν−(p−1)/2t
(21−15p)/10
obs , νm < ν < νc,

ν−p/2t
(4−3p)/2
obs , ν > νc

(96)

For p = 2.3, the lightcurve decay slopes are −1.35 and −1.45 for νm < ν < νc
and ν > νc, respectively. This decay is steeper than the isotropic relativistic
case but shallower than the post-jet break phase. So the lightcurve would show
a steepening behavior if relativistic-to-Newtonian transition happens before
the jet break (Dai and Lu, 1999; Huang et al., 1999), while it would become
less steep if the transition happens after the jet break (Livio and Waxman,
2000). A generic dynamics model that connects the relativistic phase to non-
relativistic phase was developed by Huang et al. (1999) and improved by Pe’er
(2012) and Nava et al. (2013). The shock wave evolution in the deep Newtonian
regime has been studied by Huang and Cheng (2003) in the context of GRBs.

Due to host galaxy contamination, observing the Newtonian phase in the
optical band is very difficult. This can be better accomplished in the radio
band for nearby GRBs. For example, late time radio follow-up observations
of GRB 030329 revealed a brightening of the decaying lightcurve which is
consistent with the transition to the Newtonian phase when emission from
the receding counter-jet becomes visible (van der Horst et al., 2008; Zhang
and MacFadyen, 2009).

A complete compilation of characteristic frequencies and light curves of the
analytical synchrotron external shock models in all spectral regimes (for differ-
ent ordering of νm, νc and νa) and all temporal phases (including the forward
shock and reverse shock emission during and after the reverse shock crossing
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phase, the pre- and post-jet break self-similar phase, and Newtonian phase)
can be found in an extended review article by Gao et al. (2013b).
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4 Afterglow observations and interpretations

Broadband GRB afterglows were predicted before their discoveries (Paczýnski
and Rhoads, 1993; Katz, 1994; Mészáros and Rees, 1997a). Shortly after the
publication of the seminal paper by Mészáros and Rees (1997a) which provided
detailed predictions for the broad-band afterglow based on the external shock
model, the first X-ray and optical afterglows were discovered for GRB 970228
(Costa et al., 1997; van Paradijs et al., 1997), and the first radio afterglow was
discovered for GRB 970508 (Frail et al., 1997). Since then, regular follow-up
observations of GRBs have been carried out, and a large amount of broad-
band afterglow data have been collected. Before the launch of the NASA’s
dedicated GRB mission Swift (Gehrels et al., 2004), afterglow observations
usually started several hours after the burst trigger. Swift (launched in 2004)
has closed this gap, and provides continuous afterglow data in X-ray, optical
and UV bands starting at ∼ 1 min after the γ-ray trigger. This opened a new
window to the study of GRBs. The launch of the high energy mission Fermi
has led to the discovery of an extended GeV afterglow emission for many
bright GRBs. We discuss all these topics in this section.

4.1 Late time afterglow observations and interpretations

Before launch of the Swift satellite, broad-band, late time (t >∼ 10 hours) after-
glow data had been collected for a moderate sample of GRBs. These observa-
tions were generally consistent with predictions of the external forward shock,
synchrotron emission, model. The main observational properties of late time
afterglow radiation are:

• In general the optical afterglow displays a power law decay behavior Fν ∝
t−α, with a decay index α ∼ 1 (e.g. Wijers et al., 1997; Harrison et al.,
1999). This is consistent with the prediction of the standard external shock
afterglow model (e.g. Mészáros and Rees, 1997a; Sari et al., 1998; Panaitescu
and Kumar, 2001, 2002; Yost et al., 2003), see Fig. 7;

• A temporal break in the optical afterglow light curve is usually detected
for bright GRBs. The break time is typically around a day or so, which is
followed by a steeper decay with slope α ∼ 2 (e.g. Harrison et al., 1999). This
is consistent with the theoretical prediction of a “jet break” (e.g. Rhoads,
1999; Sari et al., 1999).

• The radio afterglow light curve initially rises and reaches a peak around
10 days, after which it starts to decline (e.g. Frail et al., 2000). The peak
usually corresponds to passage of the synchrotron injection frequency νm,
or the synchrotron self-absorption frequency νa, through the radio band.

• The broad-band afterglow spectrum can be fit with a broken power law, at
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a fixed observer time (Wijers and Galama, 1999; Harrison et al., 1999), as
one expects for the synchrotron afterglow model.

• For bursts with high-quality data (e.g. GRB 021004 and GRB 030329),
richer features in the optical light curves have been discovered, which include
bumps and wiggles that deviate from the simple afterglow model predictions
(e.g. Holland et al., 2003; Lipkin et al., 2004). Smooth bumps in afterglow
lightcurves with duration δtobs ∼ tobs may be interpreted as due to density
bumps in the external medium (Lazzati et al., 2002; Dai and Wu, 2003;
Nakar and Granot, 2007) whereas sharper features in lightcurves might be
due to energy injection from the central engine (Katz et al., 1998; Kumar
and Piran, 2000b; Zhang and Mészáros, 2002c; Granot et al., 2003), angular
fluctuations in energy per unit solid angle (Kumar and Piran, 2000a; Ya-
mazaki et al., 2004a), or the existence of two-component jets (Berger et al.,
2003a; Huang et al., 2004; Racusin et al., 2008).

Panaitescu and Kumar (2001, 2002); Yost et al. (2003) carried out detailed
modeling of the broad-band afterglow data within the framework of the ex-
ternal shock model. They found that the late time afterglow data are in line
with the predictions of this model (see Fig. 7), and they were able to derive
the micro-physical shock parameters (ǫe, ǫB, p) using the data which turned
out to be different for different bursts; distribution of ǫe and ǫB are discussed
in §5. Moreover, the afterglow data seem to favor a constant density medium
(ISM) for most GRBs rather than the stratified density medium expected for
a stellar wind. Another interesting result is that although the isotropic kinetic
energy in the GRB blastwaves varies by more than 3 orders of magnitude the
jet-corrected afterglow energy is clustered within about an order of magni-
tude. This, together with the same clustering of the jet-corrected γ-ray energy
(Frail et al., 2001; Bloom et al., 2003), point towards a roughly constant energy
reservoir for GRBs that were detected before the Swift era.

4.2 Early afterglow observations and interpretations

The Swift mission carries on board an X-ray telescope (XRT, Burrows et al.,
2005a) and a UV-Optical Telescope (UVOT, Roming et al., 2005) besides the
gamma-ray detector Burst Alert Telescope (BAT, Barthelmy et al., 2005a).
The rapid slew of XRT and UVOT towards the GRB source allows detections
of GRB early afterglows within less than 100 s after the γ-ray trigger. As a
result, Swift has provided a rich trove of early afterglow data which revealed
many, usually unexpected, interesting features. The early afterglow data and
the ideas to interpret them are summarized below.

A bright optical flash was detected during the prompt emission of GRB 990123
which showed a distinct origin from the γ-ray emission. The flash was catego-
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Fig. 9. The optical flash detected in GRB 990123 by ROTSE (Akerlof et al., 1999).
The peak flux was about 9th magnitude around 50 seconds after the trigger, which
does not coincide with the γ-ray peaks.

rized by a sharp rise and a steep decay Fν ∝ t−2 (Fig.9) (Akerlof et al., 1999).
This is inconsistent with the external forward shock prediction, but is in accord
with the theoretical expectation of emission from the reverse shock (Mészáros
and Rees, 1997a; Mészáros and Rees, 1999; Sari and Piran, 1999a,b). It was
later realized that in order to produce a bright reverse shock optical flash such
as GRB 990123 (and GRB 021211 and several others, Li et al., 2003; Fox
et al., 2003; Gomboc et al., 2008), the magnetic field in the reverse shock re-
gion should be stronger than in the external forward shock region (Fan et al.,
2002; Zhang et al., 2003a; Kumar and Panaitescu, 2003), but not so strong
that the magnetization parameter >

∼ 0.1 since in this case the magnetic fields
would weaken the reverse shock and the emergent flux would be less than the
observed value (e.g. Zhang and Kobayashi, 2005; Mimica et al., 2009; Narayan
et al., 2011).

Radio flares, possibly associated with optical flashes, were also observed for
some GRBs such as GRB 990123 and GRB 021004 (Kulkarni et al., 1999b).
These radio flares peak later (around 1 day), but can be interpreted as arising
in the reverse shock (e.g. Sari and Piran, 1999a; Kobayashi and Zhang, 2003b).

Swift observations revealed several surprising emission components in early X-
ray afterglow not predicted by the standard model. The data can be delineated
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Fig. 10. The canonical X-ray afterglow light curve, which shows 5 distinct compo-
nents: I. the steep decay phase which is the tail of prompt emission; II. the shallow
decay phase (or plateau); III. the normal decay phase; IV. the late steepening phase;
V. X-ray flares. The Numerical value provided for each segment of the lightcurve is
the typical decay index for that segment, e.g. the lightcurve decays as t−3 during
Phase I. From Zhang et al. (2006).

Fig. 11. Some examples of X-ray afterglow light curve detected by Swift XRT. From
Nousek et al. (2006).
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as a canonical lightcurve, which generally includes 5 components (Zhang et al.,
2006; Nousek et al., 2006, see Fig.10 and Fig.11). Not all GRBs show all 5
components. The main properties of these 5 components, obtained for a large
sample of Swift bursts (Evans et al., 2007, 2009), can be summarized as:

• I. An early time steep decay phase: it has a temporal decay index steeper
than -2. When joint XRT/BAT observations were available, it is found that
this phase is connected to the tail of the prompt emission (Barthelmy et al.,
2005b). This phase may be simply the high latitude emission (described in
§2.1) associated with the prompt γ-ray source at R >

∼ 1015cm when the cen-
tral engine turns off faster than the decline of the X-ray lightcurve (Kumar
and Panaitescu, 2000a; Dermer, 2004; Zhang et al., 2006; Nousek et al.,
2006; Liang et al., 2006a). On the other hand if the emission region is at a
much smaller radius then the rapidly declining X-ray lightcurve reflects the
time dependence of the central engine activity (Fan and Wei, 2005; Barniol
Duran and Kumar, 2009).

• II. Shallow decay phase (or plateau phase): the temporal decay of flux is
shallow with slope -0.5 or larger, sometimes flat or even slightly rising early
on. In most GRBs, it is followed by a “normal” decay with flux decreasing
with time as ∼ t−1. Such data can be incorporated within the external shock
model, with the shallow decay phase being due to continuous energy injec-
tion into the blast wave (Zhang et al., 2006; Nousek et al., 2006; Panaitescu
et al., 2006b). Occasionally the plateau is followed by a very rapid drop (e.g.
Troja et al., 2007; Liang et al., 2007b), which demands an “internal” origin
of the plateau.

• III. Normal decay phase: this is the typical decay (∼ t−1) expected in the
standard forward shock model.

• IV. Late steep decay phase (∼ t−2 or steeper). Expected in the forward
shock model as a jet break.

• V. X-ray flares 13 : one or more X-ray flares can be found in nearly half
of GRB X-ray afterglows. These flares share many properties with prompt
emission pulses. It is widely accepted that they are powered by late central
engine activities (Ioka et al., 2005; Burrows et al., 2005b; Fan and Wei, 2005;
Zhang et al., 2006; Liang et al., 2006a; Lazzati and Perna, 2007; Chincarini
et al., 2007; Maxham and Zhang, 2009; Margutti et al., 2010).

An alternative way to describe the X-ray afterglow is a two-component phe-
nomenological model (O’Brien et al., 2006; Willingale et al., 2007; Ghisellini
et al., 2009). According to this method, the X-ray afterglow can be decomposed
into a “prompt” component (the prompt emission phase and the subsequent
rapid decay phase), and an “afterglow” component (the plateau, normal decay

13 One X-ray flare in each of the two GRBs 011211 and 011121 was detected by
BeppoSAX (Piro et al., 2005), which was interpreted as onset of external shock
afterglow.

50



and the late rapid decay). Although no theoretical model predicts the specific
mathematical form of the two components, this phenomenological model seems
to work well to fit the X-ray afterglow lightcurves of many Swift GRBs, and to
identify X-ray flares or internal plateaus that demand central engine activities
(e.g. Lyons et al., 2010).

A puzzling feature seen in a fraction of GRBs is that the optical and X-ray
afterglows are “chromatic” (Panaitescu et al., 2006a; Fan et al., 2006; Liang
et al., 2007a, 2008a; Huang et al., 2007) 14 . In some cases there is no temporal
break in the optical lightcurve at the epoch when the X-ray lightcurve makes
a transition from Segment II (plateau phase) to Segment III (normal decay
phase) or from Segment III to IV (jet break phase). Within the external shock
model, such a chromatic behavior is allowed if there is a significant spectral
change across the temporal break due to, e.g. crossing of a spectral break
in the X-ray band. The perplexing aspect of the phenomenon is that the
X-ray spectral index almost never changes across the break. This suggests a
hydrodynamical or geometrical origin for the break in the X-ray lightcurve, but
in that case a simultaneous break must also be seen in the optical lightcurve.
The non-detection of such a break in the optical band in some GRBs rules out
the one-component forward shock model for the broadband afterglow emission
observed from these bursts, and suggests at least two emission sites to account
for the optical and X-ray emissions, respectively.

The unexpected, rich, X-ray lightcurve features detected by Swift and the
puzzling chromatic behavior of afterglow stimulated a wave of intense model-
ing of early afterglow. We provide a brief summary of various different ideas
proposed for explaining the prominent features in afterglow light-curves.

4.2.1 Steep decay of early X-ray light-curve

The standard interpretation of the steep decay (I) phase is that it is the tail of
prompt emission. The distinct separation between prompt emission and late
afterglow settled down the pre-Swift debate regarding internal vs. external
origin of prompt emission (e.g. Sari and Piran, 1997; Dermer and Mitman,
1999), and established the internal origin of prompt emission. It is not settled
whether the X-ray flux during the steep decline is simply the high latitude
emission associated with the rapid cessation of the prompt radiation (Kumar
and Panaitescu, 2000a; Zhang et al., 2006) or emission from a somewhat less
rapidly dying central engine (Fan and Wei, 2005; Barniol Duran and Kumar,
2009). It is quite common to find a strong spectral softening during the steep

14 A recent detailed study suggests that about half of GRB afterglows are consistent
with the achromatic hypothesis and the external shock model, while the others either
do not comply with the external shock closure relations, or show clear “chromatic”
behavior (X.-G. Wang et al. 2014, in preparation).
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decay phase (Zhang et al., 2007c). Such a spectral evolution is not expected
in the simplest version of the high-latitude emission models but can be ac-
counted for if the instantaneous spectrum at the end of prompt emission is
characterized by a power law spectrum with an exponential cutoff (Zhang
et al., 2009b). Detailed analysis of a sample of GRBs suggests that the high-
latitude “curvature effect” model can explain the steep decay phase of at least
a sample of GRBs (Zhang et al., 2009b; Genet and Granot, 2009; Mangano
and Sbarufatti, 2011; Zhang et al., 2012b).

Other models of the steep decay phase include emission from a rapidly ex-
panding cocoon (Pe’er et al., 2006a) 15 , rapid discharge of hadronic energy of
the blastwave (Dermer, 2007) 16 , high-latitude emission in the external reverse
shock (Uhm and Beloborodov, 2007; Uhm et al., 2012) 17 , and sweeping of the
external forward shock synchrotron spectrum with a low maximum frequency
across the X-ray band (Petropoulou et al., 2011) 18 . The latter three models
have the underlying assumption that the prompt emission itself is also of an
external shock origin, since observationally the steep decay phase is simply
the tail of prompt emission, and hence are strongly disfavored by the rapid
variability seen in γ-ray lightcurves.

4.2.2 Sudden increase in X-ray flux (flares)

The X-ray flares are usually interpreted as due to re-start of GRB central
engine because of their short rise time of δtobs/tobs ≪ 1 (Burrows et al., 2005b;
Zhang et al., 2006; Fan and Wei, 2005). Such an interpretation is directly
supported by data analysis. Liang et al. (2006a) assumed that the decay phase
of X-ray flares is dominated by the high-latitude emission, and searched for
the zero point of time (T0) to allow for the simple prediction α = 2 + β
(Kumar and Panaitescu, 2000a) to be satisfied. They found that the required
T0 usually corresponds to the beginning of X-ray flare. This is a good evidence
for “re-starting the clock” when the central engine comes back to life. Further,
more detailed, modeling (Wu et al., 2006; Lazzati and Perna, 2007; Maxham
and Zhang, 2009) and data analysis (Chincarini et al., 2010; Margutti et al.,

15 This model predicts a quasi-thermal spectrum, which may interpret spectral soft-
ening during the X-ray tails. However, one needs to introduce coincidence to account
for the smooth connection between the prompt emission and the X-ray tails as ob-
served in many GRBs.
16 This model requires both prompt and afterglow emissions to be produced in the
external shock, which is highly unlikely as discussed in §7.
17 This model requires significant suppression of forward shock emission to make the
reverse shock feature to show up, and that is disfavored by the extensive afterglow
data.
18 This model also requires both prompt and afterglow radiation to arise in the
external shock, which is inconsistent with GRB data.
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2010, 2011) support this interpretation. Other ideas for the origin of X-ray
flares include delayed magnetic dissipation activity as the ejecta decelerates
(Giannios, 2006) and anisotropic emission in the blast wave comoving frame
(Beloborodov et al., 2011); however, these models do not account for the T0

effect found by Liang et al. (2006a).

4.2.3 Plateaus in X-ray light-curves

The shallow decay (or plateau) phase (II) and the subsequent segments (III
and IV) are more challenging to interpret. The plausible interpretation for
the plateau phase is that it arises when energy is injected to the deceler-
ating external shock thereby slowing down the decay of the lightcurve, and
a transition to phase III occurs when energy injection is terminated (Zhang
et al., 2006; Granot et al., 2006; Fan and Piran, 2006b; Nousek et al., 2006;
Panaitescu et al., 2006b). This model predicts that the shape of lightcurves in
the X-ray & optical bands should be similar where breaks occur at the same
time in these bands, i.e. an achromatic behavior across the EM spectrum.
This model indeed works for all those bursts that display the expected achro-
matic behavior, e.g. GRB 060614 (Mangano et al., 2007) and GRB 060729
(Grupe et al., 2007). However, this model cannot explain the data for chro-
matic afterglows, and another mechanism or emission component has to be
invoked. The most straightforward extension of the external shock model is
to introduce a two-component jet, with the narrow jet dominating the X-ray
band emission while the wide jet dominating the optical emission (e.g. Racusin
et al., 2008). Some GRBs can be modeled this way at the price of introducing
several additional parameters that vary significantly from burst to burst (de
Pasquale et al., 2009). A further extension of the external shock model is to
include emission from the reverse shock (RS). Uhm and Beloborodov (2007)
and Genet et al. (2007) assumed that the external forward shock (FS) does not
contribute much to the observed afterglow radiation, and that a long-lasting
RS emission is responsible for the chromatic lightcurves observed in X-rays
and optical bands. Indeed, the RS is more sensitive than the FS to the ejecta
stratification and circumburst medium density inhomogeneity, and is capable
of producing a wider variety of lightcurves (Uhm et al., 2012; Uhm and Zhang,
2014a). One drawback of this proposal is a lack of good reason for suppressing
the FS emission which is in fact expected to be brighter than the RS emission
in the X-ray band (for the same microphysics parameters in FS & RS) by
at least an order of magnitude, and has been very successful for interpreting
the broad band afterglow data of many GRBs (e.g. Panaitescu and Kumar,
2001, 2002; Yost et al., 2003). A more reasonable possibility might be that the
observed lightcurves are a superposition of the FS and RS emission, and that
sometimes RS outshines FS emission in certain band. Evolving microphysics
parameters of the external shock (ǫe & ǫB) has also been suggested as a possi-
ble explanation for the chromatic X-ray plateau (Ioka et al., 2006; Panaitescu,
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2006).

Shen and Matzner (2012) interpreted the shallow decay phase as forward shock
synchrotron radiation during the pre-deceleration, coasting phase in a wind
medium. This model demands a relatively small Lorentz factor Γ, which might
be at odds with the higher value for Γ obtained from the prompt emission
data using the pair opacity argument. Moreover, this model predicts achro-
matic afterglows, and therefore can only explain a sub-sample of GRBs which
have a shallow decay phase in both X-ray and optical bands at the same
time. Shao and Dai (2007) proposed that the X-ray plateau results from the
contribution of prompt X-ray emission scattered by dust in the host galaxy.
However, it predicts strong spectral evolution in X-rays which is not detected
(Shen et al., 2009). Ioka et al. (2006) invoked a pre-γ-ray-trigger outflow to
modify the ambient medium profile in order to account for the shallow decay
phase. Yamazaki (2009) assumed a powerful outburst episode that preceded
the GRB trigger, and suggested that the shallow decay phase is simply due to
a mis-identification of the zero time point. This scenario predicts an optical
flux, which is already ruled out by the prompt optical data (Birnbaum et al.,
2012). In general, the scenarios of Ioka et al. (2006) and Yamazaki (2009)
invoked a “prior explosion” episode, preceding the observed γ-ray burst by
thousands of seconds, which no known central engine model can account for.

4.2.4 Steep decay following the plateau in X-ray light-curve

Besides X-ray flares, there are a small fraction of GRBs which have plateaus in
the X-ray lightcurve that are followed by a very steep decay that is more rapid
than a fν ∝ t−3

obs decline (e.g. GRB 070110 Troja et al., 2007), see Fig.12. These
cases of steep decline following a plateau are rare (Liang et al., 2007b), and
are not included in Fig.10. They cannot be explained by the external shock
model, and can only have an “internal” origin involving direct dissipation of a
long-lasting jet. The existence of flares and these “internal plateaus” (Burrows
et al., 2005b; Chincarini et al., 2007; Falcone et al., 2007; Troja et al., 2007;
Lyons et al., 2010) suggest that the GRB central engine is long-lived. A more
extreme opinion is that the entire X-ray emission is powered by a continuous
jet from a long-lasting central engine, and that the X-ray flux from the exter-
nal shock is buried beneath this emission (Ghisellini et al., 2007). Indeed, the
canonical X-ray lightcurve can be matched with the accretion history in the
collapsar GRB model (Kumar et al., 2008a,b; Cannizzo and Gehrels, 2009;
Lindner et al., 2010) or with the spindown power of a magnetar central engine
(Yu et al., 2010; Metzger et al., 2011). These models assume that the X-ray
luminosity is proportional to the accretion power or the spindown power of
the central engine. It is attractive to interpret GRB afterglows that display
chromatic behavior as due to X-ray emission produced via some process in-
ternal to a continuous jet, and optical flux produced in the external shock.
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Fig. 12. The “internal” X-ray plateau observed in GRB 070110, which suggests that
the central engine launches a long-lasting outflow with steady dissipation. From
(Troja et al., 2007).

GRBs with achromatic lightcurves are cases where the standard forward shock
emission dominates in both X-ray and optical bands.

Overall, the current data seem to suggest at least three emission sites: the
erratic component (flares), the broken power-law X-ray component, and the
broken power-law optical component (if chromatic). It is interesting to note
that theoretically, one also naturally has three emission sites: the FS and RS of
the blastwave, and an internal dissipation site within the relativistic outflow
before it encounters the CBM. In a messy system that invokes late central
engine activity, the RS is likely long-lived since late ejecta would continuously
pile up onto the blastwave. The ejecta may also have a wide distribution of
Lorentz factor, so that layers with different Lorentz factors may pile up onto
the blastwave at different times. The internal dissipation site can be either the
photosphere of the outflow, internal shocks, or magnetic dissipation site in a
high σ (magnetization parameter) jet.

Unlike the late time afterglows (tobs >
∼ 7hr) observed before the Swift mission,

which had simple morphology, the afterglow modeling in the Swift era is much
more complicated due to the complex behavior we see in the lightcurves for
the first few hours following the γ-ray trigger. The first step is to disentangle
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various components, and decide which components likely have an external
shock origin and which do not. The traditional modeling can be only applied to
a sample of “well-behaved” afterglows that show clean achromatic behaviors.
More detailed studies are needed to address following questions: What fraction
of afterglows can be interpreted within the standard external shock model?
Are the differences between the two categories (afterglows that are due to
FS and those that are not) due to intrinsic differences in the central engine
properties or these due to external factors such as variations in CBM from one
burst to another? For those bursts that can be interpreted with the standard
FS model, what are the shock microphysics parameters, and why do they vary
from one burst to another?

X.-G. Wang et al. (2014, in preparation) carried out a detailed study by con-
fronting the joint X-ray and optical data of a large sample of Swift GRBs with
the external shock models. They found that at least half of the GRBs are con-
sistent with the external shock models in both bands and the lightcurves are
achromatic. Only less than 15% of GRBs in the sample are chromatic, which
demand two different emission components to account for the X-ray and op-
tical data, respectively.

It is worth pointing out that short GRBs typically have fainter afterglows due
to their lower energies and probably lower circumburst densities (Panaitescu
et al., 2001). Comparing with the prompt emission properties, one finds that
both long and short GRBs follow some similar correlations among prompt
emission and afterglow properties (Gehrels et al., 2008; Nysewander et al.,
2009; Kann et al., 2011). This suggests a similar radiative efficiency and prob-
ably also a similar circumburst environment for both long and short GRBs
(Zhang et al., 2007a; Nysewander et al., 2009).

In summary, Swift observations have led to the following modified understand-
ing of afterglows: The so-called “afterglow”, at least for the initial few hours,
is no longer simply the external forward shock emission; instead, it is a super-
position of multiple components, including emission powered by a long-lasting
central engine.

4.3 High energy (>102MeV) afterglow radiation

Back in the Compton-Gamma-Ray-Observatory (CGRO) era, one burst de-
tected by BATSE, GRB 941017, also triggered the high energy detector EGRET
(Hurley et al., 1994). In fact, strong GeV emission was still detectable 1.5 hours
after the trigger when the burst re-emerged from the earth limb.

We provide a brief summary of the theoretical models that were suggested for
the delayed, long lasting, high energy photons from GRBs. These include in-
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ternal shocks, e.g. Bošnjak et al. (2009), SSC process operating in the external
shock (Dermer et al., 2000; Zhang and Mészáros, 2001b) — while the reverse
shock is passing through the GRB jet, two SSC processes (in FS and RS, re-
spectively) as well as two cross IC processes (FS photons up-scattered by RS
electrons and vice versa) could also contribute to the observed high energy flux
(Wang et al., 2001a,b; Granot and Guetta, 2003; Pe’er and Waxman, 2004;
Gupta and Zhang, 2007b; Fan and Piran, 2008; Zou et al., 2009b). Moreover,
prompt gamma-rays can be upscattered by electrons in the external FS or RS
and produce high energy emission (Mészáros and Rees, 1994; Beloborodov,
2005; Fan et al., 2005b). Yet another process for delayed GeV photons from
GRBs is up-scattered CMB photons by high Lorentz factor electron-positron
pairs in the inter-galactic medium (Plaga, 1995); these pairs are produced
when TeV photons from a GRB interact with the cosmic infrared background
radiation. This mechanism can only work when intergalactic magnetic field
strength is very small, of order <

∼ 10−15G, so that electron deflection angle is
small and a collimated GeV front traveling toward Earth is produced (Dai
and Lu, 2002; Dai et al., 2002; Wang et al., 2004; Murase et al., 2009).

The Fermi satellite, with the Large Area Telescope (LAT, Atwood et al., 2009)
and Gamma-ray Burst Monitor (GBM, Meegan et al., 2009) on board, opened
a new window in 2009 to systematically study GRBs above 100 MeV, and to
finally settle the question as to which of the above mentioned mechanisms
might be responsible for producing high energy γ-ray photons in GRBs.

About 10 GRBs per year are jointly detected by LAT and GBM, allowing a
time-dependent broad-band spectral analysis of these GRBs. This led to two
interesting observational discoveries, viz. the first photons of energy > 102MeV
typically arrive a few seconds after the GBM trigger (or arrival of photons of
energy <

∼ 10MeV), and the emission in the LAT band ( >
∼ 102MeV) lasts for

∼ 103s which is much longer than the typical burst duration in the GBM
band (∼5keV–10MeV) of 10–30s. Moreover, the LAT lightcurve usually shows
a simple power law decay with time for almost the entire duration of LAT
observation (Abdo et al., 2009b,c; Ghisellini et al., 2010; Zhang et al., 2011).

It was realized soon after Fermi discovered these properties of high energy
emission from GRBs that photons of energy >102MeV, after the prompt phase
that lasts for ∼30s, are produced via the synchrotron process in the external
forward-shock (Kumar and Barniol Duran, 2009, 2010; Ghisellini et al., 2010).
The reasons for arriving at this conclusion are discussed below.

It is striking that the spectral index and the decay of the LAT lightcurve
[fν(t) ∝ ν−1.1t−1.3] satisfy the closure relationship almost prefectly for syn-
chrotron radiation from the shock heated circum-burst medium (CBM) by
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Fig. 13. The optical and X-ray fluxes of GRB 090902B predicted at late times using
only the high energy data (photon energy >

∼ 102MeV) at 50s (assuming synchrotron
emission from external forward shock) are shown on the right half of this figure
(diagonal bands). The predicted flux are compared with the observed data (discrete
points with error bars). From Kumar and Barniol Duran (2010).

the relativistic jet of a GRB 19 when ν > νc (see Fig. 13) 20 . It was shown
by Kumar (2000) that when the observation band is above the synchrotron
cooling frequency (ν > νc) then the specific flux from external forward shock
is dependent only on the blast wave energy and the energy fraction in elec-
trons (see eq. 81); the flux is completely independent of the highly uncertain
CBM density, and is insensitive to ǫB (fν ∝

∼ ǫ0.1B ). Therefore, one can confi-
dently predict the flux in the Fermi/LAT band, to within a factor of a few,
from the knowledge of energy in the prompt γ-ray radiation for a burst. And
remarkably, it turns out that this predicted flux is consistent with Fermi/LAT
observations for several well studied bursts (Kumar and Barniol Duran, 2010)
— Table 1 provides a comparison of the expected synchrotron flux from exter-
nal forward-shock at 100 MeV and the Fermi/LAT data for five well studied
bursts.

19 See §3.1 for lightcurve scalings, and in particular Eq. 81.
20 For a few GRBs, the temporal decline of the LAT lightcurve is just slightly steeper
(the decay index, α, larger by about 0.1 or 10%) than what one might expect
from the LAT band spectral index in the regime ν > νc. Ghisellini et al. (2010)
suggested that this is due to radiative loses affecting the external shock dynamics.
However, Wang et al. (2010) showed that the decline of the LAT lightcurve is fine
for an adiabatic blastwave, and the slightly steeper than expected decline can be
understood as the result of IC cooling of high energy electrons (those that produce
>102MeV photons) which becomes more effective at later time; IC cooling of high
energy electrons is suppressed at early times because scatterings are deeper in the
Klein-Nishina regime at earlier times.
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Fig. 14. Using the X-ray, optical and radio data of GRB 090902B at late times
(right panel) we constrain the external forward shock parameters, and then use
these parameters to predict the 100MeV flux at early times (left panel). The region
between the red lines shows the range for the predicted flux at 100MeV; note the
remarkably narrow range for the predicted 100 MeV flux and an excellent agreement
with the Fermi/LAT data. The blue point (left panel) indicates the flux at 100keV
and 50s that we expect from the external-shock model; note that the external-shock
flux at 100 keV falls well below the observed Fermi/GBM flux shown schematically
by the dashed line in the left panel, and that is why the GBM light curve undergoes
a rapid decline with time (∼ t−3) at the end of the prompt burst phase. From
Kumar and Barniol Duran (2010).

Furthermore, one can determine external shock parameters from early time
(t ∼ 102s) Fermi data and use that to predict late time optical and X-ray flux.
Figure 13 shows the result of this exercise for Fermi burst GRB 090902B;
it shows the comparison between the predicted and the observed late time
afterglow data, which are found to be in good agreement.

This exercise can also be carried out in the reverse direction, i.e. one can
determine the external shock parameters from the late time (t >

∼ 0.5 day) X-
ray, optical and radio data, and use these parameters to calculate the flux at
100 MeV at early times (t <∼ 103s). We show in Figure 14 that this “predicted
flux” is in excellent agreement with the data obtained by Fermi/LAT. These
results lend strong support to the suggestion that high energy photons from
GRBs detected by Fermi/LAT, for t >∼ 30s, are produced via the synchrotron
process in the external shock.

One thing to point out though is that it is not easy to produce photons with
energy more than ∼ 50ΓMeV∼5 GeV via the synchrotron process as described
in §2.2 (but see Kumar et al. (2012), for a way around the maximum energy
constraint). It is possible that the highest energy photons ( >

∼ 5 GeV) detected
by Fermi LAT from GRBs are produced via IC scattering of synchrotron pho-
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tons. Zhang and Mészáros (2001b) considered a range of shock micro-physics
parameters, and identified regimes where synchrotron and SSC dominate in
the GeV–TeV energy range.

Kumar and Barniol Duran (2009, 2010) found that ǫ
B

should be small 21 in
the highly relativistic external shock for Fermi bursts in order that the flux
at <

∼ 1 MeV produced in the external shock not exceed the observed value;
Fermi/GBM lightcurves (10 keV – 10 MeV) fall off very rapidly after the
prompt phase (t−3 or faster), and so the contribution of the forward shock
flux in this band — which declines with time as ∼ t−1.2 — at the end of the
prompt phase has to be well below the observed value in order to make it
possible for the GBM lightcurve to fall off steeply.

It can be shown that this small magnetic field is sufficient for confining high
energy electrons of thermal Lorentz factor ∼ 108 (that produce ∼ 10 GeV
photons), both upstream and down-stream of the shock front, and for their
efficient acceleration by the first order Fermi mechanism as long as these elec-
trons are not exposed to a large flux of a few eV photons ( >

∼ 10 mJy in our
frame) to cause severe IC losses (Barniol Duran and Kumar, 2011; Piran and
Nakar, 2010).

Measurements of ǫB for a large sample of GRBs and its implications are dis-
cussed in §5.

It is interesting that GeV afterglows almost always follow a simple power
law “normal” decay, while only 5% of X-ray afterglows are a single power
law function (Liang et al., 2009; Evans et al., 2009) – most X-ray lightcurves
show a steep-shallow-normal-steep decay behavior. Only a few GRBs have
jointly triggered both Swift/LAT and Fermi/LAT. The currently available
two cases 22 , i.e. GRB 090510 (De Pasquale et al., 2010) and GRB 110731A
(Ackermann et al., 2013b), both show GeV and X-ray lightcurves to be power
law functions of time for almost the entire duration of observations starting at
∼ 5s for Fermi/LAT and ∼ 102s for Swift/XRT 23 . The optical, X-ray and GeV
data for these bursts are consistent with the external forward shock model. It
would be interesting to find out whether all GRBs with GeV afterglows are
just those rare cases that display a single power law decay X-ray lightcurve 24 .

21 ǫB ∼ 10−6 if the CBM particle number density is 0.1 cm−3, and it is smaller for
higher densities.
22 A third case of GRB100728A also has simultaneous Swift/XRT and Fermi/LAT
observations. However, for this burst photons of energy >102MeV were not detected
during the prompt γ-ray phase but LAT saw emission during the X-ray flares (Abdo
et al., 2011) which perhaps were due to IC scatterings of X-ray flare photons by
electrons in the external shock (Wang et al., 2006; He et al., 2012).
23 The X-ray data for GRB 090510 shows a jet break at ∼ 103s.
24 If future Fermi/LAT observations find a burst that has a power-law decay

60



Detailed data analysis (Zhang et al., 2011) and theoretical modeling (Gao
et al., 2009; Maxham et al., 2011; He et al., 2011; Liu and Wang, 2011) sug-
gest that the GeV emission during the prompt phase (when GBM emission is
still on) is likely not dominated by the external shock component, and that
the external shock emission starts to dominate after the prompt phase. This is
because energy is still being added to the blastwave during the prompt phase
(Maxham et al., 2011), and observationally, LAT lightcurve spikes track those
in the GBM lightcurves (Abdo et al., 2009c; Zhang et al., 2011) which is
very difficult to produce in external shocks (Sari and Piran, 1997). Accord-
ing to recent observations, some GRBs show a steep to shallow transition in
the GeV lightcurve, which suggests that the radiation mechanism might be
switching from prompt emission to afterglow (Ackermann et al., 2013a). When
the contribution of the early, steep, phase is subtracted from the Fermi/LAT
lightcurve the temporal slope of the remaining afterglow data is found to be
“normal” and consistent with synchrotron radiation from an adiabatic exter-
nal shock (Ackermann et al., 2013a)

lightcurve, but a complex X-ray afterglow lightcurve typical for GRBs, then that
would constitute yet another evidence that the X-ray afterglow emission for at least
a fraction of bursts is produced not by the FS but by some process internal to the
relativistic jet.
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5 Collisionless shock properties from GRB afterglow observations

GRB afterglows provide a good laboratory for the study of relativistic col-
lisionless shocks. In spite of many years of theoretical work several basic
questions regarding collisionless shock remain unanswered. Perhaps foremost
amongst these questions are generation of magnetic fields down/up stream of
the shock front (ǫB), particle acceleration (p) and the fraction of energy of
shocked plasma that is given to electrons (ǫe). The calculation of synchrotron
radiation from shocked fluid requires these three quantities, and hence multi-
wavelength GRB afterglow data can be exploited for their measurement, and
that should shed light on the basic plasma physics of collisionless shocks.

The GRB afterglow flux at any given time is dependent on at least four param-
eters when the underlying radiation mechanism is the synchrotron process —
E (energy in explosion), n (CBM density), ǫe and ǫB — even for the simplest,
spherical, blastwave; there is a fifth parameter p (electron distribution index)
that is readily determined from the X-ray spectrum, and so can be dropped
from the list of unknown parameters. Therefore, at least four independent ob-
servations are needed to determine these four parameters. One might think
that observing in four different energy bands, e.g. radio, mm, infrared and
X-ray, would provide sufficient data to uniquely determine E, n etc. However,
this is incorrect. Observations at two different frequencies provide independent
pieces of information only when these frequencies fall on different segments
of the synchrotron spectrum, such as when one frequency band is below the
synchrotron peak (νm) and the other is above it. Or when one frequency band
is in the synchrotron-self-absorption regime whereas the other is not. Another
way to emphasize this point is to consider an example where someone carries
out observations of GRB afterglows in two different frequency bands, say mm
and optical, for time periods of hours and days. This entire observational effort
might provide just one independent piece of information — equivalent to an
observation carried out at one frequency and at one single snap-shot in time
— if the spectrum between mm and optical frequencies for the burst is a single
power-law function for the entire time duration of the observation. Therefore,
measurement of these four different parameters uniquely is not possible except
for a small number of GRBs that have been followed up for a long time in
X-ray, optical and radio bands.

The value of ǫe is set by the micro-physics of relativistic shocks. And if mag-
netic fields in the shocked fluid is generated by the Weibel instability (Weibel,
1959; Medvedev and Loeb, 1999), or another instability based on the local
physical condition of the plasma, then ǫB is also determined by shock micro-
physics. Therefore, based on basic physics considerations, it is expected that
ǫe & ǫB should be functions of those variables that characterize a relativistic
shock, viz. E, n and Γ (Lorentz factor of shock front).

62



Fig. 15. Distribution of ǫe for 30 GRBs from published literature; Berger et al.
(2003b,c); Björnsson et al. (2004); Cenko et al. (2010); Chandra et al. (2010); Corsi
et al. (2010); Curran et al. (2007); Gao et al. (2009); Gao (2009); Panaitescu and
Kumar (2001, 2002); Rossi et al. (2011); Soderberg et al. (2006a); Soderberg (2007);
Xu et al. (2009); Yost et al. (2003). This figure is taken from Santana et al. (2014),
ApJ 785, 29.

The afterglow flux at a frequency that lies above νm is proportional to ǫp−1
e ,

and due to this fairly strong dependence ǫe is perhaps one of the most reliably
measured parameters. Figure 15 shows ǫe distribution for a sample of 30 GRBs
drawn from the published literature. Note that the mean value for ǫe for these
30 bursts is 0.2 and the dispersion about the mean is a factor 2; ǫe ∼ 0.2
is consistent with recent simulations of relativistic collisionless electron-ion
shocks (e.g. Sironi and Spitkovsky, 2011) 25 . These bursts cover a wide range of
E and n. So, to the lowest approximation, ǫe is independent of shock strength,
and it takes on a nearly universal value that varies by a factor ∼ 2 from one
burst to another.

Assuming that the radiative efficiency for producing prompt γ-ray emission
is 20% for GRBs (so that the energy in blast wave is 4 times the energy in
prompt γ-rays), and ǫe = 0.2 for the external shock, one can find ǫB/n from
optical afterglow data alone. Figure 16 shows a histogram for ǫB for 35 GRBs
detected by the Swift satellite (Santana et al., 2014). This distribution is very

25 The simulations by Sironi and Spitkovsky (2011) also find the down-stream par-
ticle distribution to have a prominent thermal peak at electron energy of ∼ mpΓc

2

which is not observed in GRB spectra; where Γ is the shock-front Lorentz factor.
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Fig. 16. Distribution of ǫB for 35 GRBs detected by the Swift satellite;this figure is
taken from Santana et al. (2014), ApJ 785, 29. These ǫB were determined from the
optical afterglow data (see Santana et al. (2014) for details) assuming that ǫe = 0.2,
n = 1 cm−3, and energy in the external shock is 4 times the energy in prompt γ-ray
radiation. p is determined from the temporal decay of the lightcurve. The effect of
any error in n, ǫe and E on ǫB determination can be estimated from the relation
ǫB ∝

∼E−1.6ǫ−1.6
e n−0.6 (Santana et al., 2014).

wide — the median value of ǫB is about 3 × 10−5, and the distribution spans
more than four orders of magnitude.

There is no evidence that ǫB depends on shock Lorentz factor. For a couple
of Fermi/LAT bursts one can determine ǫB from early time γ-ray data when
the blast wave Lorentz factor was larger than ∼ 102 (left panel of Figure
17), and from late time X-ray and optical data when the Lorentz factor had
dropped to ∼ 10 (result shown in Fig. 17 right panel). And it is found that
the values of ǫB at early and late times are entirely consistent with each other.
Collisionless shock simulations also find no dependence of ǫB on Γ, e.g. Sironi
and Spitkovsky (2011).

A wide distribution of ǫB, which is independent of shock Lorentz factor, sug-
gests that magnetic field is unlikely to be determined by micro-physics of
relativistic collisionless shock alone.

For an upstream magnetic field of strength B0 (in CBM frame), the down
stream field, due to shock compression alone, is 4B0Γ (in shock comoving
frame). The ratio of energy density in this shock compressed field and the
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Fig. 17. The left panel shows ǫB–n space (for the forward external forward shock go-
ing into a uniform density CBM) allowed by the high energy data for GRB 090902B
at t=50s when the shock front Lorentz factor was ∼ 300 (see Kumar and Barniol
Duran (2010)); the discrete points reflect the numerical resolution of the calcula-
tion. Also shown is the expected ǫB for a shock compressed CBM magnetic field
of 5 and 30 µ-Gauss as the green and blue lines respectively; for a CBM field of
strength B0, the value of ǫB downstream of the shock-front resulting from the shock
compressed CBM field is ≈ B2

0/(2πnmpc
2), where nmp is the CBM mass density,

and c is the speed of light. The right panel shows ǫB–n space allowed by the late
time (t > 0.5day) X-ray, optical and radio data for GRB 090902B when the shock
front Lorentz factor had dropped to ∼ 10. Also plotted is the expected ǫB for a
shock compressed CBM magnetic field of 2 and 30 µ-Gauss as the green and blue
lines, respectively.

energy density of shocked plasma is:

ǫ
(sc)
B =

B2
0

2πnmpc2
. (97)

The factor by which magnetic field is amplified in GRB external shock is

given by, AF =
[

ǫB/ǫ
(sc)
B

]1/2
. The amplification factor is very insensitive to the

uncertain CBM density, AF ∝
∼n0.2B−1

0 , since ǫB ∝
∼n−0.6 and ǫ

(sc)
B ∝ n−1. Hence

B0×AF can be determined quite accurately for the sample of 35 bursts in Fig.
16, and its distribution is shown in Fig. 18. The field amplification determined
from the afterglow data corresponds to the average value of magnetic field
for the entire volume of the shocked plasma that contributes to the observed
radiation. Note that a modest amplification of CBM field, by a factor ∼ 30,
down-stream of shock front is all that is required by GRB afterglows; AF ∼ 104

for equipartition magnetic field.

If magnetic fields were to be generated down-stream by the Weibel mechanism
then we expect ǫB ∼ 0.1 near the shock-front (Medvedev and Loeb, 1999). This
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field, however, has small coherence length scale of order the plasma skin depth,
and likely decays by a large factor over the width of the shocked plasma which
is of order 108 skin depth for GRB external shocks. This might be the reason
for the small average AF inferred from afterglow observations; numerical sim-
ulations (Silva et al., 2003; Chang et al., 2008; Sironi and Spitkovsky, 2011),
and analysis of GRB afterglow data (Lemoine et al., 2013) support this general
picture of strong field near the shock front and their decay down-stream 26 .

Another possible mechanism for magnetic field generation is shear across the
GRB-jet, or density inhomogeneity of the ISM, which generates turbulence
down-stream and leads to a modest field amplification by about an order of
magnitude (e.g. Milosavljević and Nakar, 2006; Sironi and Goodman, 2007;
Goodman and MacFadyen, 2008; Couch et al., 2008; Inoue et al., 2011). In
this case the coherence length of the field is large — of order the shear length
scale or the size of the system — and such a field persists throughout the
down-stream volume.

Lemoine et al. (2013) have suggested from the analysis of X-ray and GeV after-
glow data for four different GRBs that the turbulent magnetic field generated
in shocks is strong near the shock front (ǫB ∼ 10−2) where GeV photons are
generated by the synchrotron process, and that the field decays with distance
(d′) from the shock-front so that the value of ǫB further down-stream where
X-rays are produced is ∼ 10−6; Lemoine et al. (2013) find that the X-ray data
is consistent with ǫB ∝

∼ d′−0.5.

The maximum photon energy detected from a burst is ∼ 94 GeV (GRB
130427A), and > 1GeV photons have been observed by Fermi/LAT from more
than 20 GRBs (Ackermann et al. (2013a)). These high energy photons provide
a lower limit on the upstream magnetic field in the external forward shock. A
minimum CBM field strength is required to ensure that high energy electrons
(those that produce GeV photons via the synchrotron process down-stream
and have LF ∼ 108 in shock comoving frame) are confined to the shock, and
that these electrons could be turned around on a short time scale while up-
stream before losing a good fraction of their energy to IC scatterings. Barniol
Duran and Kumar (2011) showed that a CBM magnetic field of 10µG is suf-
ficient for accelerating electrons to an energy so that they produce ∼ 10 GeV
synchrotron photons.

The distribution function for electron energy, just behind the shock front, is a
power-law function of energy with index p. A number of calculations suggest
that p should be about 2.2 for collisionless relativistic shocks independent of

26 An earlier suggestion was made by Rossi and Rees (2003) that strong magnetic
fields only pervade a few percent of the total thickness of the shocked region. They
did not derive detailed constraints from the data. A similar suggestion was made
by Pe’er and Zhang (2006) for internal shocks.
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Fig. 18. Results for the magnetic field amplification factor (AF) for the optical
sample shown in Fig. 16; this figure is taken from Santana et al. (2014), ApJ 785,
29. The histogram shows results for p calculated from lightcurve decay. A fixed
n = 1 cm3 and B0 = 10µG were assumed; AF ∝

∼n0.2B−1
0 .

shock LF (e.g. Bednarz and Ostrowski, 1998; Kirk et al., 2000; Achterberg
et al., 2001; Lemoine and Pelletier, 2003). This expectation is not supported
by GRB afterglow spectra which show that p varies considerably from one
burst to another (Shen et al., 2006; Curran et al., 2009, 2010). One possible
way out of this discrepancy is that p calculated from X-ray afterglow spectrum
has nothing to do with shocks; considering the complexity of X-ray lightcurves
it is possible that the radiation is not produced in external shocks but rather
by some other dissipative process internal to the jet (Ghisellini et al., 2007;
Kumar et al., 2008b). The other possibility is that something is missing in
theoretical calculations of p in relativistic shocks, and in that case the observed
distribution should guide us to the correct model.
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z Eγ tobs Exp. flux Obs. flux TMeV TLAT TLAT /TMeV

(1054 erg) (s) (nJy) (nJy) (s) (s)

080916C 4.3 8.8 150 50 67 60 > 400 > 7

090510 0.9 0.11 100 9 14 0.3 120 360

090902B 1.8 3.6 50 300 220 30 700 23

110731A 2.83 0.6 100 8 ∼ 5 7.3 550 75

130427A 0.34 0.78 600 48 ∼ 40 138 > 4300 > 30

Table 1
Comparison of observed flux at 100 MeV and the expected flux from external for-
ward shock. The 4th column is time in observer frame when flux at 100 MeV due to
synchrotron radiation in the external forward shock is calculated (which is reported
in column 5) and that is compared with the Fermi/LAT measurements (column 6).
For the flux calculation we took the energy in the blast wave to be EES = 3Eγ ,
and other parameters were ǫe = 0.2, ǫB = 10−5 & p = 2.4; the uncertainty in
the predicted flux is about a factor 2 due to the uncertainty in ǫeEES which is
the energy carried by electrons in the external shock; we note that the predicted

flux is independent of CSM density, and scales as ǫ
(p−2)/4
B = ǫ

1/10
B and hence is

almost independent of ǫB as long as the Fermi band lies above the synchrotron
cooling frequency. Burst duration in 10 keV—10 MeV band is provided in the col-
umn marked TMeV , and the time duration that >100 MeV photons were detected
by Fermi/LAT is given in the 2nd last column (TLAT ). Fermi/LAT lightcurves for
all these bursts for TMeV < t ≤ TLAT show a simple power-law decline. Considering
that TLAT /TMeV ≫ 3 (the last column) models such as those where prompt MeV
photons are IC scattered by e±s in the external medium to produce these very long
lasting LAT lightcurves (e.g. Beloborodov et al., 2013) are ruled out.
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6 Observational properties of GRB prompt radiation

6.1 Temporal properties

Observationally, the prompt emission phase of a GRB is conventionally de-
fined as the temporal phase during which sub-MeV emission is detected by
the GRB triggering detectors above the background level. Quantitatively, the
duration of a burst is defined by the so-called “T90”: the time interval between
the epochs when 5% and 95% of the total fluence is registered by the detector.
Such an observation-based definition has some limitations: 1. It depends on
the energy band of the detector. A detector with a lower energy bandpass
typically gets a longer T90 for the same GRB. 2. It is sensitivity-dependent.
A more sensitive detector (e.g. due to a larger collection area) would detect a
longer duration of a same burst above the background level, and hence, has a
longer T90. 3. Some GRBs have clearly separated emission episodes with long
quiescent gaps in between. The parameter T90 therefore may over-estimate
the duration of GRB central engine in these cases. 4. Physically, the emis-
sion registered within T90 may include contributions from different sites (e.g.
internal dissipation regions and external shocks). Modelers tend to attribute
“prompt emission” and “afterglow” as emissions from the internal dissipation
sites and the external shock, respectively. Although emission during T90 for
most GRBs seems to be consistent with an internal origin, the differentiation
between an internal and an external origin of emission is not straightforward.
Throughout this review we stick to the observation-defined T90 as the dura-
tion of “prompt emission”, but limit ourselves to discuss internal dissipation
models for prompt emission.

The temporal properties of GRBs may be summarized as the following:

• The duration T90 ranges from milliseconds to thousands of seconds. The T90

distribution includes at least two log-normal components with a separation
line around 2 seconds in the observer frame in the BATSE energy band
(25 - 350 keV) (Kouveliotou et al., 1993): a long-duration class with T90

peaking at 20-30 s, and a short-duration class with T90 peaking at 0.2-
0.3 s. Several papers have suggested that the T90 distribution may include
a third, intermediate-duration group (e.g. Mukherjee et al., 1998; Horváth,
1998; Hakkila et al., 2003; Horváth et al., 2010; Veres et al., 2010). However,
the recent analysis of Bromberg et al. (2013) finds little support for a third
class of GRBs.

Statistically, the long-duration group is “softer” than the short-duration
group, which means that the ratio between the photon numbers in the de-
tector’s low-energy and high-energy bands is larger for long GRBs than
short GRBs. (Fig.19). The duration distribution is energy-band-dependent
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and sensitivity-dependent, so that different detectors give different distri-
butions (Kouveliotou et al., 1993; Sakamoto et al., 2008a, 2011; Paciesas
et al., 2012; Zhang et al., 2012c; Qin et al., 2013). Qin et al. (2013) show
that when breaking the Fermi bandpass to different sub-bandpasses of the
previous detectors, similar T90 distributions as previous detectors can be
reproduced.

• The GRB lightcurves are notoriously irregular. Some are extremely variable,
with detectable minimum variability time scale reaching millisecond range,
while some others have smooth lightcurves with relatively simple temporal
structures (Fishman and Meegan, 1995). Some GRBs have distinct emission
episodes separated by long gaps in between. Some sample lightcurves are
presented in Fig.20.

• A fraction of GRBs have a typically softer and weaker “precursor” emission
well separated from the main burst by 10s to 100s of seconds. Subject to
definition, the fraction of GRBs with a precursor emission ranges from 3%
(Koshut et al., 1995) to 12% (Burlon et al., 2009). Statistical studies suggest
that the characteristics of the main episode emission are independent of the
existence of the precursor emission, and the properties of the precursors
in some GRBs are similar to those of the main-episode emission (Lazzati,
2005; Burlon et al., 2008, 2009; Hu et al., 2014).

• Power density spectrum (PDS) analysis of GRB lightcurves reveals null
periodicity. The PDSs of individual GRBs can be noisy. However, averaging
the PDS of several bright GRBs leads to a power law with index -5/3 and
a sharp break around 1 Hz (Beloborodov, 2000).

• There is evidence that GRB lightcurves are the superposition of a slower
component and a faster component. This is evidenced by a gradual deple-
tion of the fast component at low energies (Vetere et al., 2006), and the
existence of a distinct low frequency component in a stepwise low-pass filter
correlation analysis (Gao et al., 2012).

• The shape of individual pulses in the lightcurves is typically asymmetric,
with a sharp rising phase and a shallower decay phase. It can be fit by a
variety of function forms. For some bright, isolated pulses, the pulse shape
is often modeled by a “FRED” (fast-rising exponential-decay) function.

• There are quiescent episodes during a burst. The distribution of the sep-
aration times between pulses also satisfies a lognormal distribution (e.g.
McBreen et al., 1994; Li and Fenimore, 1996; Nakar and Piran, 2002b).

• Lightcurves vary with energy band. Pulses tend to be narrower in harder
bands (e.g. Fig.21, Fig.22). The width w of individual pulses is a function
of energy E: w(E) ∝ E−α with α ∼ 0.3 to 0.4 (Norris et al., 2005; Liang
et al., 2006a).

• A “spectral lag”, namely, pulses with a lower energy being systematically
lagged behind those with a high energy, is observed in the keV - MeV regime
for many long GRBs (Norris et al., 2000; Norris, 2002; Norris et al., 2005).
Short GRBs do not show significant spectral lags (Norris and Bonnell, 2006).
A fraction of short GRBs show “negative” lags, i.e. high energy pulses are
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Fig. 19. Duration and duration/hardness ratio distribution of GRBs detected
by BATSE on board CGRO. Adapted from the BATSE GRB Catalogs
(http://gammaray.msfc.nasa.gov/batse/grb/catalog/).

lagged behind low energy pulses (Yi et al., 2006).
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Fig. 20. Sample lightcurves of GRBs (Fishman & Meegan, 1995). Reproduced, with
permission from The Annual Review of Astronomy and Astrophysics, Volume 33
(c) 1995, pgs 415-458 by Annual Review; www.annualreviews.org

6.2 Spectral properties

6.2.1 Spectral shapes and functions

The GRB spectra are non-thermal. Spectra are often extracted over the entire
duration of the bursts. This is the time integrated spectrum of a GRB. Strong
spectral evolution in some GRBs is observed. Therefore time resolved spectral
information is more essential to understand GRB physics. Technically, the time
bin size cannot be infinitely small, which is limited by the requirement that
there are enough photons within each time bin to allow reasonable spectral
fitting to test several plausible spectral models. Therefore, a time-resolved
spectral analysis can be carried out only for bright GRBs.

When the detector’s energy band is wide enough, a typical GRB spectrum can
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Fig. 21. Multi-wavelength lightcurves of GRB 080916C as detected by Fermi. From
Abdo et al. (2009c).

be fit with a smoothly-joined broken power law known as the “Band-function”
(Band et al., 1993). The photon number spectrum in this model reads

N(E) =











A
(

E
100 keV

)α
exp

(

− E
E0

)

, E < (α− β)E0 ,

A
[

(α−β)E0

100 keV

]α−β
exp(β − α)

(

E
100 keV

)β
, E ≥ (α− β)E0 ,

(98)
where N(E)dE is the number of photons in the energy bin dE, α and β (both
negative) are the photon spectral indices 27 below and above the break energy
E0. The flux density spectrum (Fν) usually used in low-energy (optical, IR, and

27 Within the GRB afterglow context, the notation α and β are also used to define
the temporal decay index and flux density spectral index of the afterglow, with the
convention Fν ∝ t−αν−β . In this review, we do not differentiate these notations and
keep the convention in the community, but just alert the readers to pay attention
to the possible confusion. The physical meaning of these notations are usually self-
evident within the context of the review.
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Fig. 22. Multi-wavelength lightcurves of GRB 090902B as detected by Fermi. From
Abdo et al. (2009a).

radio) astronomy corresponds to EN(E), and the spectral energy distribution
(SED) corresponds to E2N(E) or νFν . The peak of the E2N(E) spectrum is
called the “E peak”, which is given by

Ep = (2 + α)E0 . (99)

Figure 23 gives an example of GRB 990123 whose time integrated spectrum
is well fit by the Band function (Briggs et al., 1999).

The Ep distribution of GRBs is wide. While bright BATSE GRBs (a sample
of 156 bursts with 5500 spectra) have Ep clustered around 200-300 keV range
(Preece et al., 2000), lower Ep bursts are found by softer detectors such as
HETE-2 and Swift. The distribution of Ep seems to form a continuum from
several keV to the MeV range (e.g. Bosnjak et al., 2013). From hard to soft,
bursts are sometimes also vaguely classified as gamma-ray bursts (GRBs, Ep >
50 keV), X-ray rich GRBs (XRGRBs, 30 keV < Ep < 50 keV), and X-ray
flashes (XRFs, Ep < 30 keV), with no clear boundaries in between (Sakamoto
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Fig. 23. A typical Band-function spectrum of GRB 990123. From Briggs et al.
(1999).

et al., 2008b). For the bright BATSE sample, the two spectral indices have
a distribution of α ∼ −1 ± 1 and β ∼ −2+1

−2 (Preece et al., 2000). Such a
distribution is also confirmed for the Fermi and INTEGRAL bursts (Zhang
et al., 2011; Nava et al., 2011; Bosnjak et al., 2013).

Spectra for some GRBs can be fitted with a cutoff power-law spectrum, in the
form

N(E) = A
(

E

100 keV

)−Γ̂

exp
(

− E

Ec

)

(100)

This is essentially the first portion of the Band-function, with α replaced by −Γ̂
(Γ̂ is positive). This function has been used to fit the prompt spectrum of many
HETE-2, Swift, and GBM GRBs (Sakamoto et al., 2005, 2008a; Paciesas et al.,
2012). However, this is mainly due to the narrow bandpass of the detectors,
so that the high energy photon index β of the Band-function is not well-
constrained. In fact, in most cases when a Swift burst was co-detected by
another detector with high-energy band coverage (e.g. Konus-Wind, Fermi-
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Fig. 24. Comparison between GRB 080916C that shows no evidence of spectral
narrowing with reducing time bin, and GRB 090902B that shows clear spectral
narrowing with reducing time bin. From Zhang et al. (2011).

GBM), the global spectrum can be still fit by a Band function.

In the pre-Fermi era, it was suggested (Ryde, 2004; Ryde and Pe’er, 2009) that
the observed prompt GRB spectrum is the superposition of a thermal (black-
body) component and a non-thermal (power law) component. The traditional
Ep is interpreted as the peak of the thermal component in this model. The
spectra of some BATSE GRBs could be fit with such a “hybrid” model, which
within the BATSE window may mimic a Band-like spectrum. This model
however over-predicts the flux in the X-ray range for most GRBs, which vi-
olates the observational constraints by Beppo-SAX for some BATSE bursts
(Ghirlanda et al., 2007; Frontera et al., 2013). A spectral break below the
gamma-ray band is needed for such a model. Fermi, with both GBM and
LAT on board, significantly extended the observational spectral window. It
is clear now that there are (at least) two types of prompt emission spectra.
The first type, exemplified by GRB 080916C, has a Band component covering
6-7 orders of magnitude (Abdo et al., 2009c). There is essentially no evidence
of superposition between a thermal and non-thermal component 28 . A second

28 A latest study by S. Guiriec et al. (2014, in preparation) claims that there is a
thermal component in GRB 080916C. In any case, the amplitude of the blackbody

76



type — the prototype of which is GRB 090902B (Abdo et al., 2009b) — shows
superposition of a thermal-like spectrum and a non-thermal power law spec-
trum extending both to low- and high-energy regimes (Ryde et al., 2010; Zhang
et al., 2011). The difference between the two types becomes evident when one
zooms in the lightcurve and study the time-resolved spectra (Zhang et al.,
2011) (Fig.24). GRB 080916C shows Band-function spectra with essentially
no change of spectral indices as one reduces the time bin. GRB 090902B, on
the other hand, shows narrowing of the Band component as one goes to smaller
time bins, and eventually can be fit with a quasi-thermal component super-
posed with a power law component. A systematic analysis of 17 Fermi/LAT
GRBs suggest that the first type is very common (14/17), while the second
type is relatively rare (2/17) (Zhang et al., 2011).

A synthesized prompt emission spectrum may include three components (Zhang
et al., 2011): (I) a non-thermal “Band” component; (II) a quasi-thermal com-
ponent; and (III) another non-thermal component that can be fit as a power
law extending to high energies (Fig. 25). This last component may have been
detected in the EGRET burst GRB 941017 (González et al., 2003), and
has been clearly detected in GRB 090510 and GRB 090902B (Abdo et al.,
2009b; Ackermann et al., 2010; Zhang et al., 2011). Another Fermi burst GRB
090926A (Ackermann et al., 2011; Zhang et al., 2011) shows late emergence
of a high energy component with a potential high energy cutoff (Ackermann
et al., 2011), which might have the same origin as the component III. The
superposition of the first two components (I and II) have been seen in several
GRBs: 100724B (Guiriec et al., 2011), 110721A (Axelsson et al., 2012), and
120323A (Guiriec et al., 2013). In all these cases, the quasi-thermal compo-
nent is sub-dominant. A tentative correlation between the peak energies of the
thermal and non-thermal components was reported (Burgess et al., 2014).

It is interesting to note that at least some low-luminosity GRBs seem to have
a somewhat different prompt emission spectrum. An intrinsic cutoff power
law spectrum is found to correctly describe the joint Swift BAT/XRT prompt
emission spectra of the low-luminosity GRB 060218 (Campana et al., 2006).
The Ep of this burst rapidly evolves with time from ∼ 80 keV to 5 keV, with an
exponential tail or very steep power law above Ep. Since GRB 060218 is special
in many aspects (e.g. nearby, low luminosity, supernova association, extremely
long duration, existence of a thermal component that might be related to
shock breakout), the prompt emission of this burst (and probably also of
other nearby low-luminosity GRBs) may have a different emission mechanism
from the most high-luminosity GRBs (e.g. Wang et al., 2007).

component is low, which requires significant suppression due to a Poynting flux
dominated flow (Zhang and Pe’er, 2009).
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Fig. 25. The three possible elemental spectrum components that shape the observed
time-resolved spectra of GRBs. Some components can be suppressed in some GRBs.
Adapted from Zhang et al. (2011).

6.2.2 Spectral evolution

For bright bursts, time resolved spectral analysis give more clues about GRB
prompt emission. We summarize several interesting features:

• Regarding the correlation between Ep and flux, it is found that in general
there are two types of behaviors of GRB pulses. The first type shows a
pattern of “hard-to-soft” evolution, which means that Ep is decreasing from
the very beginning of the pulse (even during the rising phase of the pulse)
(Norris et al., 1986). The second type shows a “tracking” behavior: spectral
hardness well tracks intensity (Ep increases during the rising phase of the
pulse) (Golenetskii et al., 1983). Observationally, both types of behavior
can be seen in a same burst (Lu et al., 2010, 2012), but see Ghirlanda et al.
(2011). Considering a superposition effect, it is suggested that all pulses
are consistent with having a “hard-to-soft” evolution” (Hakkila and Preece,
2011).

• In some bursts, e.g. GRB 080916C (Abdo et al., 2009c; Zhang et al., 2011),
there exists a trend of “opening” of the “Band” spectra. Initially, the spec-
trum is narrow with a relatively large α and a relatively small β. However,
this behavior is not representative in the 17 LAT GRB sample (Zhang et al.,
2011). Most bursts do not show a clear pattern of evolution trend.

• A good fraction (but not all) of LAT GRBs show a delayed onset of GeV
emission with respect to MeV emission as shown in Figures 21 & 22 (Abdo
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et al., 2009c,b; Ackermann et al., 2010; Zhang et al., 2011). For GRB
080916C, the delayed onset may be related to hardening of β or the ex-
istence of a spectral cutoff early on (Zhang et al., 2011). For GRB 090902B
and 090510, it may be related to the delayed onset of the power law com-
ponent extending to high energies (component III). Several models have
been suggested for the delayed onset of GeV emission (Kumar and Barniol
Duran, 2009; Toma et al., 2009; Razzaque et al., 2010; Zhang et al., 2011;
Li, 2010; Barniol Duran and Kumar, 2011; Mészáros and Rees, 2011; Asano
and Mészáros, 2012; Bošnjak and Kumar, 2012), but it is unclear which of
these mechanisms operates in GRBs.

6.3 Broad-band prompt emission

During the prompt phase, it is believed that there should be emission outside
the triggering detectors’ bandpass window. Observationally it is very challeng-
ing to obtain a broad-band prompt emission spectrum. Nonetheless, current
observations revealed a sparse picture.

In the high energy regime, Fermi/LAT observations so far suggest that most
GRBs do not have significant emission beyond 100 MeV (e.g. Beniamini et al.,
2011; Ackermann et al., 2012). Their prompt spectra are consistent with the
extension of a Band-function spectrum to the GeV regime (Zhang et al., 2011),
sometimes with a possible spectral cutoff (Ackermann et al., 2011). On the
other hand, occasionally one does have bursts with a second component ex-
tending to high energies (e.g. GRB 090902B and GRB 090510, Abdo et al.,
2009a; Ackermann et al., 2010; Zhang et al., 2011). The hard component of
these GRBs have a rising slope in their spectral energy distribution, suggesting
that there could be more energy emitted above the LAT band. These sources
can be ideal targets for ground-based 100 GeV - TeV detectors (e.g. Kakuwa
et al., 2012; Inoue et al., 2013).

In the low energy regime, broad-band (optical to sub-MeV gamma-ray) spec-
tra are available for several GRBs that had a precursor or a very long du-
ration. Swift XRT and UVOT were able to slew to the source before the
main burst arrives. Examples include GRB 060124 (Romano et al., 2006),
GRB 060218 (Campana et al., 2006), and GRB 061121 (Page et al., 2007).
For some other bursts, early optical observations were carried out by ground-
based robotic telescopes during the prompt phase, which revealed interesting
features. Examples include GRB 990123 (Akerlof et al., 1999), GRB 041219A
(Blake et al., 2005; Vestrand et al., 2005), GRB 050820 (Vestrand et al., 2006),
GRB 080319B (Racusin et al., 2008; Beskin et al., 2010), and GRB 110205A
(Zheng et al., 2012; Cucchiara et al., 2011a; Gendre et al., 2012).
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So far no burst, with the exception of GRB 130427A (Perley et al., 2013a),
has been simultaneously detected from optical all the way to GeV during the
prompt phase.

Regarding the relation between the prompt optical and gamma-ray emissions,
there are at least three patterns. The first pattern shows a clear offset be-
tween the optical flux peak and gamma-ray flux peaks. An example is GRB
990123, which showed an optical peak after all the gamma-ray peaks (Akerlof
et al., 1999). This suggests different physical origins of the two components.
The standard interpretation is that gamma-rays come from the internal dis-
sipation region (internal shocks or magnetic dissipation), while optical comes
from the external reverse shock during the early deceleration of the ejecta by
the ambient medium (Sari and Piran, 1999a; Mészáros and Rees, 1999). The
second pattern shows a tracking behavior between the optical and gamma-ray
lightcurves. It was seen in GRB 041219B with sparse time resolution in the
optical data (Vestrand et al., 2005), and in the “naked-eye” GRB 080319B
with high-quality optical and gamma-ray data (Racusin et al., 2008; Beskin
et al., 2010) – see Fig.26. Spectroscopically, although the optical fluxes are con-
sistent with spectral extension of the gamma/X-ray fluxes in GRB 041219B
(Shen and Zhang, 2009), the optical fluxes in GRB 080319B clearly stand
above the spectral extension of the gamma/X-ray fluxes, suggesting a distinct
origin (Racusin et al., 2008). Leading models include attributing optical and
gamma-ray emission to synchrotron and synchrotron self-Compton emission
components, respectively (Kumar and Panaitescu, 2008; Racusin et al., 2008),
invoking two different emission sites (Zou et al., 2009b; Fan et al., 2009), or
two (reverse and forward) shocks in a pair of internal shocks (Mészáros and
Rees, 1999; Yu et al., 2009). The third pattern shows a mix of both (offset and
tracking) components, as evidenced in GRB 050820 (Vestrand et al., 2006) and
GRB 110205A (Zheng et al., 2012). Multiple emission sites have to be invoked
to generate these components.

6.4 Polarization

Several claims have been made suggesting that the prompt γ-ray emission is
linearly polarized with a large degree of polarization. An analysis of RHESSI
data of GRB 021206 suggested a polarization degree Π = (80±20)% (Coburn
and Boggs, 2003), but the conclusion was refuted by an independent study
(Rutledge and Fox, 2004). Using the BATSE Albedo Polarimetry System
(BAPS) data, Willis et al. (2005) claimed of linear polarization degree Π >
35% and Π > 50% for GRB 930131 and GRB 960924, respectively. Two
analysis of the INTEGRAL data of GRB 041219A led to evidence of lin-
ear polarization, but the significance is only marginal (Kalemci et al., 2007;
McGlynn et al., 2007). Recently, Yonetoku et al. (2011) claimed detection of
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Fig. 26. Prompt optical and γ-ray lightcurves and spectra of the “naked-eye” GRB
080319B. From Racusin et al. (2008).
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Π = (27 ± 11)% with 2.9σ significance during the prompt emission of GRB
100826A using a GRB polarimeter on board a small solar-power-sail demon-
strator IKAROS. They also reported strong polarization for two other bright
GRBs (Yonetoku et al., 2012).

Early polarization measurements were made for a handful of bursts in the
optical band. Using a ring polarimeter on the robotic Liverpool Telescope,
Mundell et al. (2007) placed a 2σ upper limit on Π of 8% for GRB 060418 at
203 s after trigger. The epoch coincides with the peak of the forward shock
emission. The non-detection is consistent with the theoretical expectation,
since the shocked ambient medium is not expected to carry significant or-
dered magnetic fields. Observation of another burst GRB 090102 by the same
group (Steele et al., 2009) revealed a Π = (10±1)% polarization around 160 s
after trigger, and Uehara et al. (2012) report a polarization of 10.4± 2.5% for
GRB 091208B between 149s & 706s after the burst trigger. These measure-
ments suggest a possibly ordered magnetic field configuration. The polariza-
tion measurement for GRB 090102 was during the phase with relatively steep
decay (F ∝ t−α with α = 1.50±0.06) before breaking to a more normal decay
phase (α = 0.97± 0.03) after around 1000 s. The steep decay phase of the op-
tical lightcurve is believed to be powered by the reverse shock heating of GRB
ejecta, which could carry an ordered magnetic field, and that could account
for the polarization measurement of Steele et al. (2009). The polarization mea-
surement for GRB 091208B, however, was carried out during the phase when
the lightcurve decayed with α = 0.75 ± 0.02 and that suggests that the op-
tical emission was probably produced in the external forward shock. Optical
polarization for GRB 091208B has important implications for the generation
of magnetic fields in relativistic shocks if FS origin is confirmed, e.g. Uehara
et al. (2012). Recently, Mundell et al. (2013) reported evolution (decrease)
of linear polarization degree in the early optical afterglow of GRB 120308A.
This is consistent with the theoretical expectation of an early RS-dominated
(with ordered magnetic field in the emission region) lightcurve which makes a
transition to a FS-dominated lightcurve (which has a much lower polarization
degree). Wiersema et al. (2014) reported a circular polarization signature 0.15
days after GRB 121024, whose physical origin is unclear.

So far, no optical polarization observation is carried out during the prompt
emission phase.

6.5 Isotropic luminosity function

The bolometric isotropic γ-ray energy of GRBs (usually 1 − 104 keV in the
rest frame of the GRB), ranges from ∼ 1049 to ∼ 1055 erg. At the peak of the
lightcurve, the isotropic γ-ray luminosity ranges from ∼ 1047 to ∼ 1054 erg s−1.

82



For high-luminosity long-GRBs (typical ones), the luminosity function can be
characterized as a broken power law of the following form

Φ(L)dL = Φ0

[

(

L

Lb

)α1

+
(

L

Lb

)α2
]−1

dL, (101)

where the break luminosity Lb is ∼ 1052.2 erg s−1. Several studies agree that
the high-luminosity slope is steep: α2 ∼ 2.5 (e.g. Liang et al., 2007a; Virgili
et al., 2009; Wanderman and Piran, 2010). The value of α1 depends on whether
one introduces a two-component (low-luminosity vs. high-luminosity) model.
If one considers low-luminosity GRBs (those with luminosity below ∼ 1048 −
1049 erg s−1, typically with long durations, soft spectra, and single-peaked
smooth lightcurves) as a separate population, which has a distinct bump in
the luminosity function, then it is found that α1 ∼ 0.5 for the high-luminosity
GRB component (e.g. Liang et al., 2007a; Virgili et al., 2009). On the other
hand, if we include low-luminosity bursts to the GRB sample, then for the
combined luminosity function α1 ∼ 1.2 (Wanderman and Piran, 2010) 29 . The
normalization Φ0 depends on the local rate of GRBs per unit volume, which
is constrained to be around 1 Gpc−3yr−1.

Low-luminosity (LL) GRBs have a higher local event rate (Soderberg et al.,
2006b; Liang et al., 2007a) which is inconsistent with a simple extrapolation
of the high-luminosity GRB luminosity function to low luminosities, and they
constitute a distinct class of objects (Liang et al., 2007a; Virgili et al., 2009;
Bromberg et al., 2011a, 2012). The exact form of the LL-GRB luminosity
function is not well constrained due to the limit of detectors’ sensitivity.

The luminosity function of short-GRBs is also not well constrained because
of the small sample size with redshift measurements. In order to be able to
use short-GRBs with unknown redshifts to constrain the luminosity function,
one needs to introduce an intrinsic redshift distribution of short GRBs, which
is unknown. In practice, one can adopt the NS-NS or NS-BH merger model
to provide an approximate z-distribution which can then be used to constrain
the luminosity function (Guetta and Stella, 2009; Virgili et al., 2011). Virgili
et al. (2011) show that compact binary star merger models cannot simultane-
ously reproduce all the observational data of short GRBs for both the z-known
(Swift) and z-unknown samples. In these simulations, the short GRB lumi-
nosity function was assumed to take a form similar to the long-GRBs (broken
power law), but the indices are left free parameters to be constrained by the
data. The sample with known redshift demands a shallow luminosity func-
tion for short-GRBs with α1 < 0.4. This shallow luminosity function in turn
usually translates to a shallow flux distribution, which is inconsistent with

29 Notice that Wanderman and Piran (2010) defined luminosity function as
Φ(L)d logL instead of Φ(L)dL. As a result, the two indices reported in that pa-
per are systematically smaller by 1 than quoted here.
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the BATSE data (Virgili et al., 2011). There are two possibilities to reconcile
the inconsistency between theory and data. One is that there is a significant
contribution of massive star bursts to the short-GRB sample. And the other
is that the delay time scale since star formation for short GRBs to occur has a
typical value of about 2 Gyr. Both conclusions are confirmed recently by Wan-
derman and Piran (2014), who suggested that the typical delay time scale is
closer to 3 Gyr.

6.6 Correlations between different observed parameters

Several observed parameters of the prompt γ-ray radiation are claimed to be
correlated. In this section we summarize these correlations and comment on
the ongoing debate of their validity.

6.6.1 Ep,z − Eγ,iso (Amati) and Ep,z − Lγ,iso (Yonetoku) relations

Amati et al. (2002) discovered that Ep,z ∝ Eγ,iso
1/2, where Ep,z = Ep(1 + z)

is photon energy at the peak of the prompt spectrum in the rest frame of the
GRB, and Eγ,iso is the isotropic gamma-ray energy spectrally extrapolated to
a standard energy band in the GRB rest frame (usually 1 keV - 10,000 keV).
Numerically, this relation can be written as

Ep,z

100 keV
= C

(

Eγ,iso

1052 erg

)m

(102)

with C ∼ (0.8 − 1) and m ∼ (0.4 − 0.6) (Amati, 2006). This relation is
found for long GRBs with known redshifts (Amati et al., 2002; Amati, 2006;
Frontera et al., 2012), which covers a wide range of Eγ,iso and Ep,z (from hard
GRBs to low luminosity X-ray flashes) (Sakamoto et al., 2006). GRB 980425, a
low luminosity GRB with supernova association (SN 1998bw), is a significant
outlier of this relation.

Several groups have argued that the Amati-relation is an artifact of observa-
tional selection effects (e.g. Nakar and Piran, 2005; Band and Preece, 2005;
Butler et al., 2007; Kocevski, 2012). Counter arguments suggest that selection
effects cannot completely destroy the correlation (Ghirlanda et al., 2008). In
general, a positive correlation between Ep,z and Eγ,iso seems real, although the
scatter may be wide.

Similarly, a positive correlation between Ep,z and Lγ,p,iso has been reported
(Wei and Gao, 2003; Yonetoku et al., 2004); where Lγ,p,iso is the isotropic
gamma-ray luminosity of a burst at its peak flux. Adapted from the original
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form (Yonetoku et al., 2004), this relation reads

Ep,z

100 keV
≃ 1.8

(

Lγ,p,iso

1052erg s−1

)0.52

. (103)

This is also a correlation with broad scatter.

A Ep − Lγ correlation also exists for the time resolved lightcurve of an indi-
vidual GRB (Liang et al., 2004; Frontera et al., 2012; Lu et al., 2012; Guiriec
et al., 2013). This behavior, at least partially, can be explained by the behav-
ior of the falling phase of GRB pulses, during which emission clearly softens
as flux decreases (e.g. Lu et al., 2012; Preece et al., 2014).

Short-GRBs do not fall onto long-GRB Amati-relation. They seem to form
a parallel track above it. In other words, given the same Ep,z, short GRBs
are systematically less energetic. This can be attributed to their shorter du-
rations, which hints that luminosity may be more intrinsically related to Ep,z.
Indeed, in the Ep,z −Lγ,p,iso space, short and long GRBs are no longer clearly
separated, suggesting that their radiation processes are similar (Zhang et al.,
2009a; Ghirlanda et al., 2009; Guiriec et al., 2013; Tsutsui et al., 2013).

6.6.2 Ep,z − Eγ (Ghirlanda) relation

Assuming that the afterglow temporal breaks discovered in the pre-Swift era
are jet breaks (Rhoads, 1999; Sari et al., 1999), Ghirlanda et al. (2004a) found
a correlation between Ep,z and the geometrically-corrected gamma-ray energy

Eγ =
Eγ,iso

4π

∫ θj

0
2 × 2π sin θdθ = (1 − cos θj)Eγ,iso ≃ (θ2j/2)Eγ,iso , (104)

where θj is the jet opening angle inferred from the afterglow temporal break
time tobs,j. The correlation (Ghirlanda relation), in its original form (Ghirlanda
et al., 2004a), reads

Ep,z

100 keV
≃ 4.8

(

Eγ

1051erg

)0.7

, (105)

which was claimed to be tighter than the Amati relation. In the Swift era,
interpreting all the afterglow lightcurve breaks as jet breaks has been ques-
tioned. First, the jet-like breaks in X-ray lightcurves are either systematically
earlier than the jet-like breaks in optical data (Liang et al., 2008a; Kocevski
and Butler, 2008) or no jet-break is detected in XRT observations (Sato et al.,
2007; Racusin et al., 2009). Second, achromaticity, a required feature of jet
breaks, is not commonly observed for these late time jet-like breaks (Liang
et al., 2008a). Growing evidence suggests that the X-ray afterglow of a good
fraction of GRBs might not originate from the external shock, and is likely
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powered by a long-lasting central engine (Ghisellini et al., 2007; Kumar et al.,
2008b,a; Cannizzo and Gehrels, 2009; Lindner et al., 2010; Metzger et al.,
2011). The optical lightcurve may be still related to the external shock. So jet
break time may be obtained for optically-identified breaks only.

6.6.3 Ep,z − Eγ,iso − tb,z (Liang-Zhang) relation

Regardless of the interpretation of afterglow temporal breaks, Liang and Zhang
(2005) discovered a fundamental-plane correlation among Ep,z, Eγ,iso and tb,z,
where tb,z = tobs,b/(1 + z) is the afterglow lightcurve break time in the rest
frame of the burst as measured in the optical band. In its original form, this
relation reads

Ep,z

100 keV
≃ 1.09

(

Eγ,iso

1052erg

)0.52 (
tb,z
day

)0.64

. (106)

Such an empirical correlation is not dependent on interpreting the break in
the lightcurve to be jet-break.

6.6.4 Ep,z − Lγ,iso − T0.45 (Fermani) relation

With prompt emission parameters only, Firmani et al. (2006) discovered an-
other three-parameter correlation

Ep,z

100 keV
≃ 1.37

(

Lγ,iso

1052erg s−1

)0.62 (
T0.45,z

10s

)−0.30

. (107)

Here T0.45,z = T0.45/(1+z), and T0.45 is the time spanned by the brightest 45%
of the total counts above the background. Traditionally, the burst duration
is defined by T90 (or T50), the time interval within which 90% (or 50%) of
the burst fluence is detected. The main difference between T0.45 and T90 (T50)
is that the former deducts any quiescent period that may exist during the
burst, and therefore better represents the duration of the emission episode of
a burst. The 45% percentage has no physical significance, which was adopted
to achieve the most significant correlation.

6.6.5 Eγ,iso − θj (Frail) relation: constant energy reservoir

Frail et al. (2001) found that the measured jet opening angle θj of early GRBs
seem to be anti-correlated to Eγ,iso through Eγ,iso ∝ θ−2

j . This led to an inter-
esting conclusion that the jet corrected gamma-ray energy Eγ ≃ (θ2j/2)Eγ,iso

is roughly constant for all GRBs. The correlation was confirmed by a later
study (Bloom et al., 2003), with Eγ tightly clustered around ∼ 1051 erg. Re-
placing Eγ,iso by isotropic kinetic energy of the afterglow, Panaitescu and
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Kumar (2002) and Berger et al. (2003a) found that EK ≃ (θ2j/2)Eγ,iso is also
roughly constant. The implication is that long GRBs have a standard en-
ergy reservoir. Wider jets have low energy concentration, while narrow jets
have high energy concentration. Alternatively, this may be understood as a
universal (Zhang and Mészáros, 2002b; Rossi et al., 2002) or quasi-universal
(Zhang et al., 2004a) jet for all GRBs, with the measured jet break defined
by observers’ viewing angle wrt the jet-axis.

In the Swift era, the Frail relation is found no longer tightly clustered. Both
Eγ and EK are found to have a much wider distribution than the pre-Swift
sample (Liang et al., 2008a; Kocevski and Butler, 2008; Racusin et al., 2009).
The Ghirlanda relation discussed above is in conflict with the Frail relation:
instead of having Eγ as a constant, the former relation suggests a correlation
between Eγ and Ep,z.

6.6.6 Luminosity – spectral lag (L− τ), Norris relation

Norris et al. (2000) discovered an anti-correlation between GRB peak lumi-
nosity and the delay time (lag), τ , for the arrival of low energy photons (25-50
keV) compared with photons of higher energies (100-300 keV and >300 keV)
for a sample of BATSE GRBs. In its original form, it is written as

Lγ,p,iso

1053 erg s−1
≃ 1.3

(

τ

0.01 s

)−1.14

, (108)

where τ is measured in the observed frame. Several groups have later inves-
tigated this correlation by considering the lags in the burst rest frame. One
way is to correlate Lγ,p,iso with τ/(1 + z)× (1 + z)0.33 = τ/(1 + z)0.67 (Gehrels
et al., 2006; Zhang et al., 2009a). By doing so, one has assumed that spectral
lag is proportional to the pulse width w (which has an energy dependence of
∼ 0.33 power). This is valid for individual pulses. For complex bursts with
overlapping pulses, Ukwatta et al. (2012) argued that it is more appropriate
to investigate a correlation between Lγ,p,iso and τz = τ/(1 + z). They gave

log

(

Lγ,p,iso

erg s−1

)

= (54.7 ± 0.4) − (1.2 ± 0.2) log
τz
ms

(109)

for the lag defined between 100-150 keV and 200-250 keV energy bands in the
rest frame of the GRB source.

There are significant outliers in the luminosity - spectral lag correlation. It
seems that even though the low-luminosity GRB 060218 may be moderately
accommodated within the correlation (Liang et al., 2006b), several other low
luminosity GRBs (e.g. GRB 980425, GRB 031203) and the supernova-less
long GRBs (060614 and 060505) all lie well below the correlation (Gehrels
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et al., 2006; McBreen et al., 2008; Zhang et al., 2009a). All short-GRBs have
negligible lags (Yi et al., 2006), and do not follow the correlation.

6.6.7 Luminosity - variability (L− V ) relation

Fenimore and Ramirez-Ruiz (2000) and Reichart et al. (2001) proposed a cor-
relation between the GRB luminosity and the complexity of GRB lightcurves
which they parametrize as “variability” V . The definition of variability de-
pends on how the smoothed background lightcurve is defined, and can be
technically very different among authors. In any case, a positive correlation
Lγ,p,iso ∝ V m with large scatter was found, although the index m ranges from
3.3 (Reichart et al., 2001) to 1.1 (Guidorzi et al., 2005).

6.6.8 Eγ,iso − Γ and Lγ,iso − Γ relations

A sample of GRBs has high-quality early optical afterglow data collected. A
good fraction of them show an early hump in the lightcurve, which is con-
sistent with being due to deceleration of the blastwave. Assuming such an
interpretation, the Lorentz factor Γ of a moderate sample of GRBs was mea-
sured. Liang et al. (2010) discovered a positive correlation between Γ and the
isotropic gamma-ray energy Γ ∝ Ea

γ,iso, with a ∼ 1/4. The positive correlation
was verified by Ghirlanda et al. (2011) and Lü et al. (2012). Lü et al. (2012)
further discovered a similar correlation between Γ and mean isotropic gamma-
ray luminosity Lγ,iso, i.e. Γ ∝ Lb

γ,iso, with b also close to 1/4. Lei et al. (2013)
interpret the correlation within the framework of both a neutrino-cooling dom-
inated accretion flow model and a Blandford-Znajek model for GRB central
engine, whereas Fan et al. (2012) and Lazzati et al. (2013) suggest that the
photospheric model for prompt γ-ray radiation can explain this and other
correlations.

6.7 GRB cosmography

An exciting prospect of having a tight GRB correlation is to apply it to mea-
sure the geometry of the universe. Since GRBs are typically observed at a much
higher redshift than the “standard candle” SN Ia, they can potentially extend
the Hubble diagram to higher redshifts. This would lead to improvements in
the determination of cosmological parameters, and in particular help explore
the nature of dark energy. The difficulty has been to find a tight enough GRB
correlation to conduct such an exercise.

Early efforts in this direction made use of some not-too-tight correlations (e.g.
the L− τ and L− V correlations by Schaefer (2003) and the Frail correlation
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by Bloom et al. (2003)) to construct the GRB Hubble diagram. Since these
correlations have large scatter, the data cannot place meaningful constraints
on cosmological parameters. A step forward was after the tight Ghirlanda-
relation (Ghirlanda et al., 2004a) was discovered. Dai et al. (2004), Ghirlanda
et al. (2004b) and Xu et al. (2005) show that GRBs can serve as a tool to
conduct cosmography, and the constrained cosmological parameters (even if
with large errors) are broadly consistent with the ΛCDM model supported by
the combined SN Ia and WMAP-CMB data. Another correlation with claimed
similar tightness is the Liang-Zhang relation. Applying this relation to the
cosmography study, Liang and Zhang (2005) found constraints on cosmological
parameters similar to the one obtained using the Ghirlanda relation. Later,
Amati and collaborators suggested that the Amati-relation can also be used
for the purpose of constraining cosmological parameters (e.g. Amati et al.,
2008); see Amati and Valle (2013) for a review.

We would like to point out two serious limitations we face today when using
GRBs for cosmography. First, due to the intrinsic dispersion of the GRB cor-
relations (no clean physics behind the correlations unlike the Chandrasekhar
limit behind the SNe Ia physics), the GRB candle is much less standard
than the SN Ia candle. The efforts using GRB data alone have so far led
to much poorer constraints on the cosmological parameters than other well
known methods (e.g. SNe Ia and CMB). On the other hand, the advantage of
GRBs is that they can be detected at much higher redshifts than SNe Ia, so
they can potentially be used to measure how the dark energy evolves with red-
shift. For example, Schaefer (2007) applied multiple correlations to construct
the Hubble diagram of 69 GRBs in the redshift range from 0.17 to > 6, and
obtained consistency with the concordance ΛCDM model without invoking
dark energy evolution. Second, it is not easy to calibrate GRB candles using
GRB data alone. A robust calibration (e.g. for SNe Ia) requires a low-z sam-
ple. However, the nearby GRBs tend to have a much lower luminosity than
their cosmological cousins (Galama et al., 1998; Campana et al., 2006), and
likely form a distinct population (Liang et al., 2007a). Their detected number
is also low. One suggested method is to consider bursts in a narrow redshift
bin to partially calibrate the correlation (Liang and Zhang, 2006; Ghirlanda
et al., 2006). This can well calibrate the indices of the correlation, but the nor-
malization parameter still depends on the adopted cosmological parameters,
and can be only “marginalized”. A more practical method of calibration is to
make use of the SN Ia data (Liang et al., 2008b; Kodama et al., 2008). Taking
GRBs in the same redshift range as SN Ia, one can use the distance moduli
of SNe Ia and assign them to GRBs at the same redshifts, and then give a
cosmology-independent calibration to the GRB candles. The derived cosmo-
logical parameters using the calibrated candles are again found consistent with
the concordance model (Liang et al., 2008b).
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7 Progress toward understanding GRB prompt radiation

The origin of the prompt γ-ray emission from GRBs is not well understood.
This is due in large part to our lack of knowledge of jet composition, energy
dissipation and particle acceleration mechanisms. A widely used model is the
matter-dominated “fireball”, which consists of baryons (primarily protons and
neutrons), electron & positron pairs, and photons. A fireball could be produced
in cataclysmic events such as mergers of binary neutron stars (Narayan et al.,
1992) or collapses of massive stars (Woosley, 1993). The energy in radiation
is initially larger than in baryons (including baryon rest mass) by a factor
of about 102, and as the fireball expands, baryons get accelerated to a high
Lorentz factor. According to this model, a fraction of the initial thermal energy
of the fireball is radiated away at the photosphere, and at a larger radius
internal shocks tap into the kinetic energy of the jet to accelerate electrons
which produce non-thermal γ-rays via the synchrotron and inverse-Compton
processes.

Alternatively, the outflow launched from the GRB central engine might be
Poynting-flux-dominated (e.g. Usov, 1994; Katz, 1997; Mészáros and Rees,
1997b; Lyutikov and Blandford, 2003; Zhang and Yan, 2011). In this case, jet
acceleration, dissipation and particle acceleration are harder to calculate, and
the model lacks predictive power due to our limited understanding of these
processes.

This section provides an overview of GRB prompt emission models. The struc-
ture of the section is as follows:

• We begin with a quantitative description of the standard hot fireball model
for GRBs (§7.1). We discuss the dynamics of fireball evolution as well as the
photospheric radiation properties. Observational constraints on the distance
of the γ-ray emission region from the center of explosion are presented in
§7.2.

• Next, the internal shock model is discussed in detail. The topics include
conversion of the kinetic energy of the outflow to thermal energy and the
efficiency for producing radiation (§7.3), the difficulty of reproducing the
observed spectrum (§7.4 & 7.5) as well as a critical assessment of several
recent models that have been proposed to explain the nearly flat spectrum
(fν ∝

∼ ν0) below the peak.
• For a GRB jet consisting of protons and neutrons, a fraction of the outflow

kinetic energy is converted to thermal energy and radiation when these
particles undergo collisions near the photosphere. Whether this process can
explain the GRB prompt radiation is taken up in §7.7.

• A more general discussion of photospheric radiation, including multiple IC
scatterings and its application to GRBs is discussed in §7.8. The hadronic
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model for the generation of prompt γ-ray radiation is analyzed in §7.9.
• Finally, analytical calculations for the acceleration and dissipation of Poynt-

ing jets are discussed in §7.10. Numerical simulations on magnetic recon-
nection and particle acceleration are also reviewed in that section.

Our emphasis is on providing physical insights, and not on rigorous math-
ematical derivations, and thus we will make numerous approximations that
simplify calculations while focusing on the important physical concepts un-
derlying various derivations and estimates throughout this section.

7.1 Hot fireball model

One of the widely discussed models for GRBs is the so called hot fireball model.
This model was suggested in its currently used form 30 by Paczýnski (1986)
and Goodman (1986) when Paczynski realized that GRBs might be at cos-
mological distances and therefore have luminosity of ∼ 1051erg s−1 produced
within a small volume of radius <

∼ 107 cm (from lightcurve variability) and
hence a temperature of ∼ 1010K so that electron-positron pairs coexist with
photons in thermal equilibrium. The energy per proton according to the hot
fireball model is of order 102 GeV; much of this energy is initially in photons,
relativistic e± pairs, and neutrinos. The radius where the fireball is produced
is set by the size of the compact object formed in these explosions which is
believed to be either a black hole or a millisecond magnetar 31 . As the fireball
undergoes adiabatic expansion, the energy of photons and e±s is transferred
to protons which are accelerated to a high Lorentz factor (Shemi and Piran,
1990). The kinetic energy of the outflow is converted back to thermal energy
and radiated away as γ-ray photons at some large distances from the place
where the fireball is produced (Rees and Mészáros, 1992; Mészáros and Rees,
1993; Rees and Mészáros, 1994).

The dynamical evolution of a fireball during the acceleration phase has been
studied analytically (Shemi and Piran, 1990; Mészáros et al., 1993; Piran et al.,
1993; Mészáros and Rees, 2000b; Mészáros et al., 2002), as well as numerically
(Kobayashi et al., 1999).

We describe in this subsection the fireball dynamics and the conversion of
kinetic energy to radiation via collision between fast and slow parts of the

30 The fireball model in the context of GRBs and some consequences of high opacity
due to electron-positron pairs produced by MeV photon collisions were described
by Cavallo and Rees (1978) well before the work of Paczýnski (1986) and Goodman
(1986).
31 A magnetar is a neutron star with magnetic field of strength much larger than a
typical pulsar. The surface field of a magnetar is of order 1014G or larger.
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outflow. The main results for the fireball dynamics are shown in Figure 28.

7.1.1 Dynamics of a Hot Fireball

Consider an outflow of luminosity L and initial radius R0 that is related to
the size of the compact object (black hole or a rapidly rotating neutron star)
formed in these explosions. The initial temperature of the fireball is

kBT0 ≈ kB

[

L

4πR2
0g0σB

]1/4

= (1.3 MeV)L
1/4
52 R

−1/2
0,7 , (110)

where kB & σB are Boltzmann and Stefan-Boltzmann constants, and g0 = 2.75
is half of the effective degrees of freedom for a plasma consisting of photons,
electrons & positrons in thermal equilibrium 32 ; we are continuing to use the
notation Xn ≡ X/10n.

The Lorentz factor of the fireball undergoing adiabatic expansion increases
linearly with radius as long as the energy in radiation per baryon is larger
than ∼ mpc

2, and the fireball is optically thick to Thomson scattering.

The fireball dynamics is described by conservation of energy flux and entropy.
We describe the process as viewed in an inertial frame at rest in the GRB host
galaxy. Hereafter we call this rest frame as the “CoE frame”, sometimes also
called the “lab frame” or “cosmic proper frame”. Let us consider a spherical
shell of radius r and width δr in the CoE frame (the width in the comoving
frame is δr′; see Fig. 27). The comoving temperature of the shell is T ′(r), and
its Lorentz factor is Γ(r). Its luminosity in the CoE frame does not change as
the shell expands to larger radius, and is given by

L = 4πr2g(r)σBT
′4(r)Γ2(r). (111)

Moreover, the entropy contained in the shell is

s = 4πr2(δr′)g(r)T ′3 (112)

which is a frame independent, and a conserved quantity for an adiabatically
expanding shell (ignoring the initial decrease due to neutrino loss).

32 Initially, at radius R0, the temperature is larger than 1 MeV so that electrons,
positrons, and electron neutrinos are readily created. However, neutrinos fall out
of thermal equilibrium when the fireball radius is just a little larger than R0 and
hence are not counted towards the effective degree of freedom for particles in thermal
equilibrium. Each Fermion internal degree of freedom – spin state – contributes 7/8
of a Bosonic degree of freedom, so the total for a e± and photon plasma comes out
to be 5.5. The 2 degree of freedom for photons is already included in the radiation
constant σB, hence g0 = 5.5/2 = 2.75.
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Fig. 27. Fireball dynamics in lab frame is shown in the left panel and in the shell
comoving frame (right panel). Shown here is a small section of the fireball of initial
radial width δR0 at two different times when it was at radius R0 and r. Its LF
when at radius R0 was ∼ 1, and hence its radial widths in the lab and comoving
frames were the same. At a later time when at radius r its LF increased to Γ and
its comoving temperature decreased by a factor Γ.

The width of the shell in the CoE frame does not change much with r since
the front and the back surfaces of the shell move close to the speed of light and
their relative speed is small. However, the shell-width in the comoving frame,
which is given by δr′ = Γδr, does change with radius as the shell expands and
its LF increases.

The equation for the conservation of entropy (eq. 112) can be solved for co-
moving temperature

T ′ = T0(R0/r)2/3(g0/g)1/3Γ−1/3, (113)

where g0 ≡ g(R0). Substituting this into equation (111) we find

Γ(r) = (r/R0)(g/g0)
1/2, (114)

and we can solve for T ′ by eliminating Γ from equation (113)

T ′(r) = T0(r/R0)
−1(g0/g)1/2 (115)

The Lorentz factor continues to increase as Γ ∝ r as long as energy in photons
per baryon in the comoving frame (3kBT

′nγ) is larger than mc2 & the system
is optically thick to Thomson scattering so that photons and particles are
coupled. The terminal value of the Lorentz factor is

Γs =
L

Ṁc2
≡ η, (116)

which is attained at the radius

Rs ∼ R0Γs (117)
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provided that the fireball remains optically thick to Thomson scattering at Rs;
Ṁ is the baryonic mass flux associated with the outflow. We will see toward
the end of this sub-section that for η >

∼ 103 the fireball becomes optically thin
before attaining Γs ∼ η.

The optical depth is dominated by e± when η >
∼ 106, and in this case the system

becomes transparent to photons when T ′ drops to about 20 keV and pairs
annihilate. The number density of electron-positron pairs, in the comoving
frame of the outflow, at temperature T ′ is

n′
± =

2(2πkBmeT
′)3/2

h3
exp

(

−mec
2/kBT

′
)

, (118)

where me is electron mass & h is Planck’s constant. The cross-section for pair
annihilation is

σe±→2γ =
σT

〈v/c〉 (119)

where 〈v〉 is the mean speed of e±, and σT is Thomson scattering cross-section.
Thus, the comoving frame time for a positron to annihilate with an electron
is

t′e±→2γ =
2

σe±→2γn
′
±〈v〉

≈ 2

σTn′
±c

, (120)

where the factor 2 in the numerator is due to the fact that the number density
of electrons = n′

±/2 (ignoring the contribution of electrons associated with
baryons). The process of pair annihilation/creation freezes when te±→2γ be-
comes of order the dynamical time ∼ r/cΓ(r). From the above equation we
see that the e± freeze-out radius is the same as the Thomson-photospheric
radius when the baryon loading is negligible, i.e. when the electron density
is not much larger than n′

±/2 given by equation (118). If the freeze-out were
to occur during the acceleration phase of the jet then Γ(r)/r ∼ 1/R0, and in
that case

σTn
′
±R0 ∼ 2, or n′

± ∼ 2/(σTR0). (121)

Substituting for n′
± from equation (118) we find

T
′3/2

e−
5.9×10

9

T ′ ≈ 62R−1
0,7. (122)

The solution of this equation is T ′
freeze ≈ 20.5 keV. The fireball Lorentz-factor

at the freeze-out can be obtained using equations (115) & (114) and is

Γfreeze ∼ T (R0)/T
′
freeze ∼ 64, (123)

independent of the g-value, and the radius where the freeze-out occurs is

Rfreeze ∼ R0Γfreeze(g0/g)1/2 ∼ 1.7R0Γfreeze. (124)

For the last part of the above equation we took g = 1 since at this radius
the entropy is dominated by photons. The Lorentz factor of the fireball can
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continue to increase by another factor of ∼ 2 due to Compton drag (Mészáros
et al., 1993).

Let us next consider the effect of a non-zero baryon component on the jet dy-
namics, and determine the criterion when the fireball dynamics is significantly
affected by baryon contamination.

The number density of electrons associated with protons can be obtained from
the equation for mass outflow, Ṁ ,

n′
p =

Ṁ

4πr2mpcΓ
=

L

4πr2mpc3ηΓ
where η ≡ L

Ṁc2
. (125)

Therefore, the number density at Rfreeze is

n′
p =

L

4πR2
0mpc3ηΓ3

freeze

. (126)

The fireball dynamics beyond Rfreeze is dominated by electrons associated
with protons when

n′
p(Rfreeze) > n′

±(Rfreeze) ∼
2

σTR0

. (127)

Or using equations (126), (127), (110) and (123) we find

η <
LσT

8πR0mpc3Γ3
freeze

∼ 2 × 106L
1/4
52 R

1/2
0,7 . (128)

Whenever this condition is satisfied — which is likely for most GRBs — the
jet continues to accelerate for r > Rfreeze until Γ(r) ∼ η or the outflow reaches
the Thomson photospheric radius (whichever comes first).

The Thomson scattering optical depth for a photon at radius r is

τT =
∫ dr1

c
(c− v)σTnp ≈

∫ dr1
2Γ2

σTne ≈ σTn
′
p(r/2Γ) ≈ LσT

8πrmpc3ηΓ2
, (129)

where we made use of equation (125) for electron density. Therefore, the pho-
tospheric radius, where τT = 1, is

Rph ≈ (5.5 × 1012cm)L52 η
−1
2 Γ−2

2 . (130)

The Lorentz factor stops increasing when the outflow reaches the photosphere,
if not before, since at this radius photons decouple from electrons and start
streaming freely 33 . Thus, the maximum possible value for Lorentz factor that

33 Some additional acceleration above the photosphere can occur by outward stream-
ing photons dragging electrons along for a while (Mészáros et al., 1993).
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Fig. 28. Lorentz factor (Γ), Temperature (T ) and thermal luminosity L (in observer
frame) are shown schematically as a function of fireball radius for the case where
η <
∼ 103 so that the photosphere (Rph) lies above the saturation radius Rs = ηR0

(left panel). Γ, T & L for the case where η >
∼ η∗ ∼ 103, so that Rph < Rs, is shown

in the right panel; Γ, T & L in this case have the same dependence on R for
R < Rph as shown in the first segment of the left panel, however, the outflow fails
to attain the asymptotic LF of η in this case (the slight increase of Γ for R > Rph

is due to Compton drag on electrons by photons streaming to larger radius). The
time dependence of the observed thermal luminosity and temperature, after a brief
transient period, mirrors temporal fluctuations of the thermal fireball (or outflow)
at its base at R0.

can be attained in a hot-fireball is when Rph ∼ ηR0 or

η∗ ≡ Γmax ∼ 8.5 × 102L
1/4
52 R

−1/4
0,7 (131)

The most energetic Fermi bursts from which >GeV photons have been de-
tected approach this theoretical limit on Lorentz factor 34 . For η > η∗ only a
fraction of the initial photon energy of the fireball is imparted to baryons.

7.1.2 Photospheric radiation

When η > η∗ ∼ 103 — the limit given by equation (131) — the Thomson
photosphere lies within the acceleration zone of the outflow, and the emergent
thermal radiation from the photosphere is

Lth = 4πR2
phσBT

′(Rph)4Γ(Rph)2 ∼ 4πR2
0σBT

4
0 ∼ L, (132)

34 The Fermi LAT team published lower limits of Γ for a few bright LAT GRBs,
which approach 1000 (Abdo et al., 2009c,a; Ackermann et al., 2010), and are much
larger than the constrained Γ from other GRBs using other methods (Racusin et al.,
2011). However, these constraints were based on a simple one-zone model with the
emission site defined at the internal shock radius RIS ∼ Γ2c∆tmin, which could be
an over-estimate if the emission region is not at RIS (Gupta and Zhang, 2008; Zhang
and Pe’er, 2009), or when more sophisticated analysis are carried out (Granot et al.,
2008; Zou et al., 2011; Zhao et al., 2011; Hascoët et al., 2012b)
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which is of order the central engine luminosity (L); in deriving this result
we made use of the scalings Γ(Rph) ∼ Rph/R0 (eq. 114) and T ′(Rph) ∼
T0R0/Rph (eq. 115). The observed peak of the thermal flash is at a temper-

ature T ′(Rph)Γ(Rph)/(1 + z) ∼ T0/(1 + z) ∼ [1.3/(1 + z)MeV]L
1/4
52 R

−1/2
0,7 (see

eq. 110). This radiation lasts for as long as the central engine is active.

For η <
∼ 103, the Thomson photosphere lies outside the acceleration zone of the

outflow, and the emergent thermal luminosity is smaller than L. The temper-
ature continues to decrease, due to adiabatic cooling, beyond the saturation
radius as

T (r) ∼ T0(Rs/r)2/3, (133)

since the comoving volume of a shell increases with radius as r2 when the
Lorentz factor of the shell stops increasing with distance; Rs is the saturation
radius given by equation (117). The observed thermal luminosity while the
jet head is between Rs & Rph varies as r−2/3 (fig. 28). Once the jet crosses
Rph, the photospheric luminosity is given by (e.g. Mészáros and Rees, 2000b;
Nakar et al., 2005)

Lth = 4πR2
phσBT

′(Rph)4Γ(Rph)2 ∼ L(Rs/Rph)2/3 ∼ LR
2/3
0,7 L

−2/3
52 η

8/3
3 . (134)

This equation is valid only when η < η∗; for η > η∗, Lth ∼ L. The strong
dependence of thermal luminosity on η is due to the fact that the photospheric
radius scales as η−3 and the saturation radius (Rs) increases as η, and therefore
the thermal luminosity — which scales as (Rph/Rs)

−2/3 — decreases rapidly
with decreasing η. The peak of the thermal spectrum in the observer frame,
when the jet becomes optically thin at r = Rph, for η < η∗, is

hνth ∼ 3kBT
′(Rph)Γ(Rph)/(1 + z) ∼

(

4MeV

1 + z

)

L
−5/12
52 R

1/6
0,7 η

8/3
3 , (135)

which was obtained by making use of T ′(Rs)Γ(Rs) ∼ T0, T (Rph) ∼ T (Rs)(Rs/Rph)−2/3

and equation (110) for T0. For η > η∗, the observed peak is at ∼ 3kBT0. The
observed specific flux at the peak of the spectrum is obtained from equations
(134) and (135), and is given by,

f th
p ∼ Lth

4πd2Lνth
∼ L(1 + z)

4πd2L(3kBT0/h)
∼ [1 mJy](1 + z)L

3/4
52 d−2

L28R
1/2
0,7 . (136)

The emergent specific flux at the peak of the thermal spectrum is approxi-
mately 1 mJy, which is independent of the highly uncertain value of η and
weakly dependent on jet luminosity L, and should be detectable by a tele-
scope observing in a band that includes νth; we should point out that the
observed non-thermal emission between 10 keV and ∼ 1MeV for a typical
GRB is also of order 1 mJy. An observational campaign designed to look for
this thermal component 35 between optical and γ-ray frequencies would help

35 The observed spectrum is expected to deviate from the Planck function due to
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determine the baryonic content of GRB jets. For instance, if a thermal com-
ponent with peak flux of a few mJy is not found between 1 eV and 1 MeV,
then that would suggest that η < 5. Since this would contradict a vast amount
of data that suggests Γ >

∼ 102 (Sari and Piran, 1999b; Lithwick and Sari, 2001;
Zhang et al., 2003a; Molinari et al., 2007; Abdo et al., 2009c,a; Liang et al.,
2010) — and therefore η >

∼ 102 — the non-detection of a thermal component
would imply that the GRB jet was launched with a relatively small radiation
component thereby strengthening the case for a Poynting outflow (e.g. Daigne
and Mochkovitch, 2002; Zhang and Pe’er, 2009). On the other hand, a detec-
tion of thermal signal and measurement of νth would help us determine the
amount of baryonic matter in GRB jets; νth depends primarily on η (eq. 135)
and has a weak dependence on L and R0 as long as photons are not created
or processed between R0 and the photosphere.

7.2 Distance from the central engine where γ-rays are produced

We describe in this sub-section various constraints on the distance from the
center of explosion, Rγ, where γ-ray emission is generated. Four different ideas
have been used to get a handle on Rγ: optical depth to Thomson scattering
should be less than ∼ 1; detection of high-energy γ-rays suggests that e±

production optical depth should also be less than one; detection of a bright
optical transient during the prompt γ-ray phase implies that the synchrotron-
self absorption frequency is below the optical band; the rapid decay of X-ray
lightcurves at the end of prompt radiation phase signals a rapid turn-off of the
central engine and this can be used to determine Rγ. The first three methods
provide a lower limit for Rγ. The last two techniques assume a one zone model
where the lower frequency photons (optical or X-rays) and γ-rays are produced
at the same location — results described below are invalid if this assumption
were to turn out to be incorrect.

The γ-ray source distance (Rγ) should be smaller than the deceleration ra-
dius for the jet, which is of order 1017cm for a uniform density circum-stellar
medium (see eq. 34), otherwise much of the energy of the GRB-jet is imparted
to the surrounding medium and not available for γ-ray radiation 36 .

the fact that photons arriving at any given time at the observer in fact originated
at different radii and time. Hence, the observed spectrum is a superposition of
Planck functions of different temperatures. In particular, the observed spectrum
below the peak is likely flattened to fν ∝

∼ ν1.4 from the original fν ∝ ν2 shape
(Beloborodov, 2010; Deng and Zhang, 2014). And if the LF of the jet has an angular
dependence such that it peaks at the jet axis and decreases with angle then the
observed spectrum is flattened even further and can become fν ∝ ν0 (Lundman
et al., 2013).
36 The γ-ray radiation during the prompt phase cannot be produced by the shock
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The initially highly opaque fireball becomes optically thin at a distance ∼
5 × 1012L52Γ

−3
2 cm (eq. 130) — if baryonic — and so we expect the observed

radiation to originate at Rγ
>
∼ 1012cm.

The detection of high energy γ-ray photons provides a constraint on GRB-jet
LF (Γ), which combined with the variability time for GRB prompt lightcurve
(δt) gives a rough estimate for the radius where γ-rays are produced —
Rγ ∼ 2c(1 + z)δtΓ2 ∼ 1014(δt)−1cm (e.g. Rees and Mészáros, 1994); where
we used Γ ∼ 102 obtained from pair opacity argument described in the next
two paragraphs.

Consider that we see a photon of energy ǫ0 ≫ mec
2, that lies on a power-

law spectrum with photon index α, from a GRB at redshift z. The isotropic
equivalent luminosity for this burst is Lγ, the jet LF is Γ, and consider that
γ-ray photons are produced at a distance Rγ from the center of explosion.
The photon energy in the jet comoving frame is ǫ0(1 + z)/Γ, which we assume
is larger than mec

2, otherwise there is little chance for it to be converted to
a e±-pair 37 . This photon can interact with a photon of jet-comoving frame
energy > (mec

2)2Γ/(1 + z)ǫ0 ≡ ǫ′1 and produce e±; the observer frame photon
energy is ǫ1 = ǫ′1Γ/(1 + z).

The number density of photons of energy ≥ ǫ′1 in the jet comoving frame
is n′

γ ∼ Lγ(hνp/ǫ1)
β−2/(4πR2

γΓ2ǫ′1c); where νp is frequency at the peak of
the spectrum in observer frame, and β ∼ 2.2 is the photon index of the
spectrum (fν ∝ ν−β+1) for ν > νp. The probability that the photon of energy
ǫ0 will get converted to e± as it tries to escape the jet is σγγ→e±n

′
γRγ/Γ; where

the pair production cross-section σγγ→e± = 1.2 × 10−25cm2 at the optimal
photon energy. Therefore, a lower limit to the LF of jet in order to avoid pair
production is

Γ >

[

σγγ→e±Lγ(1 + z)ǫ0
4πRγm2

ec
5

]1/2β (
hνp(1 + z)2ǫ0

m2
ec

4

)(β−2)/2β

. (137)

If we detect a 100 MeV photon from a typical long-duration-GRB at z = 2,
with β = 2 and γ-ray luminosity Lγ ∼ 1052erg s−1, then that suggests Γ >

∼ 200.

heated GRB circumstellar medium (the so called external shock) since the resulting
lightcurve would vary on timescale of Rγ/(2cΓ

2) ∼ 10s (Sari and Piran, 1997)–
instead of 0.1s or less as observed — and the X-ray lightcurve would not show a
sharp drop-off at the end of the prompt phase as is seen for a good fraction of bursts
(Tagliaferri et al., 2005) – but see also Dermer and Mitman (1999).
37 If the comoving energy were to be less than mec

2, then most of photons of energy
ǫ0 can escape conversion to e± since they will have to interact with photons of
larger energy for pair production. And such photons are much smaller in number
since β ∼ 2 for GRBs.
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Combining this with the 0.1s variability time for the prompt γ-ray lightcurve
implies Rγ ∼ 3 × 1014cm (see, e.g. Fenimore et al., 1993; Lithwick and Sari,
2001; Murase and Ioka, 2008; Gupta and Zhang, 2008; Zhang and Pe’er, 2009).

Optical photons have been detected during the prompt γ-ray burst for a num-
ber of GRBs (Akerlof et al., 1999; Vestrand et al., 2005, 2006; Yost et al.,
2007; Racusin et al., 2008; Zheng et al., 2012; Kopač et al., 2013). If optical
and γ-ray photons are produced at the same location — which is likely the
case whenever correlated fluctuations are seen in optical and γ-ray lightcurves
or when optical flux declines rapidly (faster than t−2) at the end of the prompt
phase — then that suggests that the synchrotron-self-absorption frequency is
below the optical band. This provides a lower limit on Rγ since for a given
γ-ray flux and spectral peak frequency, the electron column density increases
with decreasing Rγ, which leads to a larger self-absorption frequency. This
method was used by Shen and Zhang (2009) for a sample of 4 GRBs and they
found Rγ

>
∼ 1014cm.

One of the major discoveries made by the Swift satellite in regards to GRBs
was the detection of a rapidly declining X-ray lightcurve at the end of the
prompt phase, when the flux declines as t−3 or faster for a duration of a few
minutes, and before a slowly declining “afterglow” phase sets in (Tagliaferri
et al. 2005). This rapid decline is seen in the majority of GRBs (Evans et al.,
2009; Liang et al., 2009) and heralds the winding down of central engine
activity 38 . Considering that there is no discontinuous change in X-ray flux
between the prompt phase and the rapidly declining X-ray phase (Barthelmy
et al., 2005b), the radiation during the latter phase should have the same origin
as the prompt GRB radiation. As long as the opening angle of a GRB-jet is
larger than Γ−1 (which seems to be the case from observations of achromatic
breaks in optical & X-ray lightcurves several days after the explosion) it is
expected that we will continue to see a tail of prompt radiation coming from
parts of the jet lying at angles (θ) larger than Γ−1 with respect to the observer
line of sight. Radiation from larger θ arrives at a later time due to the larger
path length the light has to travel to get to the observer, and it is also subject
to a much smaller Doppler boosting, thereby leading to a rapidly declining
flux. In fact, this “large angle radiation”, or the tail of the prompt phase, has
a well defined, unique signature, that relates the temporal decline during the
steep phase with the spectral slope at the end of the prompt phase (Fenimore
et al., 1995; Kumar and Panaitescu, 2000a; Dermer, 2004; Zhang et al., 2009b;
Genet and Granot, 2009): fν(t) ∝ t−2−βν−β (see §2.1 for a derivation of this
result) 39 ; so the steeper the flux density spectral index (β), the steeper is

38 The central engine can continue to operate, sporadically, as evidenced by sudden
increases in X-ray flux or flaring events, for a period of hours to days e.g. Burrows
et al. (2005), Chincarini et al. (2011).
39 The decay index α depends on the choice of the zero time. It is usually set to the

100



the temporal decline during the steep phase. The time when the steep decline
begins (time measured from the peak of the last pulse in γ-ray lightcurve) is
set by the radius where the prompt radiation is produced and the jet Lorentz
factor: tdecline ∼ Rγ/(2cΓ2). And the steep decline lasts for a duration that is
related to the jet opening angle θj: ttail ∼ (Rγ/c)θ

2
j/2. Hence, the timescale for

steep decline, and a measurement of Γ from the onset of “afterglow” radiation
(or the jet deceleration time) enable the determination of Rγ. This idea for
the determination of Rγ was suggested by Lyutikov (2006), and Lazzati and
Begelman (2006), soon after the discovery of the steep decline of X-ray light-
curves by the Swift satellite, and was recently re-emphasized by Hascoët et al.
(2012a).

A number of GRBs satisfy the “large angle radiation” relation, α = 2 +
β, between the temporal decay index (α) and spectral index (β) during the
steep decline phase of X-ray afterglow lightcurve, e.g. O’Brien et al. (2006),
Willingale et al. (2010). Kumar et al. (2007) analyzed the data for a sample of
10 of these GRBs that satisfy this “closure relation”, and found Rγ

>
∼ 1016cm

using the method described above.

7.3 Internal Shocks: Conversion of outflow kinetic energy to radiation

We describe in this section the widely used internal shock model for converting
the kinetic energy of a baryonic jet to γ-rays (Narayan et al., 1992; Rees and
Mészáros, 1994). Consider a relativistic, baryonic outflow, where the LF is
time dependent. In this case, the faster part of the outflow will catch up with
a slower moving part ahead of it. The resulting collision produces a pair of
shock waves that propagate into the fast and slow shells, and a fraction of jet
kinetic energy is converted to thermal energy. The thermal energy is radiated
away via synchrotron and the inverse-Compton processes. This model is called
the internal shock model since shocks are produced within the jet due to non-
zero gradient of velocity.

The main strength of this model lies in its simplicity and its ability to account
for short time scale variability, of order milli-seconds, seen in prompt GRB
lightcurves. One of its main weaknesses is the inability to explain the observed
spectrum — in particular, the spectral index below the peak — and possibly
its low efficiency. We expand on these points below.

For simplicity, let us consider two shells of masses m1 & m2 ejected from the
central engine moving with terminal LFs Γ1 and Γ2. The slower moving shell-1
was launched δt time before the other shell. The distance from the center of

trigger time, but can be later for the cases with distinct emission episodes (Zhang
et al., 2006; Liang et al., 2006a).
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explosion where these shells collide, when Γ2
>
∼ 2Γ1, is

Rcoll =
v1v2δt

v2 − v1
≈ 2cΓ2

1δt. (138)

Therefore, the time when the radiation produced in this collision will arrive
at the observer is given by

tobs ∼ t0 + Rcoll/(2cΓ2
f ) ∼ t0 + (δt)Γ1/Γ2, (139)

where t0 is the time when shell-2 was ejected from the central engine, Γf is
the final Lorentz factor of merged shells, which is given by

Γf =
m1Γ1 + m2Γ2

(m2
1 + m2

2 + 2m1m2Γr)
1/2

, (140)

and
Γr = Γ1Γ2(1 − v1v2/c

2) (141)

is the relative LF of the two shells before collision. We see from equation
(139) that the variability time of the GRB lightcurve roughly tracks the en-
gine variability time according to this model (assuming that Γ2/Γ1 does not
fluctuate wildly during the course of engine activity). Therefore, the internal
shock model is capable of explaining the observed short time scale variability
(milli-seconds) by linking it to the central engine time-scale, whereas exter-
nal shocks occurring at a much larger radius cannot account for this without
sacrificing the efficiency for producing γ-ray emission (Sari and Piran, 1997);
efficiency is somewhat problematic for internal shocks as well (as discussed
below), but it is a much more severe problem for external shocks when the
requirement of milli-second (or even 100 ms) time variability is imposed.

The 4-momenta of the two shells before the collision are Γimi(1, vi, 0, 0);
i = 1, 2. And the momentum after the collision of the merged shells moving
together = Γfm(1, vf , 0, 0). It is straightforward to show using the conserva-
tion of 4-momentum that the thermal energy produced in this collision, where
the two shells merge and move together, is

∆E = Γf (m−m1 −m2) = Γf

[

(

m2
1 + m2

2 + 2m1m2Γr

)1/2 − (m1 + m2)
]

c2.

(142)
Therefore, the efficiency for producing thermal energy in the collision is given
by

ǫt =
∆E

(m1Γ1 + m2Γ2)c2
=

[

1 − m1 + m2

(m2
1 + m2

2 + 2m1m2Γr)
1/2

]

. (143)

It is easy to see that for a fixed Γr, the highest efficiency is achieved when equal
mass shells collide, and in that case the efficiency is ǫmax = [1−21/2/(1+Γr)

1/2].
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Only a fraction of the thermal energy produced in collisions is likely deposited
in electrons, the rest is taken up by protons and magnetic fields. Since protons
are very inefficient radiators — the synchrotron and the IC power for a proton
is smaller than an electron of similar energy by a factor (mp/me)

4 — the
maximum radiative efficiency one might hope to get in colliding shells is ∼
ǫmax/2 when electrons carry 50% of the total thermal energy produced in the
collision 40 . Therefore, the maximum possible radiative efficiency when two
shells of Γ2/Γ1 = 20, or Γr = 10, collide is 28.7%. However, even in this case of
extreme LF contrast between colliding shells, and the highly idealized situation
of equal shell mass, the radiative efficiency in the energy band for a typical
GRB instrument (10 keV — 10 MeV) is smaller than the bolometric efficiency
calculated above by a factor of a few (IC scatterings produce much higher
energy photons in internal shocks that carry away a good fraction of electron
energy). More detailed calculations find the radiative efficiency for internal
shocks in the observer band — by considering an ensemble of colliding shells
with various LF distributions — to be between 1 and 10 percent (Kobayashi
et al., 1997; Kumar, 1999; Panaitescu et al., 1999; Kobayashi and Sari, 2001;
Maxham and Zhang, 2009). By contrast, the observed efficiency for prompt
γ-ray emission is reported to be much higher — approaching, or possibly
exceeding 50% (Zhang et al., 2007a; Fan and Piran, 2006a).

Beloborodov (2000) suggested that internal shocks can be efficient. However,
that is based on the assumption that Γ2/Γ1 ≫ 10 for almost all collisions,
which is unlikely to be realistic, and he does not take into account the fact
that only a fraction of thermal energy is radiated in the observing energy band
of 10 keV–10 MeV.

We next discuss whether synchrotron radiation in internal-shocks can account
for the observed γ-ray spectrum.

7.4 Viability of Synchrotron radiation mechanism for GRBs for shock heated
plasma

We provide in this section some constraints on properties of γ-ray sources —
such as the magnetic field strength, Lorentz factor of electrons associated with
their random motion in the source comoving frame (γe) and the Compton-Y
parameter — using general theoretical arguments when the radiation mecha-
nism is synchrotron. We assume that electrons are accelerated on a time scale

40 The radiative efficiency can exceed ǫmax/2 if energy could be transferred from
protons to electrons on a dynamical time. However, considering that the Coulomb
interaction cross-section for relativistic electrons is smaller than the Thomson cross-
section this energy transfer will have to involve some kind of a collective plasma
process.
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short compared with the dynamical time, and subsequent to the phase of ac-
celeration they have vanishingly small rate of energy gain, which is the case
for the Fermi acceleration mechanism in internal and external shocks.

The γ-ray source might be highly inhomogeneous where magnetic fields might
occupy a small fraction of the source volume, and only a fraction of electrons
(and positrons) might be accelerated to high enough Lorentz factor to radiate
in the observed γ-ray band. The calculations in this section circumvent these
complications by focusing only on those electrons that radiate in the observer
band, and we consider only that part of the source region where the magnetic
field is strong enough for these electrons to produce γ-ray photons. If there are
a large number of regions with very different values of (γe, B

′) contributing
roughly equally to the observed flux, then the simplified calculation presented
here is invalid; however, it would require quite a coincidence for different pairs
of (γe, B

′) to have the same synchrotron frequency.

Let us consider the isotropic equivalent of γ-ray luminosity for a burst to be
Lγ, and the frequency at the peak of the νfν spectrum to be νp in the observer
frame.

If we associate the peak of the spectrum, νp ≡ νp,5 × 100 keV, with the
synchrotron frequency of electrons with Lorentz factor ∼ γe, then that gives

qB′γ2
eΓ

2πmec(1 + z)
= 2.4 × 1019νp,5 Hz =⇒ B′γ2

eΓ2 = 8.5 × 1010(1 + z)νp,5,

(144)
where B′ is the magnetic field in the source comoving frame, and Γ is the
Lorentz factor of the source.

The radiative cooling time for electrons, in the observer frame, is (e.g. Sari
et al., 1996)

tc =
3πmec(1 + z)

σTB′2γeΓ(1 + Y )
∼ (5 × 10−16s)(1 + z)−1γ3

eν
−2
p,5Γ2(1 + Y )−1, (145)

where Y is the Compton-Y parameter, and the second part of the equation
was obtained by substituting for B′ using equation (144). If tc is much smaller
than the dynamical time, td ∼ R(1 + z)/(2cΓ2), then the rapid cooling of
electrons leads to the spectrum below νp to be fν ∝ ν−1/2 (Sari et al., 1998),
which is much softer than the spectrum for most GRBs; the observed low
energy spectrum is often close to ν0 (see §6.2 for detailed information regarding
observations). The condition that tc >

∼ td implies

γeΓ2
>
∼ 1.5 × 105R

1/3
15 (1 + z)2/3ν

2/3
p,5 (1 + Y )1/3. (146)

Thus, for the synchrotron radiation mechanism to be able to explain the GRB
peak frequency, and the spectrum below the peak, a very high LF of electrons

104



is required 41 : γe ≫ 104. This large γe might be a problem for the internal shock
model (where the LF of the shock front is of order a few) unless just one in
∼ 102 electrons crossing the shock front are accelerated carrying away ∼ 10%
of the energy of the shocked fluid as suggested by e.g. Daigne et al. (2011).
Numerical simulations of collisionless ion-electron shocks find that these re-
quirement might be satisfied as long as magnetic fields in the unshocked GRB
jet carry less than ∼ 0.1% of the luminosity (Sironi and Spitkovsky, 2011); the
parameters of these simulations, however, fall far short of GRB jet conditions,
and therefore one needs to be careful applying simulation results to GRBs.

A large value for γe implies a small magnetic field (in order for νp ∼ 102keV)
and in that case IC losses might dominate. The maximum magnetic field
strength (corresponding to the minimum value for γeΓ) can be calculated
using equations (144) & (146):

B′ ∼ (4 Gauss)R
−2/3
15 (1 + z)−1/3Γ2ν

−1/3
p,5 (1 + Y )−2/3, (147)

and therefore the energy in magnetic fields is

EB =
Γ2B′2

8π

4πR3

Γ2
<
∼ (7 × 1045ergs)R

5/3
15 (1 + z)−2/3Γ2

2ν
−2/3
p,5 (1 + Y )−4/3. (148)

The energy in electrons can be calculated from the observed flux at the peak
of the spectrum. The synchrotron flux at νp depends on the total number of
electrons (isotropic equivalent), Ne, that radiate at νp, i.e. electrons that have
LF ≥ γe. The synchrotron specific luminosity in the jet comoving frame can
be obtained by dividing the total synchrotron power for Ne electrons by νp.
Multiplying this with Γ gives the luminosity in observer frame. Thus,

f syn
p =

Ne(1 + z)

4πd2L

√
3q3B′Γ

mec2
=

(1.8 × 10−3 mJy)Ne,50B
′Γ

(1 + z)−1d2L,28
, (149)

or
Ne,50B

′Γ2 ∼ 5f syn
p,mJy(1 + z)−1d2L,28, (150)

where dL is the luminosity distance, and f syn
p,mJy is the observed flux at the

peak of spectrum in mJy. The total number of electrons that contribute to
the observed flux at νp is obtained by making use of equations (147) and (150):

Ne ∼ 1.2 × 1050f syn
p,mJyd

2
L,28ν

1/3
p,5 R

2/3
15 (1 + z)−2/3Γ−2

2 (1 + Y )2/3, (151)

and therefore the energy in electrons is

Ee ∼ ΓNeγemec
2 >
∼ (1.5 × 1051ergs)f syn

p,mJyd
2
L,28R15Γ

−2
2 νp,5(1 + Y ). (152)

41 This condition on γe is basically equivalent to the problem discussed in Ghisellini
et al. (2000), where they showed that the synchrotron cooling time for electrons in
internal shock with γe ∼ 102 is much smaller than the dynamical time.
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The second part of the equation was obtained by making use of (146) & (151),
and the lower limit to electron energy is due to the fact that we only have a
lower bound on γe through equation (146).

The ratio Ee/EB ∝ Γ−4 is much larger than 1 even when we consider an
extreme value for GRB jet LF of ∼ 103, and this suggests that IC scatterings
might carry away a large fraction of electron energy to produce very high
energy γ-rays ( >

∼ TeV) thereby significantly increasing the total energy budget
for GRBs. To address this concern we calculate the Compton-Y parameter.

The optical depth to Thomson scattering can be calculated using equation
(151) for Ne

τe =
σTNe

4πR2
∼ 6 × 10−6f syn

p,mJyν
1/3
p,5 d

2
L,28(1 + z)−2/3R

−4/3
15 Γ−2

2 (1 + Y )2/3,(153)

and with this we can now estimate Compton-Y parameter, which for a typical
GRB with f syn

p,mJy = 1, νp,5 = 1, dL,28 = 1 and z = 1 is given by:

Y ∼ τeγ
2
e

[hνp(1 + z)/mec2](γe/Γ)
∼ τeγeΓ ∼ 102R−1

15 (1 + Y )Γ−2
2 , (154)

where we have included the Klein-Nishina (K-N) reduction to the photon-
electron scattering cross-section, since the photon energy in the electron-rest
frame exceeds mec

2; the factor in the denominator, (hνp[1+z]/mec
2)(γe/Γ), is

the ratio of photon energy in electron rest frame divided by electron rest-mass
energy which is the factor by which the scattering cross-section in the K-N
regime is smaller than the Thomson cross-section.

Equation (154) has no solution for Y unless R15Γ
2
2
>
∼ 102. If we take Γ ∼ 100

as is inferred for an average GRB jet, then R >
∼ 1017cm, which is equal to or

larger than the deceleration radius for GRB jets. Thus, there is no synchrotron
solution for the case where the spectrum below the observed peak (νp) is
∝
∼ ν0, unless the source lies at a distance from the central engine that is close
to the deceleration radius and assuming that electrons are not continuously
accelerated (Kumar and McMahon, 2008; Beniamini and Piran, 2013). The
solution corresponding to R ∼ 1017cm, has γe ∼ 7 × 105, Y <

∼ 1 (eqs. 153
& 154), and the total energy in electrons that are responsible for producing
one pulse in a GRB lightcurve is ∼ Nemec

2γeΓ >
∼ 1053erg, and the energy in

magnetic field is ∼ B2R3/2 <
∼ 1050 erg; moreover, the lightcurve variability time

is ∼ R/(2cΓ2) ∼ 102R17/Γ2
2s, which is much longer than what observations

find for most GRBs.

It is very difficult to get around the low-energy spectrum problem for the
synchrotron model as was pointed out by Ghisellini et al. (2000) more than a
decade ago. One possible solution is that electrons are continuously accelerated
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(as opposed to acceleration while crossing the shock front multiple times but
no further energy gain while traveling down-stream of the shock front). In this
case B′ can be larger and γe smaller — so that the radiation can be produced
at a smaller R while keeping Y <

∼ 1 — and the radiative loss of energy for
electrons is balanced by energy gain due to continuous acceleration thereby
maintaining the low energy spectrum to be fν ∝

∼ ν0 (Kumar and McMahon,
2008); see also Asano and Terasawa (2009) and Murase et al. (2012), who
invoked continued acceleration due to MHD turbulence down-stream of the
shock front. Alternatively, the electron cooling problem can be alleviated if
magnetic fields were to decay rapidly downstream of the shock front (Pe’er
and Zhang, 2006). However, a likely serious problem for this model is the
excessive energy requirement, since the luminosity in the IC component might
be much larger than the synchrotron emission.

Uhm and Zhang (2014b) have suggested that the decrease of the magnetic
field with distance from the center of explosion offers another way to explain
the low energy spectral index for GRB prompt emission. The idea is that
the synchrotron loss rate for γ-ray emitting electrons decreases rapidly with
time as these electrons move to larger distances where the magnetic field is
weaker. Therefore, these electrons do not cool much to give rise to a fν ∝ ν−1/2

spectrum. This mechanism works well as long as the magnetic field strength
at the radius where electrons are accelerated is such that the synchrotron
cooling time is not much smaller than the dynamical time. This suggests, using
equations (144) and (145), that γe ∼ 105 and the magnetic field strength is
relatively small (Poynting luminosity ∼ 1046R2

15 erg s−1) for this mechanism
to be effective at explaining the low energy spectral index. While the required
large emission radius is consistent with constraints of a large Rγ (§7.2), it
is unclear how a small magnetization parameter could be achieved in the
emission region.

Yet another solution to the low-energy spectrum problem is for electron cool-
ing to be dominated by IC scatterings in K-N regime. In this case, the low
energy electron spectrum is dne/dγe ∝ γ−1

e — in the limit of large γe and IC
scatterings in K-N regime as the dominant energy loss mechanism for elec-
trons (Derishev et al., 2001; Nakar et al., 2009; Daigne et al., 2011) — and
consequently fν ∝

∼ ν0. One of the drawbacks with this solution is the extreme
value for γe required ( >

∼ 106), and even then the low energy spectrum is found
to be no harder than ν−0.1, which fails to account for the observed spectrum
for a substantial number of GRBs (Barniol Duran et al., 2012).

The bottom line is that the GRB prompt emission can be produced by the syn-
chrotron process provided that electrons are either continuously accelerated,
or that there is some mechanism that prevents their rapid radiative cooling to
ensure that the spectrum below the peak is consistent with observations.
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7.5 Constraints on Synchrotron-self-Compton mechanism for GRBs

The peak frequency and flux at the peak for the SSC case are νsynγ
2
e and f syn

p τe
respectively; where νsyn and f syn

p are the synchrotron peak frequency and the
peak flux, τe is the optical depth of the source to Thomson scattering and γe
is LF of electrons with characteristic synchrotron frequency of νsyn. Equating
the IC frequency to the observed peak frequency νp, and the IC flux to the
observed peak flux fp,mJy (in milli-Jansky) provides the following constraints:

B′γ4
eΓ2 ∼ 8.5 × 1010(1 + z)νp,5 (155)

τeNe,55B
′Γ2 ∼ 5 × 10−5fp,mJy(1 + z)−1d2L,28 (156)

or τ 2eR
2
15B

′Γ2 ∼ 2.5 × 10−5fp,mJy(1 + z)−1d2L,28, (157)

where we made use of equations (144) & (150) for synchrotron frequency and
flux, and substituted for Ne = 4πR2τe/σT in the last part. Moreover, taking
the radiative cooling time for electrons of LF γe to be of order the dynamical
time, for an efficient production of γ-rays, and to ensure that the low energy
spectrum does not become cooling dominated (fν ∝ ν−1/2) as suggested by
data for most GRBs, requires

B′2γeR15(1 + Y ) ∼ 2.3 × 106Γ2. (158)

These equations can be solved for γe, B
′, τe & Y to yield:

γe ∼ 164R
1/7
15 Γ

−3/7
2 (1 + Y )1/7(1 + z)2/7ν

2/7
p,5 , (159)

B′ ∼ (120 Gauss)R
−4/7
15 Γ

5/7
2 (1 + Y )−4/7(1 + z)−1/7ν

−1/7
p,5 , (160)

τe ∼ 5 × 10−4R
−5/7
15 Γ

−6/7
2 (1 + Y )2/7(1 + z)−3/7ν

1/14
p,5 f

1/2
p,mJydL,28, (161)

Y ∼ γ2
eτe ∼ 300R−1

15 Γ−4
2 (1 + z)1/3ν

3/2
p,5 f

7/6
p,mJyd

7/3
L,28. (162)

Thus, for a solution with Y ∼ 1 (so that the second IC-scattering does not
carry away too much energy), we require R ∼ 1016cm (if we take Γ ∼ 200);
τe ∼ 5×10−5 at this distance. For most bursts that have optical data available
during the prompt gamma-ray phase, it is found that the specific flux at the
optical band is just a factor 10 or so larger than the γ-ray flux, and not a factor
1/τe ∼ 104 as one would expect if γ-rays are produced via the SSC process. For

the SSC peak to be at 100 keV, νsyn
p ∼ 105/γ2

e ∼ (3.7 eV )R
−2/7
15 Γ

6/7
2 (1+Y )−2/7

— see equation (159) for γe — and that has a very weak dependence on R and
Y , and a not particularly strong dependence on Γ. So it is unlikely that νsyn

p

could be far below or above 2 eV, and therefore it is not possible to suppress
the optical flux associated with the synchrotron seed field by a factor ∼ 103,
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in order for that to be compatible with the observed optical data (or upper
limit). Another drawback of the SSC mechanism is that the second order SSC
would carry more energy, which greatly increases the total energy budget of
the burst (Derishev et al., 2001). This point was recently emphasized by Piran
et al. (2009) who concluded that the SSC mechanism is not viable for a typical
GRB as the energy in seed photons or the second IC component is excessive.
One other difficulty with the SSC mechanism is that its Ep is very sensitive
to the electron injection Lorentz factor (∝ γ4

inj), so that it requires fine tuning
to obtain the typical Ep ∼ 102 keV (Zhang and Mészáros, 2002a).

The same conclusion can be obtained from the Fermi/LAT data alone. The
lack of an excess flux at high energies — there is no evidence for departure from
a Band function fit for most GRBs e.g. Ackermann et al. (2013a) — means that
the IC scattering of photons near the peak (νp) into the LAT band should have
a flux small compared with the Band-function flux. Let us consider the case
where γe <

∼ Γ (IC scatterings take place in the Thomson regime in this case).
The lack of a bump in Fermi/LAT band requires τe <

∼ γ2(β+1)
e /5 ∼ γ−2.5

e /5;
where β ∼ −2.2 is high-energy photon index, and the factor 5 takes into
account the fact that any departure from a Band-function-fit for most bursts
detected by Fermi/LAT is less than ∼ 20%. The implication of this is that
τe <

∼ 10−3 for γe >
∼ 5, and thus one expects a bright optical flash ( >

∼ 1 Jy or 9-
mag) whenever γ-rays are produced via the SSC process; we note that γ2

e ≫ 20
since the spectrum between 10 keV and νp is a flat, single power law, function.
A similar result is obtained for γe >

∼ Γ.

We close this sub-section with a brief discussion of an exceptional burst, GRB
080319B (the “naked-eye” GRB), which was detected to have a very bright
optical counterpart during the prompt phase – it reached a peak apparent
magnitude of 5.8 ∼ 30s after the GRB trigger – that roughly tracked the γ-ray
lightcurve (Racusin et al., 2008). An attractive possibility for this burst is that
the optical emission was produced by the synchrotron process, while γ-rays
were due to the SSC mechanism (Kumar and Panaitescu, 2008; Racusin et al.,
2008). However, the γ-ray light curve for this GRB varied more rapidly than
the optical flux, which poses problems for the simplest SSC model (Resmi and
Zhang, 2012), but is consistent with the relativistic turbulence model (Kumar
and Narayan, 2009). People have also invoked a two zone model to interpret
γ-ray and optical emissions from this burst (Li and Waxman, 2008; Yu et al.,
2009; Fan et al., 2009; Zou et al., 2009a).

7.6 General constraints on electron Lorentz factor (γe)

The calculation below, based on very general considerations, shows that the
Lorentz factor of electrons associated with their random motion (γe) in GRB
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jets, at the site of γ-ray generation, is either less than 2 or larger than ∼ 102.

Let us consider the isotropic γ-ray luminosity in the CoE frame to be Lγ.
We assume that γ-rays are produced by electrons (and positrons) by some
combination of synchrotron and IC processes.

We will consider two cases separately.

(1) Short lived acceleration phase: when electrons in the jet are accelerated to
a typical LF γe on a timescale much smaller than the dynamical time (for
instance, while crossing the shock front back and forth multiple times),
and subsequently they radiate a part of their energy to produce γ-ray
photons of frequency νp, but this loss of their energy is not compensated
by any further acceleration (such is the case for electrons moving down-
stream after crossing the shock-front for the last time); a more accurate
calculation should consider a distribution of electron LF, however this
changes the result by a factor of a few, which is of little concern here.
The energy-luminosity carried by electrons (and positrons) at the end of
the acceleration phase, Le, in this case should be at least as large as Lγ,
and so we take

Le = ζLγ, (163)

where ζ ≥ 1 is a dimensionless parameter of order no larger than a few so
that the GRB radiative efficiency is roughly of order the observed value.

(2) Continuous acceleration: when electrons in the jet are continuously, or
repeatedly, accelerated while they are producing γ-rays, so that the en-
ergy they loose to radiation is balanced by the gain from the acceleration
mechanism (the details of this process are unimportant, but such a sce-
nario could operate in magnetic reconnections inside a current sheet).
The luminosity carried by e±s in this case can be much smaller than Lγ.

7.6.1 Short lived acceleration phase for electrons

The comoving number density of electrons & positrons, ne, is related to the
luminosity, Le, carried by e± as follows –

Le = 4πR2mec
3(γe − 1)Γ2ne = ζLγ, (164)

or

ne =
ζLγ

4πR2mec3(γe − 1)Γ2
, (165)

where R is the distance from the center of explosion, Γ is the jet LF and γe
is the average LF of electrons (in jet comoving frame) that emit photons of
frequency νp (peak of the γ-ray spectrum).
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The optical depth to Thomson scattering for electrons of LF γe is given by

τe = σTne min{ct′c, R/Γ}, (166)

where t′c is the radiative cooling time for electrons of LF γe in the jet comoving
frame. The upper bound on the cooling time is provided by the IC loss of
energy, and is given by

t′ic =
4πR2Γ2mec

2

(γe + 1)σTLγ

= (150 s)
R2

15Γ
2
2

(γe + 1)Lγ,51

. (167)

The ratio of the cooling and the dynamical time, t′d = R/cΓ, is

t′ic
t′d

=
0.5R15Γ

3
2

(γe + 1)Lγ,51

. (168)

Let us assume that the ratio of energy loss rate for an electron of LF γe
due to IC scatterings (considered above) and the loss rate associated with
the radiation mechanism that produced photons of frequency ∼ νp is Y . The
electron cooling time, t′c, can then be written as t′c ∼ t′icY/(Y + 1). Making
use of this relation, and equations (165), (166), and (167) we find the optical
depth to Thomson scattering of electrons responsible for the observed γ-rays
to be

τe ∼
ζ

γ2
e − 1

Y

Y + 1
, (169)

as long as t′c < t′d; the optical depth is smaller than given by the above equation
by a factor t′c/t

′
d when t′c > t′d. We note that Y cannot be much smaller than

1 since that would imply the energy in magnetic fields (or seed photons that
get IC scattered to νp) to be much larger than the energy in prompt γ-ray
radiation, and hence a low efficiency for producing prompt radiation, which is
not supported by the data.

We can now obtain limits on γe using equation (169) by requiring that IC
scatterings of sub-MeV photons should not produce a bump in the observed
spectrum above νp since Fermi finds no evidence for such a bump.

Electrons that produce γ-rays near the peak of the spectrum (νp) also IC
scatter these photons to a frequency νic ∼ γ2

eνp. The specific flux at νic is
∼ τefp; where fp is the flux at νp. From equation (169), we see that the IC
flux exceeds the underlying seed photon flux at νic as long as the observed
γ-ray spectrum above νp is not shallower than ν−1 (which is never the case by
the definition of the spectral peak), and ζY is not much less than 1 (which is
unlikely due to radiative efficiency considerations). Therefore, IC scatterings
of sub-MeV photons by electrons would produce a prominent second peak in
the spectrum above νp that could lie in the Fermi/GBM or LAT energy band
(1 MeV — 300 GeV) depending on the value of γe.
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One way to avoid this second peak (which is not found in GRB spectra) is if
γe is less than ∼ 1.5 so that the IC and the seed photon peaks merge together
to produce a single peak in the emergent spectrum. Another possibility is that
γe >

∼ Γ ∼ 102 so that the IC scattering cross-section is reduced due to Klein-
Nishina effect, thereby suppressing the bump in the spectrum above ∼ 10
MeV. It could be that the IC scattered photons are converted to electron-
positron pairs by interacting with lower energy photons as they make their
way out of the source region, and therefore don’t contribute to the observed
flux at high energies (Gupta and Zhang, 2007b); however, this is not so likely
for Γ >

∼ 200 when the pair production optical depth is small (§7.2).

The bottom line is that 1.5 <
∼ γe <

∼ 102 can be ruled out due to the fact that it
gives rise to an IC bump above the peak of the observed spectrum in the Fermi
energy band. Solutions with γe <

∼ 1.5 have τe ∼ 1, which can be identified as
photospheric radiation with possibly multiple IC-scatterings accounting for a
power law spectrum above νp.

7.6.2 Continuous/repeated acceleration of electrons

When electrons are continuously, or repeatedly, accelerated while losing energy
to radiation, their average Lorentz factor in the jet comoving frame (γe) is such
that the energy gain and loss rates are balanced. The observed luminosity in
this case is:

Lγ = 4πR2nemec
3(γe − 1)Γ2 R

cΓ

1

t′c
. (170)

Therefore, the optical depth to Thomson scattering is

τe = σTneR/Γ = σT
Lγ

4πR2Γ2c

t′c
mec(γe − 1)

=
Y

(Y + 1)(γ2
e − 1)

. (171)

This optical depth is basically the same as that in equation (169), and the
constraint on γe obtained in the previous subsection holds, i.e. 1.5 <

∼ γe <
∼ 102 is

ruled out.

7.7 Effects of neutrons on jet dynamics and radiation

GRB jets might be produced by some hydrodynamic processes in an accretion
disk around a black hole or a neutron star. In this case, the jet composition
could include free neutrons that are produced by the dissociation of nuclei by
γ-ray photons in the inner regions of the disk. These neutrons decouple from
protons at a radius smaller than the Thomson photosphere (e.g. Derishev
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et al., 1999; Bahcall and Mészáros, 2000) — due to a smaller cross-section
for neutron-proton scattering — and their collisions below the photosphere
can significantly affect the jet dynamics, e.g. Rossi et al. (2006), and produce
positrons (by the decay of pions) that IC scatter thermal photons and produce
γ-ray radiation with peak at ∼ 1 MeV (Beloborodov, 2010). Neutrons that
survive these collisions travel to larger distances before decaying and that
could affect the afterglow radiation from GRBs (Beloborodov, 2003a; Fan
et al., 2005a).

Neutrons and protons in the GRB outflow move together as a single fluid as
long as the timescale for a neutron to collide with a proton is smaller than the
dynamical time. The collision time, in the jet comoving frame, is

t′np =
1

σnpn′
pv

∼ 4πR2mpc
2ηΓ

Lσnuc

, (172)

where σnp = σnucc/v is the cross-section for neutron-proton scatterings, σnuc ≈
3 × 10−26 cm2; we made use of equation (125) for the proton density (n′

p) to
arrive at the second equality. The scattering is elastic when v ≪ c and it
becomes inelastic that produces pions when v ∼ c. The dynamical time in the
fluid comoving frame is

t′d ∼ R/(cΓ). (173)

When t′np > t′d, neutrons and protons decouple, and the radius where this
occurs is

Rnp ∼
σnucL

4πmpc3ηΓ2
. (174)

In deriving this equation we have assumed that the luminosity carried by
neutrons is of the same order as protons, and the LF Γ is the smaller of proton
and neutron LFs. We note that Rnp is smaller than Thomson photosphere
radius by a factor ∼ 20, since σT/σnuc ∼ 20. If Rnp is smaller than Rs — the
radius where protons attain their terminal speed — neutrons stop accelerating
before protons do, and the free energy of neutron-proton differential motion
is dissipated below the photosphere, and can be used for producing a non-
thermal photon spectrum. The condition for non-zero differential velocity to
arise is

Rnp < Rs or Γ >

[

σnucL

4πmpc3R0

]1/4

= 485L
1/4
52 R

−1/4
0,7 . (175)

Thus, a substantial fraction of the kinetic energy of those GRB jets that
consist of neutrons and protons, and reach terminal LF larger than about
500, is dissipated below the Thomson photosphere. A fraction of this energy
goes into producing e±s that can scatter photons to possibly produce the
observed γ-ray spectrum (Beloborodov, 2010).

Observational evidence does not point to many GRB jets having Lorentz factor
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larger than what is needed for this mechanism to operate (eq. 175). However,
neutrons and protons can develop substantial differential velocity even when
the condition in equation (175) is not satisfied. This can happen, for instance,
in internal shocks where protons are slowed down (and accelerated) in the
collision, whereas neutrons continue moving at the speed they had before the
collision (Beloborodov, 2010). However, in this case only a small fraction of
the energy of differential motion is dissipated, unless shell collisions were to
take place close to Rnp. If the variability time for the central engine is δt,
and the Lorentz-factor of the slower part of the outflow is Γ, then the radius
where collisions take place is Rcol ∼ 2cΓ2δt = 6 × 1012Γ2

2(δt)−2 cm; (δt)−2 is
variability time in units of 10−2s. The radius where the probability for n-p
collision drops below one-half is Rnp ∼ 5 × 1011Ln52Γ

−3
2 cm. Thus, Rcol/Rnp ∼

10L−1
n52Γ

5
2(δt)−2. For an efficient conversion of outflow kinetic energy to thermal

energy via n–p collisions these radii should be approximately equal, i.e. Rcol ∼
Rnp, and that requires 50 <

∼ Γ < 102; considering that Rcol/Rnp ∝ Γ5, these
limits are quite firm, and the allowed range for Γ is uncomfortably narrow 42 .
Moreover, given a random distribution of δt and Γ, and assuming that they are
uncorrelated, there should be many collisions where Rcol ≫ Rnp or Rcol ≪ Rnp

and the spectra produced in these collisions would be very different from
those for which Rcol ∼ Rnp. The problem is that observations do not find big
variations of Epeak and photon indices for time resolved spectra. Nor do they
find systematic differences in spectra for bursts that show fast variability and
those that do not (including the extreme case of FRED bursts that have a
single, smooth, pulse in the lightcurve).

Neutron-proton differential velocity could arise for a structured jet where neu-
trons from the outer, slower, part of the jet diffuse toward the middle region,
where the plasma is moving at a higher speed (Mészáros and Rees, 2000a).
We now assume that somehow neutron-proton differential velocity gets set up
in a GRB jet, and look at the sequence of events leading to generation of
γ-rays due to neutron-proton collisions for this GRB. The basic processes are
sketched in Fig. 29, and the emergent radiation can be understood by using
simple physical considerations described below; much of this discussion closely
follows the work of Beloborodov (2010).

The inelastic collision of a neutron with a proton produces a pion (n + p+ →
π+ + n + n; it can also produce a π− or a π0). The charged pion decays in 26
nano-seconds to a muon, and the muon decays in 2.2 µs to a positron. If the

42 When Rcol/Rnp ≪ 1, shell collisions affect both protons and neutrons since they
are well coupled below Rnp. Moreover, any radiation produced in such a collision
would find itself in a medium of high optical depth and hence, the emergent spectrum
is nearly thermal, which is inconsistent with observed spectra of most GRBs. For
Rcol/Rnp ≫ 1, neutrons have a small probability for collision and the radiative
efficiency is low.
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relative LF of a collision between neutron and proton is Γr ∼ 2, then the LF
of the positron produced is γi ∼ Γrmπ/(6me) ∼ 100; the factor 1/6 accounts
for the fact that µ+ carries away roughly half of the energy of π+ when it
decays and the decay of a µ+ imparts roughly equal energies to e+ and the
two neutrinos.

These positrons IC scatter thermal photons produced at the jet launch site,
and carried by the outflow to larger radii, to an energy, in the jet comoving
frame, that is

ǫ′icth ∼ 3kBT0(Rs/Rnp)
2/3γ2

i /Γ ∼ (40MeV )L
−5/12
52 R

1/6
0,7 Γ

5/3
3 . (176)

In deriving this equation, we made use of (110), (133), (117) and (174), and
we assumed that neutrons and protons carry roughly equal fractions of the
jet luminosity, and also that the LF of neutron jet is ∼ 4 times smaller than
the proton jet; Γ3 ≡ Γ/103 is proton jet LF 43 . The energy of these scattered
photons is larger than mec

2 and they get converted to e± pairs since the optical
depth for γ + γ → e± is larger than 1 below the photosphere 44 .

The ratio of IC loss time for e± of LF γe and the dynamical time is very small
at the photospheric radius (Rph ∼ 1012cm – eq. 130) even for γe ∼ 1 (see
eq. 168), and thus the LF of pairs drops rapidly to order unity. Considering
the high optical depth to IC scattering for R ∼ Rnp, photons are repeatedly
scattered by e± and a good fraction of energy of the first generation pairs
is used up in producing more pairs. This process stops when pair LF drops
below ∼ 2, and IC energy loss rate for e± is balanced by energy gain due to
interactions with protons. The number of pairs created per n-p collision is of
order the LF of the first e± produced by muon decay. These secondary pairs
dominate the Thomson scattering optical depth as they outnumber electrons
associated with protons by a factor ∼ 102. The nearly thermal population of
e± of mildly relativistic temperature (γe < 2) scatter thermal photons multiple
times to produce a non-thermal emergent spectrum that has a peak not far
from the peak of the underlying seed-thermal-photons, and the low & high
energy spectra are fν ∝

∼ ν & ν−1 respectively (see §7.8 for a more detailed
discussion of spectrum produced in multiple-IC scatterings). For the peak of
the emergent spectrum to be of order a few 102 keV, n-p collisions should not
take place far from Rs ∼ 1010R0,7Γ3 cm, otherwise adiabatic expansion shifts
the thermal peak to an energy below a typical GRB spectral peak. Thus,

43 Beloborodov did not correct for the decrease of thermal photon energy — the
factor (Rs/Rnp)

2/3 — in his calculations, which has an effect on the emergent spec-
trum.
44 The collision of thermal photons with IC scattered photons of energy a few MeV
cannot produce pairs since the thermal photons have too little energy (<∼ 1 keV)
in the comoving frame. Instead, MeV photons must collide with other MeV, non-
thermal, photons to produce pairs.
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Fig. 29. This figure provides a quick overview of the p–n collision process that
produces a pion (π+), which decays to give a positron of LF γi ∼ 102. This positron
inverse Compton scatters thermal photons of frequency ν ′ to energy ∼ hν ′γ2i > mec

2

(see eq. 176), which in turn collides with another IC photon to produce e± pair.
This cascade to more and more pairs continues until e± LF drops below a few.

for a highly fluctuating central engine, where δt has a broad distribution,
many collisions are expected to occur far away from the photosphere and
these should produce γ-ray spectra with peaks at low energies. However, even
though variations of Ep has been observed in individual GRBs, observations
do not find large variations as expected from this model during the course of
a burst.

If a GRB-jet has a non-zero magnetic field — which is very likely — then
there can be significant synchrotron radiation produced by positrons from π+

decay, and that would modify the IC spectrum. We note, however, that if the
synchrotron process were to be the dominant radiation mechanism below the
peak of the spectrum, then the low energy spectral index should be α = −1.5 –
since the radiative cooling time for e± is very short at the photospheric radius
– and that is too small (soft) for most GRBs. Vurm et al. (2011) report that a
combination of thermal and synchrotron radiations results in α ∼ −1, which
is roughly where the observed α-distribution peaks. However, it turns out that
the addition of a synchrotron component also steepens the high energy photon
index (β < −3) and that is significantly smaller than the average observed
value for β. Moreover, it is unclear how a combination of synchrotron and
thermal spectra can produce a smooth, single peak, Band-function between
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10 keV and 102 MeV without some fine tuning of parameters. Vurm et al.
(2011) also find a prominent bump in their spectra at 300 MeV (in the GRB
host galaxy rest frame) due to annihilation of pairs of LF γe ∼ 1.05. Such
a feature has never been seen for any GRBs, perhaps because the bump is
smeared out when data is integrated over a finite time interval. This bump
disappears when the energy fraction in magnetic fields in the jet is taken to be
larger than ∼ 0.5. However, in this case the observed flux above the spectral-
peak falls off extremely rapidly (Vurm et al., 2011), which is inconsistent with
observations.

7.8 Prompt γ-rays from photosphere: processed thermal photons

We consider the “photospheric” model for the generation of 10 keV–10 MeV
γ-rays during the main burst in this sub-section. According to this model a
population of nearly thermal “seed” photons interact with electrons below
the Thomson photosphere to produce GRB spectrum. It is assumed that the
average seed photon energy is much smaller than the electron’s energy. In
this case, photons typically gain energy by scattering off of electrons, and the
energy continues to increase as they undergo multiple scatterings as long as
their energy is less than the average electron energy. There are a number of
excellent articles that discuss multiple-IC scatterings and the emergent spec-
trum at great depth (Katz, 1976; Shapiro et al., 1976; Rybicki and Lightman,
1979; Sunyaev and Titarchuk, 1980; Ghisellini, 2012). Here we provide a simple
physical picture of this process and its application to GRBs.

The average frequency of a photon scattered off of an electron (νs) is, e.g.
Rybicki & Lightman (1979)

νs/νi ≡ Af = 1 + 4kBT/mec
2 (177)

for non-relativistic electron temperature T , and

νs/νi = 1 + 4γ2
e/3 (178)

for highly relativistic electrons of LF γe in Thomson scattering regime; where
νi is the photon frequency before scattering.

The number of scatterings it takes for the average photon energy to approach
that of electrons is N ≈ ln(kBT/hνi)/ lnAf , which for sub-relativistic electrons
can be rewritten as N ≈ (mec

2/4kBT ) ln(kBT/hνi). If these scatterings take
place in a medium of Thomson optical depth τT , then the average number
of scatterings suffered by a photon before it escapes from the surface is ∼
max(τT , τ

2
T ), and in that case it is useful to define a parameter

Y ≡ max(τT , τ
2
T ) max

[

(4kBT/mec
2), 4γ2

e/3
]

, (179)
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called the Compton-Y, that captures the information regarding whether pho-
tons undergo sufficient number of scatterings while traveling through the
medium to thermalize with electrons or not.

For Y ≪ 1, the emergent photon spectrum is not too different from the seed
photon spectrum except that it can develop a power law tail above the peak,
which for τT < 1 has photon index β = ln(τT/Af )/ ln(Af ); photon index is
defined as: n(ν) ∝ να, where n(ν) is the number of photons per unit frequency.

For Y ≫ 1 — called saturated Comptonization — it follows from the dis-
cussion above that an average seed photon undergoes sufficient number of
inverse-Compton scatterings before escaping from the medium so that its en-
ergy is approximately equal to the average electron energy. If the electrons have
a thermal distribution, then the emergent photon spectrum is Bose-Einstein
distribution with a non-zero chemical potential, since the number of photons
is conserved; the spectrum has a Wien shape where the specific flux below the
peak scales as ν3, instead of ν2 for a black-body spectrum.

For the intermediate case of Y ∼ 1 & τT > 1 — un-saturated or quasi-
saturated Comptonization — the emergent spectrum is more complex and
is obtained by solving the Kompaneets equation. However, the qualitative
behavior of the spectrum can be understood using simple arguments described
below 45 .

Consider a slab of optical depth τT (measured from the mid plane of the slab
to its surface) consisting of hot but non-relativistic electrons. Let us assume
that photons of energy much smaller than the average electron thermal energy
are injected at the mid-plane of the slab. These photons undergo a number of
IC scatterings before arriving at the surface. For Y ∼ 1 & τT > 1, the peak of
the photon spectrum at the surface of the slab lies at a higher energy than the
injected photons, but the mean number of scatterings is not sufficiently large
for the emergent radiation to have attained thermal equilibrium with elec-
trons. If the probability of scattering for a photon while crossing the medium
is p, then the mean number of scatterings suffered before escape is 〈N〉 ∼
∑

k kp
k(1 − p) = p/(1 − p), or p ∼ 〈N〉/(1 + 〈N〉). The peak of the emergent

photon spectrum in this case lies at frequency νic
p ∼ A

〈N〉
f νp, where νp is the

peak of the seed photon spectrum; νic
p ∼ νp exp(Y ) is within a factor of a few of

νp since Y ∼ 1, and hence the photon energy at the peak of the emergent spec-
trum is likely to be much smaller than the mean electron energy. The photon
spectral index above the peak is β ∼ ln(p/Af )/ ln(Af ) ∼ −1− 1/[〈N〉 ln(Af )].
In the limit of a large optical depth, i.e. 〈N〉 ∼ τ 2T ≫ 1, and a small gain
factor (kBT/mec

2 ≪ 1) β ∼ −1 − 1/(τ 2T4kBT/mec
2) = −(1 + Y )/Y .

45 This simple physical picture closely follows a discussion PK had with Lev
Titarchuk in Ferrara, Italy, in summer 2011.
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Fig. 30. The escape probability (PN ) for a photon after undergoing N scatterings
within a slab of optical depth τ = 10 (τ is measured from the mid-plane of the
slab to its surface). The function PN peaks at N ∼ 20 and declines exponentially
at larger N .

Another derivation for the photon index β (for ν > νic
p ) for the case τT ≫ 1

and Y ∼ 1 follows from photon escape probability PN , which is probability
that a seed photon released at the mid-plane of the slab is scattered N times
before escaping at the surface. The probability function PN is shown in Figure
30 for a slab with Thomson scattering optical depth of τT = 10. The escape
probability increases for N <

∼ 20 and then decreases exponentially for larger N ;
the large N behavior is PN ∝ exp(−2N/τ 2T ). A photon of initial frequency ν
after undergoing N scatterings with electrons at temperature T has frequency
νic ∼ ν AN

f ∼ ν exp(4kBTN/mec
2). Using the conservation of photon numbers

in scatterings, and the increase to frequency bandwidth after N scatterings
by a factor AN

f , we find β ∼ d ln(PN/A
N
f )/d ln(νic) ∼ −1 − 2/Y as long as

νic is well below the mean energy of electrons. The two expressions we have
obtained for β differ by 1/Y due to different approximations made in these two
derivations. The exact result, obtained from solution of Kompaneets’ equation,
is β = −1 − 4/(3Y ). The spectrum for νic > kBT/h declines exponentially.

The spectrum far below the peak is a rising function of frequency since PN

increases for N ≪ τ 2T . However, the emergent flux is nearly independent of
frequency below the peak νic

p , i.e. α ∼ −1, when τT ≫ 1, Y ∼ 1 and νp ≪
kBT/h. This can be understood using a simple physical argument provided in
Ghisellini (2012). Consider seed photons, and thermal electrons at temperature
T , that populate a region of finite height but infinite length/width uniformly.
The optical depth of the source to Thomson scattering from mid-plane to
the surface (τT ) is assumed to be much larger than unity. Photons escape
from a thin surface layer of approximately unit optical depth, and the number
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of photons leaving the surface per unit time (integrated over frequency), ṅγ,
is roughly constant until photons in the medium are depleted substantially;
the depletion becomes severe only when photons from the mid-plane of the
medium start arriving at the surface. However, the mean energy of emergent
photons increases with time since later arriving photons come from deeper
layers having undergone more scatterings. Let us take the spectrum of seed
photons to peak at ν0 and its width to be ∆ν0. The emergent instantaneous
spectrum at time t peaks at ν(t) and its width is ∆ν(t); ∆ν/ν is nearly
independent of time for roughly the time it takes for photons to diffuse from
the mid-plane to the surface. The instantaneous specific flux at the peak is
ν(t)(ṅγ/∆ν), which is time independent. And therefore the emergent specific
flux averaged over the diffusion time across the layer is nearly independent of
frequency between ∼ ν0 and νp ∼ ν0 exp(Y ) as ν(t) sweeps across this band
roughly linearly with time, i.e. α ≈ −1.

A straightforward prediction of this model is that the spectral-peak should
shift to larger frequencies with time as photons emerging later have under-
gone more number of IC scatterings on average, and thus have gained more
energy. Moreover, the flux should increase with time, at first, as the slab radius
increases and its optical depth decreases, and later on the flux should decline
due to the adiabatic cooling of electrons and photons.

The peak of the emergent spectrum moves closer to kBT/h as the Compton-Y
parameter increases. The specific flux has a sharp rise just below the peak
when the peak frequency approaches kBT/h. This rise arises, as shown by
e.g. Ghisellini (2012), due to accumulation of photons in the frequency space
as their energies approach kBT after multiple IC scatterings (see Fig. 31).
Such a sharp rise, just below the peak, is never seen in GRB spectra, which
suggests that Compton Y cannot be much greater than 1 (that is to say, if
prompt γ-rays were to be produced as a result of multiple IC scatterings at
the photosphere).

Energy gained by photons in multiple-IC scatterings at the photosphere has
been suggested as a possible mechanism to explain the prompt γ-ray spec-
trum, e.g. Thompson (1994); Ghisellini and Celotti (1999); Mészáros and
Rees (2000b); Eichler and Levinson (2000); Mészáros et al. (2002); Rees and
Mészáros (2005); Pe’er et al. (2006b); Giannios (2006); Giannios and Spruit
(2007); Ioka et al. (2007); Pe’er (2008); Asano and Terasawa (2009); Lazzati
et al. (2009); Lazzati and Begelman (2010); Toma et al. (2011b); Mizuta et al.
(2011); Nagakura et al. (2011); Bromberg et al. (2011a); Mészáros and Rees
(2011); Ito et al. (2013).

One of the drawbacks of this mechanism is the spectral shape below the peak.
The observed specific flux for a typical GRB is nearly flat below the peak,
i.e. α ≈ −1 over an extended energy band covering more than an order of
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Fig. 31. Spectrum due to multiple Compton scattering of thermal seed photons
(dotted line) which shows a sharp rise just below the peak and a flat shape cor-
responding to α = −1 far below the peak (it is a schematic drawing). The Band
function spectrum (solid line) shows no such hump below the peak.

magnitude (from ∼10 keV to several hundred keV). The spectrum produced
by multiple IC scatterings, on the other hand, in the unsaturated regime with
Y ∼ 1 has α ∼ −1 over a more limited bandwidth as described above.

Lundman et al. (2013) find that photospheric radiation has a low energy spec-
tral index α ≈ −1 when the jet LF decreases with azimuthal angle θ from the
jet axis while the jet luminosity remains constant. This is because in such a
configuration, more photons from larger angles with respect to the observer’s
line of sight can contribute to the low-energy flux to flatten the low energy
spectrum. It is unclear whether such a specific jet structure applies to the
majority of GRBs.

Another suggestion invoked integration over equal-arrival-time hypersurface
to explain γ-ray spectra, i.e. photons arriving at any given observer time orig-
inated at different locations near the photosphere, with different temperatures,
and this superposition makes the observed spectrum non-thermal. Deng and
Zhang (2014) investigated this scenario, and concluded that the low energy
photon spectral index remains essentially intact, i.e. the spectrum below the
peak is much harder than the observed GRB spectra. They also find that it
is difficult to obtain the commonly observed “hard-to-soft” Ep evolution for
GRB pulses in this model.

One commonly used argument in support of the photospheric origin of the
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GRB prompt spectrum is that the observed Ep is narrowly clustered around
the sub-MeV range (Preece et al., 2000), which is consistent with the photo-
sphere temperature (e.g. Beloborodov, 2013). This corresponds to the Y ≤ 1
regime. For such cases, there is a maximum photosphere temperature (and
hence Ep) given an observed γ-ray luminosity (see eq. 110). This defines a
“death line” of the model in the Ep–L plane (Zhang et al., 2012a). For GRB
110721A, Ep = 15 MeV early on (Axelsson et al., 2012), which lies above the
death line, and hence the thermal photospheric model is ruled out. The main
spectral component of this burst is well fitted by a Band function, and that
must come from a non-thermal emission process in the optically thin region
(Zhang et al., 2012a; Veres et al., 2012). Considering that the Band-function
parameters of this burst are fairly typical for a GRB, this argument casts a
doubt on the claim that Band spectra are quasi-thermal emission from the
photosphere.

There is another issue with the photospheric radiation mechanism for prompt
γ-ray emission: electrons need to be heated below the photosphere continu-
ously while keeping their temperature sub-relativistic (≪ 1 MeV). This re-
quires some degree of fine tuning for this model as described below.

If the thermal Lorentz factor of electrons is of order unity – as it is the case
for most photospheric models – then electrons carry a tiny fraction of the
jet luminosity or the observed γ-ray luminosity of GRBs. Most of the jet
energy is in protons (unless the jet has >

∼ 103 e± pairs per proton) or magnetic
fields. Therefore, IC scatterings of seed photons off of electrons, to produce the
observed γ-ray luminosity, requires dissipation of a substantial fraction of jet
energy below the photosphere and transferring that energy to electrons while
keeping the electron temperature sub-relativistic. The reason that electron
temperature should be sub-relativistic (in the jet comoving frame) is to prevent
IC peaks appearing in GRB spectra which we have never seen, and also to
keep Compton-Y from becoming too large otherwise the peak of the emergent
spectrum will appear at ∼ 102MeV instead of ∼ 102keV. For a baryonic jet
with one electron per proton, <

∼ 1 MeV per electron is a tiny fraction (of order
10−3) of the jet luminosity. This means that electrons need to be heated rapidly
and repeatedly, of order >

∼ 103 times in one dynamical time, at the photosphere,
in order to transfer a good fraction of jet luminosity to electrons, which then is
passed on to γ-rays via IC process. This requires a certain degree of fine tuning
so that electrons receive a good fraction of jet energy while the temperature
is kept sub-relativistic – if the jet energy is transferred to electrons on a time
much shorter than the dynamical time then the temperature would become
relativistic.

Vurm et al. (2013) provide general constraints on energy dissipation processes,
photon generation mechanisms, and jet LF, for a dissipative photospheric
model to be able to explain the low energy spectral index for gamma-ray
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bursts. They claim that scattering of seed photons by electrons is not sufficient
to be able to account for the observed GRB spectra, and that seed photons
ought to be produced at a moderate to small Thomson optical depths which is
a severe requirement for a dissipative photosphere model. Asano and Mészáros
(2013) have derived stringent constraints on the dissipation radius for the
photosphere model to be able to reproduce the observed GRB spectra.

7.9 Hadronic model for prompt γ-ray radiation

Thus far we have considered electrons that are accelerated in shocks or oth-
erwise, and these electrons produce γ-rays via the synchrotron and inverse-
Compton processes. Protons are also accelerated in shocks and attain energy
much larger than electrons due to their smaller radiative loss rate, and they too
could contribute to the observed γ-ray radiation from GRBs as described in a
number of papers (e.g. Böttcher and Dermer, 1998; Totani, 1998; Aharonian,
2000; Mücke et al., 2003; Reimer et al., 2004; Gupta and Zhang, 2007b; Asano
et al., 2009; Fan and Piran, 2008; Razzaque et al., 2010; Asano and Mészáros,
2012; Crumley and Kumar, 2013). This is taken up in subsection §7.9.3 below,
where we show that for the proton-synchrotron process to account for the ob-
served flux, particularly at photon energies of ∼GeV, one requires the total
energy in GRB explosions to be several orders of magnitude larger than the
energy we see in γ-rays.

High energy protons can contribute to γ-ray generation in another, indirect,
way. They can produce positrons of very large Lorentz factor by the photo-pion
and Bethe-Heitler processes. Both of these processes involve collisions between
energetic protons and photons to produce e± directly (Bethe-Heitler process)
or via generation of pions (photo-pion process) which decay to positrons and
neutrinos. Photo-pion and Bethe-Heitler processes, although inefficient for pro-
ducing high energy electrons compared with the Fermi acceleration process op-
erating in shocks, can be important in those situations where we need electrons
of energy larger than the maximum that a shock can deliver. These processes
and the radiation they produce are described in the next two sub-sections.

7.9.1 Photo-pion process for producing high energy photons

The basics of photo-pion process is described in §2.4. In this section, we pro-
vide an estimate of the energy required in protons for producing a certain
observed flux in photons of >100MeV via the photo-pion process. We con-
sider photons at the peak of the prompt GRB spectrum (νp) colliding with
high energy protons to produce pions, and positrons produced by the decay of
these pions emitting high energy photons by the synchrotron process; a more
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precise numerical calculation (e.g. Asano et al., 2009; Asano and Mészáros,
2012) that takes into account photon and proton spectra gives results for
the energy requirement that is within an order of magnitude of the estimate
provided below.

The photon energy at the peak of the spectrum, in the jet comoving frame, is
ν ′
p = νp(1+z)/Γ, if the observed peak is at νp for a burst located at redshift z,

and the jet is moving with LF Γ. The threshold photon energy, in the proton
rest frame, for photo-pion production is approximately 200 MeV. Therefore,
the Lorentz factor of a proton for pion production, when interacting with
photons of energy ν ′

p, must satisfy

γ′
p
>
∼ 2 × 104ν−1

p,6(1 + z)−1Γ2, (180)

where νp,6 is the observed spectral peak in MeV.

At the threshold energy, the pion LF in the jet frame is also equal to γ′
p, since

it is more or less at rest in the proton-rest frame. The decay of a π+ (half life
26 ns) produces µ+ and νµ, and the muon decays to e+ and neutrinos in 2.2
µs on average. The positron carries roughly 1/4 the energy of the pion, and
therefore, the Lorentz factor of the e+ in the jet rest frame is

γ′
e ∼ 50γ′

p ∼ 106Γ2ν
−1
p,6(1 + z)−1. (181)

For a GRB of observed isotropic luminosity Lγ (integrated over Band function
spectrum), the number density of photons in the comoving frame of the jet is

n′
γ ∼ Lγ(1 + z)−1

4πR2Γchνp
≈ 2 × 1014Lγ,52R

−2
15 Γ−1

2 ν−1
p,6(1 + z)−1 cm−3, (182)

where R is the distance from the center of the explosion in centimeters.

Given the cross-section for the delta resonance, σγp = 5 × 10−28 cm2, the
optical depth for pion production for a photon of frequency ∼ ν ′

p interacting
with a proton of LF given by equation (180) is

τγp ≈ σγpn
′
γ

R

Γ
≈ 0.8Lγ,52R

−1
15 Γ−2

2 ν ′−1
p,6 (1 + z)−1. (183)

The magnetic field in the source comoving frame can be constrained by the
requirement that the synchrotron frequency for positrons produced by the
photo-pion process has some desired frequency ν. Using equation (181), this
condition leads to:

qB′γ′2
e Γ

2πmec(1 + z)
∼ 1.6× 10−4ν8 =⇒ B′ ∼ (102 G) ν8ν

2
p,6(1 + z)3Γ−3

2 , (184)
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where ν8 is frequency in unit of 108eV.

We now use this magnetic field to determine the total energy in protons so
that the photo-pion process results in a desired level of flux at ν8. The observed
synchrotron flux at ν is related to the number of positrons, Ne+ , that radiate
at that frequency –

fν = 1.2 µJy Ne,50B
′Γd−2

L,28(1 + z). (185)

Thus, the number of e+ needed to produce the observed flux at ν is

Ne+ ≈ 8 × 1047 fν,µJyd
2
L,28

B′Γ2(1 + z)
, (186)

where fν,µJy is observed specific flux in µJy.

The number of protons with energy above the pion production threshold re-
quired to produce the necessary number of positrons (eq. 186) is given by

Np ≈
Ne

τγp
≈ 1048fν,µJyd

2
L,28Γ2R15νp,6B

′−1L−1
γ,52, (187)

and the energy in these protons is

Ep ≈ Np(γ
′
pmpc

2)Γ ≈ 3.0 × 1051 Γ3
2fν,µJyd

2
L,28R15

B′Lγ,52(1 + z)
erg. (188)

It is more useful to consider the luminosity carried by these protons (Lp)
for determining the efficiency of the photo-pion process for high energy γ-ray
production. The proton-luminosity is related to Ep via

Lp = EpΓ × max{t′−1
dyn, t

′−1
cool}, (189)

where t′dyn is the dynamical time in the jet comoving frame

t′dyn =
R

2cΓ
≈ (170 s)R15Γ

−1
2 , (190)

and t′cool is the synchrotron cooling time 46 for a positron with LF γ′
e (eq. 181)

that is moving in a magnetic field given by equation (184),

t′cool =
6πmec

σTB′2γ′
e

≈ (8 × 10−2s)
Γ5
2

ν2
8ν

3
p,6(1 + z)5

. (191)

46 To be more precise, t′cool is the radiative cooling time which includes inverse-
Compton and synchrotron contributions. However, for positrons of LF >

∼ 106 con-
sidered here, the IC scattering lies in the Klein-Nishina regime, and so for a large
part of the GRB parameter space, synchrotron losses dominate.
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Substituting, equations (184), (188), (190) & (191) into (189), we find the
proton luminosity to be (Crumley and Kumar, 2013)

Lp =



























2 × 1049 Γ8
2fν,µJyd

2
L,28L

−1
γ,52ν

−1
8 ν−2

p,6(1 + z)−4 erg s−1 t′cool > t′dyn

4 × 1052 Γ2
2fν,µJyd

2
L,28ν8νp,6L

−1
γ,52(1 + z)R15 erg s−1 t′cool < t′dyn.

(192)
This proton luminosity is based on taking the magnetic field strength as given
in equation (184). It might be tempting to think that a larger magnetic field
might reduce Lp. However, that turns out not to be the case because even
though a larger B′ means that e+ LF (γ′

e) needed for producing a photon of
a desired synchrotron frequency is smaller (γ′

e ∝ B′−1/2), it also means that a
smaller fraction of particles produced by the photo-pion process can radiate at
this frequency at any given time since the synchrotron cooling time decreases
as B′−2γ′−1

e ∝ B′−3/2; the latter effect overwhelms the net gain of the former
as can be readily seen by the dependence of Lp on ν8 in equation (192) 47 .

We can assess the viability of the photo-pion process for producing >102MeV
photons detected by the Fermi satellite from a number of highly luminous
GRBs. Let us consider the data for a particular burst, GRB 080916C, as
an example. This burst was at a redshift of 4.3, dL,28 = 12, the peak of
the observed spectrum was at 400 keV, and the flux at 100 MeV during the
burst was fν ∼ 3µJy. The γ-ray isotropic luminosity for GRB 080916C was
Lγ,52 ∼ 20, and the jet LF is estimated to be Γ2 ∼ 9 (e.g. Abdo et al., 2009c;
Greiner et al., 2009a). For these parameters we find t′cool < t′dyn as long as
R > 1015cm, and in that case the required luminosity in protons of LF >

∼ 105

is Lp ∼ 1.5 × 1056R15 erg/s. This is larger than the γ-ray luminosity by a
factor ∼ 700, if the radiation is produced at R = 1015 cm. For R < 1015cm,
t′dyn < t′cool and the proton luminosity is independent of R. The total luminosity
carried by protons, if their distribution function extends down to LF ∼ 10 with
p = 2.4, is another factor of ∼ 40 larger, and that makes the photo-pion process
unacceptably inefficient for this burst. Moreover, the high proton luminosity
required for the photo-pion process is inconsistent with the upper limit on
high-energy neutrino flux from GRBs provided by the IceCube observations
(Abbasi et al., 2012).

47 If the synchrotron cooling time for e± radiating at ν8 is larger than the dynamical
time, then a magnetic field of strength higher than that given by eq. 184 does reduce
the energy requirement for protons; the dependence on B is weak though. However,
for the vast majority of allowed GRB parameter space, the cooling time is smaller
than the dynamical time.
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7.9.2 Bethe-Heitler process

We assess the viability of the Bethe-Heitler process in this sub-section for
producing high energy γ-rays detected by Fermi/LAT from a number of bursts.

The cross-section for Bethe-Heitler pair production process — p + γ → p +
e+ + e− — has a strong dependence on the angle between the outgoing elec-
tron and the incident photon in the nuclear rest frame. Assuming that the
protons and photons are isotropic in the jet’s rest frame, and using the head
on approximation, i.e. the angle between the photon and proton is zero in the
nuclear rest frame, ǫ′′ = 2γ′

pǫ
′ [where ǫ′ = hν ′/(mec

2)], the equation for the
rate of production of secondary electrons is:

dṄe

dγ′
e

= 2c
∫ ∞

0
dǫ′ n′(ǫ′)

∫ ∞

1
dγ′

p Np(γ
′
p)
dσBH(ǫ′, γ′

p)

dγ′
e

, (193)

where Np is the number of protons in the shell with LF γ′
p, and n′(ǫ′) is the

number density of photons in the jet comoving frame with dimensionless en-
ergy ǫ′ defined above. The differential cross section in the Born approximation
integrated over angles, in the highly relativistic regime, was derived by Bethe
& Maximon (1953) (see Rachen (1996), for a recent review)

dσBH

dγ′′
+

=
3αfσT

2πǫ′′3

(

γ′′
+
2

+ γ′′
−
2

+
2

3
γ′′
+γ

′′
−

)

(

log
2γ′′

+γ
′′
−

ǫ′′
− 1

2
.

)

(194)

Where γ′′
+, γ

′′
− are the Lorentz factors of the positron and electron, respectively,

in the nuclear rest frame, as are all other variables in the above equation, and
αf ≈ 1/137 is the fine-structure constant. The differential cross-section peaks
sharply when the angle between the incoming photon and the outgoing e± in
the nuclear rest frame (θ′′±) is ∼ 1/γ′′

±. So, for γ′
p ≫ γ′′

±, the Lorentz factor of
e± in the jet rest frame is

γ′
± = γ′

pγ
′′
±

(

1 − β′
pβ

′′
± cos θ′′±

)

≈ γ′
pγ

′′
±

2

(

γ′−2
p + γ′′

±
−2

+ θ′′±
−2
)

≈ γ′
p

γ′′
±

. (195)

Therefore, pairs produced via the Bethe-Heitler process have LF (in jet co-
moving frame) that is smaller than the proton LF most of the time.

If ǫ′′ ≪ mp/me ∼ 103, the proton recoil can be neglected and the following
equality holds

γ′′
+ + γ′′

− = ǫ′′. (196)

For large ǫ′′, the differential cross-section decreases extremely rapidly when
γ′′
± < 2. Therefore, we restrict ourselves to γ′′

± ≥ 2. In this regime, the differ-
ential cross section simplifies as follows

dσBH

dγ′′
+

≈ αfσT

ǫ′′
, if 2 ≤ γ′′

+ ≤ ǫ′′ − 2. (197)
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Or writing equation (197) in terms of quantities in the jet comoving frame,
using ǫ′′ ≈ 2γ′

pǫ
′, we find:

dσBH

dγ′
+

≈ αfσT

2ǫ′γ′2
+

, if
1

2ǫ′
≤ γ′

+ ≤ γ′
p

2
. (198)

The integral in equation (193) can be simplified when we exclude the part
of the γ′

p—ǫ′ plane where the cross-section, σBH , is small, i.e. ǫ′ <∼ γ′−1
e and

γ′
p
<
∼ 2γ′

e. The cross-section in the remainder of the plane is given by equation
(198). With these approximations, and taking the photon spectrum to be Band
function with indices α & β, the integral in equation (193) is straightforward
to calculate and the result is (Crumley and Kumar, 2013)

dṄe

dγ′
e

≈



























2cαfσT

β(p+1)γ′
e
n′(ǫ′pNp(γ

′
i)
(

γ′
eǫ

′
p

5

)−β (
2γ′

e

γ′
i

)−p
for

γ′
i

2
≤ γ′

e ≤ 5/ǫ′p

2cαfσT ǫ′p
5β(p+1)

n′(ǫ′p)Np(γ
′
i)
(

10
ǫ′pγ

′
i

)−p (
ǫ′pγ

′
e

5

)−α−p−1
for 5/ǫ′p ≤ γ′

e ≤ 5/ǫ′min

(199)
where ǫ′p = hνp(1+z)/(Γmec

2) is the dimensionless photon energy at the peak
of the spectrum in the jet comoving frame (which is of order 10−2 for a typical
long-GRB), γ′

i is the minimum LF of protons in the jet comoving frame, and
ǫ′min is the dimensionless photon energy (jet comoving frame) below which
the source becomes opaque due to synchrotron absorption and the spectrum
declines rapidly; the value of ǫ′min is poorly constrained by GRB observations,
but theoretical calculations suggest it is likely of order 10−7, which corresponds
to a synchrotron self-absorption frequency of a few eV in the observer frame.

The peak cross-section for the Bethe-Heitler process is roughly 10 times larger
than the cross section for the photo-pion ∆-resonance. For any given proton
LF, the photon energy required for the former process is roughly 50 times
smaller than the photo-pion process. Moreover, protons of LF γ′

p, produce e±

with an average Lorentz factor ∼ γ′
p/4 via the Bethe-Heitler process (eqs. 195

& 197), whereas γ′
e ∼ 50γ′

p for the ∆-resonance of the photo-pion process (eq.
181).

Therefore, the ratio of the rate of generation of e± with LF >
∼ γ′

e by the Bethe-
Heitler and photo-pion processes is ∼ 10 × (104)−α−1 × (200)−p+1; where the
first factor is the ratio of the cross-sections for the two processes, the second
factor accounts for the larger number of photons that participate in the Bethe-
Heitler process — the dimensionless photon threshold energy for producing
e± of LF γ′

e by the B-H process is ǫ′ ∼ γ′−1
e and for the photo-pion it is

104γ′−1
e — and the third factor is due to the fewer number of protons that

are capable of producing positrons of LF >
∼ γ′

e via the Bethe-Heitler process.
For γ′

e
>
∼ 106, the threshold photon energy for both processes lies below the
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peak of the spectrum, and in that case α ∼ −1. Thus, for these high energy
positrons, the Bethe-Heitler is less efficient than the photo-pion process by
a factor ∼ 102. However, for γ′

e
<
∼ 103, the threshold photon energy lies above

the peak of the spectrum, and the Bethe-Heitler process is a lot more efficient
than the photo-pion process (Crumley and Kumar, 2013). Whether the Bethe-
Heitler or photo-pion process are more important for the intermediate regime,
103 <

∼ γ′
e
<
∼ 106, depends on the spectral indices, proton distribution index p, and

ǫ′p.

Relativistic shocks are believed to accelerate electrons to γ′
e ≫ 103 efficiently

via the Fermi mechanism, and that might suggest that the Bethe-Heitler pro-
cess can’t compete with it and play an important role for GRBs. However,
Bethe-Heitler might be important for those GRBs where the number of e±s
produced by this process is larger than the number of electrons that came
with protons in GRB jets. We quantify this condition below.

Let us consider the isotropic luminosity carried by protons in a GRB jet to
be Lp, which is a factor ηp larger than the γ-ray luminosity: LP = ηpLγ. The
co-moving number density of electrons associated with protons is

n′
e = n′

p ≈ 2 × 109ηpLγ,52Γ
−2
2 R−2

15 . (200)

The number density of e± produced by the Bethe-Heitler process is (Crumley
and Kumar, 2013)

n′
BH ≈ αfσTn

′
γn

′
pR/Γ ⇒ n′

BH

n′
e

< αfσTn
′
γR/Γ, (201)

where αf ≈ 1/137 is the fine-structure constant, and the inequality is due
to the fact that only a fraction of protons have sufficient energy for pair
production. Since the optical depth to Thomson scattering associated with
proton-electrons is τT = σTn

′
eR/Γ, we find

n′
BH

n′
e

< αf

n′
γτT

n′
e

∼ 103τTη
−1
p Γ2ν

−1
p,6(1 + z)−1 (202)

where we used equation (182) for n′
γ. The Bethe-Heitler process is likely im-

portant whenever n′
BH/n

′
e > 1.

7.9.3 Proton synchrotron model for producing >102MeV photons

Protons are easier to accelerate in shocks due to their lower rate of radiative
losses, and the Lorentz factor that protons can attain is much larger than
the maximum LF electrons can be accelerated to. It is easy to show that the
maximum synchrotron photon energy for protons (accelerated in shocks) is a
factor mp/me larger than that for electrons, i.e. instead of a maximum energy
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of ∼ 50 MeV for electron-synchrotron photons (see §2.2.3), the proton syn-
chrotron process can produce photons of energy 102GeV (in the jet comoving
frame). For this reason, whenever photons of energy larger than ∼ 102Γ MeV
are detected from a source, proton synchrotron process is suggested as a pos-
sible radiation mechanism for the generation of these photons (e.g. Böttcher
and Dermer, 1998; Totani, 1998; Aharonian, 2000; Mücke et al., 2003; Reimer
et al., 2004; Razzaque et al., 2010; Crumley and Kumar, 2013).

However, due to the low radiative efficiency of the proton-synchrotron process,
the energy requirement to produce >

∼ GeV photon flux at the level observed
by the Fermi satellite, for a number of GRBs, is found to be highly excessive
(Crumley and Kumar, 2013).

Let us consider protons of LF γi in the GRB-jet comoving frame. The syn-
chrotron frequency for these protons is

νi =
qB′Γγ2

i

2πmpc(1 + z)
≈ 6.3 × 10−10B′Γ2γ

2
i (1 + z)−1 eV. (203)

A reasonable upper limit for B′ is obtained by requiring that the luminosity
carried by magnetic fields is not much larger than the γ-ray luminosity, Lγ, in
order to avoid low radiative efficiency of GRBs ( <

∼ 10%) which is not supported
by observations. The luminosity carried by magnetic fields is R2B′2cΓ2. There-
fore, B′ <

∼ 2 × 103L
1/2
51 R−1

15 Γ−1
2 Gauss. Substituting this into equation (203), we

find γi >∼ 2 × 107L
−1/4
51 R

1/2
15 in order to produce photons of energy ∼ 1GeV.

The typical proton Lorentz factor associated with the random component of
velocity, in a relativistic shock, is approximately equal to the LF of the shock
front with respect to unshocked fluid if every proton crossing the shock front
is accelerated; proton LF is proportionally larger if only a small fraction of
protons are accelerated and the remaining ones are “cold” downstream of the
shock front. Considering that the LF for GRB internal shocks is of order a
few to perhaps a few tens, the typical proton LF should be ∼ 10–103 (the
larger value corresponds to when only 1 in ∼ 102 protons are accelerated as
suggested by some simulations, e.g. Sironi and Spitkovsky (2011)). Considering
that γi ≫ 103, the proton synchrotron spectrum should extend down to photon
energies of ∼ 10 eV, and the spectrum between 10 eV and 1 GeV should be
fν ∝ ν−(p−1)/2; where p >

∼ 2.2 is the power law index for the proton distribution
function. Thus, if the proton synchrotron flux at 1 GeV matches the observed
value, then this process would overproduce the flux below MeV 48 . Another
problem with this process is the excessive energy requirement described below.

48 The observed spectra are often fν ∝
∼ ν0 below the peak of the spectrum which lies

at a few hundred keV. The proton-synchrotron spectrum, as we have discussed, is
ν−0.6 or steeper between ∼ 10 eV and GeV, and therefore it would dominate below
∼ 1 MeV, in clear conflict with data.
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The synchrotron flux fνi at νi is

fνi ≈ 7B′N52Γ2(1 + z)d−2
L,28 µJy, (204)

where N is the total number of protons (assuming an isotropic source), in
a region of comoving radial width δR′ = R/Γ, from which radiation at νi is
received at a fixed observer time. In order to account for ∼ 0.1µJy flux at
1 GeV observed for several GRBs at z ≈ 2 & dL,28 ≈ 4.5 (e.g. Abdo et al.,

2009c,b; Ackermann et al., 2010, 2011), it is required that N >
∼ 5×1047R15L

−1/2
51 .

Therefore, the energy in protons in the shell of thickness δR′, responsible for
the GeV emission, is:

Eproton = mpc
2NΓγi >∼ 1054R

3/2
15 L

−3/4
51 Γ2 erg, (205)

and the luminosity carried by these very high LF protons is (Crumley and
Kumar, 2013):

Lproton ∼ Eprotonc

R/Γ2
>
∼ 1054R

1/2
15 L

−3/4
51 Γ3

2 erg s−1. (206)

GRBs from which GeV photons are detected have 200 <
∼ Γ <

∼ 103 (Abdo et al.,
2009c,b; Zou et al., 2011; Hascoët et al., 2012b). For these bursts, the re-
quirement on luminosity carried by protons of LF >

∼ 107 is Lp
>
∼ 1055erg s−1,

and the total proton luminosity — most of which is in protons of LF ≪ 107

— is at least 1056erg s−1. This makes the energy requirement for the proton-
synchrotron process a factor ∼ 103 larger than the energy in γ-rays, and there-
fore this process is too inefficient to account for the observed GeV emission
from GRBs.

7.10 Magnetic jet model

Magnetic outflows in the astrophysical context have been extensively inves-
tigated for decades in order to understand properties of jets associated with
active galactic nuclei (AGNs), micro-quasars, pulsars and relatively more re-
cently GRBs.

We consider in this section an outflow where magnetic fields carry a substantial
fraction of the luminosity at the base of the jet where it is launched. We
describe how such a Poynting jet can be accelerated by converting the magnetic
field energy to bulk kinetic energy of the jet, and how radiation might be
produced.

A class of magnetic jet models has been developed that is based on the force-
free electrodynamics approximation (or “magnetodynamics”) in which the
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plasma inertia is ignored e.g. Komissarov (2002). This approach has limited
application because the neglect of the inertia term means that these models
cannot account for the transformation of magnetic energy to jet kinetic energy,
which is an important process of interest to many astrophysical systems.

The acceleration of a magnetic jet can proceed either by dissipation of field
(if the magnetic field has the right geometry and scale, such as the stripped
configuration of a pulsar wind) or by adiabatic expansion of the outflow.

Analytical and semi-analytical solutions have been found for a limited class of
configurations that are characterized by steady-state, axisymmetric, dissipation-
less flows. For instance, Li et al. (1992) described a self-similar solution for a
cold magnetic outflow. They find that the jet acceleration takes place over a
very extended range of distance, well past the fast magnetosonic surface — the
surface where the magnetosonic wave speed is equal to the flow speed — until
the magnetization parameter (σ) drops to order unity (for comparison, for a

radial wind, the outflow LF saturates at ∼ σ
1/3
0 and σ does not decrease below

∼ σ
2/3
0 ); σ ≡ B′2/[4π(ρ′c2 + p′)], and σ0 is the initial magnetization parameter

of the outflow. Vlahakis and Königl (2003), Vlahakis et al. (2003) and Be-
skin and Nokhrina (2006) extended this work and found an exact self-similar
solution for an initially hot, axisymmetric, magnetic jet 49 .

Recent advances in numerical solutions for relativistic MHD have led to signif-
icant progress in our understanding of the magnetic jet launching mechanism,
propagation and acceleration (e.g. Komissarov, 2001, 2004; McKinney, 2006;
Komissarov, 2007; Komissarov et al., 2007; McKinney and Narayan, 2007;
Tchekhovskoy et al., 2008; Komissarov et al., 2009; McKinney and Blandford,
2009; Tchekhovskoy et al., 2009, 2010).

The plan for this sub-section is that we first discuss a steady state, axisymmet-
ric outflow, and show that the asymptotic Lorentz factor is limited to ∼ σ

1/3
0

for spherically symmetric systems, as pointed out by Goldreich and Julian
(1970). For an outflow of a finite opening angle (θj), the asymptotic value of

LF is larger by a factor θ
−2/3
j provided that it is collimated by the pressure

of an external medium and causal contact across the jet in the transverse
direction is maintained.

Next, we drop the assumption of steady state and describe the acceleration
of an impulsive outflow of finite radial extent due to adiabatic expansion. Jet
acceleration when ideal-MHD approximation breaks down, magnetic field is
dissipated, and its energy is converted to the bulk kinetic energy of plasma is

49 A non-axisymmetric jet is typically subject to instabilities (Lyubarsky, 2010;
Heinz and Begelman, 2000), and that can substantially increase the efficiency of jet
acceleration.
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taken up last.

7.10.1 Adiabatic expansion and acceleration of a Poynting jet

We consider in this sub-section an axisymmetric, highly magnetized, time
independent outflow. The magnetization parameter of the outflow, σ, is defined
as the ratio of Poynting flux and energy flux carried by particles,

σ =
B2

4π(ρ′c2 + p′)Γ2
=

B′2

4π(ρ′c2 + p′)
, (207)

where B′, ρ′ and p′ are magnetic field strength, internal plus rest mass energy
density, and pressure as measured in the local plasma comoving frame; B and
Γ are magnetic field strength and outflow LF as measured in the CoE frame.
The base of the outflow is at R = R0, where the magnetization parameter is
σ0 ≡ σ(R0) and the Lorentz factor is Γ0; σ0 ≫ 1.

The conservation of energy flux for a cold magnetized outflows governed by
the non-dissipative ideal MHD equations is

R2
[

πρ′c2Γ2v + B′2Γ2v/4
]

θj(R)2 = L, (208)

where θj(R) is half-angular-size of the jet at radius R, v is the proper velocity
of the jet corresponding to Γ, and the second term is the Poynting luminosity
(electric field in the outflow comoving frame vanishes). The equation for the
conservation of mass flux is

πR2θj(R)2ρ′Γv = Ṁ. (209)

These two equations can be combined to give

Γ(1 + σ) = L/Ṁc2 = Γ0(1 + σ0). (210)

As the outflow moves to larger distances, σ decreases and Γ increases and their
product remains constant. According to these conservation laws, it is allowed
for the magnetic energy to be entirely converted to outflow kinetic energy, and
in that case the outflow LF attains a value of (1 + σ0)Γ0 ≈ σ0. For a steady,

spherical, outflow, however, the LF stops increasing when Γ ≈ σ
1/3
0 (Goldreich

and Julian, 1970). The reason for this is that when Γ >
∼ σ

1/3
0 , causal contact

is only maintained in a narrow region of the outflow and magnetic pressure
gradients can no longer accelerate the flow. To see this, let us consider a signal
propagating at a speed c′s and at an angle θ′ with respect to the radial direction
in the comoving frame. The signal speed and direction in the CoE frame are
cs and θ. The 4-velocity in the outflow frame is Γ′

s(1, c
′
s cos θ′, c′s sin θ′, 0), and

in the CoE frame Γs(1, cs cos θ, cs sin θ, 0). Taking the outflow velocity and LF
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to be v and Γ, and Lorentz transforming the CoE frame 4-velocity for signal
propagation to the comoving frame, we find

Γ′
s = ΓΓs

(

1 − vcs cos θ/c2
)

, (211)

which can be solved to determine the signal speed, cs, in CoE frame

cs
c

=
v cos θ/c + [v2 cos2 θ/c2 + (Γ′

s/Γ)2 − 1]
1/2

(Γ′
s/Γ)

v2 cos2 θ/c2 + Γ′
s
2/Γ2

. (212)

The signal propagation in the CoE frame is confined to a narrow cone of
half-opening angle, θs, with axis along the direction of outflow velocity, when
Γ′
s/Γ < 1. This angle can be obtained by setting the discriminant to zero in

the above equation. We thus find,

sin θs =
Γ′
sc

′
s

Γv
, (213)

which is a relativistic generalization of the familiar expression for “Mach cone”
opening angle when an object moves at a speed faster than the signal speed
in the medium. Points outside the “Mach cone” are not in causal contact with
the apex of the cone.

The fast-magnetosonic wave proper-velocity in the jet comoving frame is

Γ′
sc

′
s = (B′2/4πρ′)1/2 = c σ1/2 ≈ c(σ0/Γ)1/2. (214)

We used equations (207) & (210) for deriving the last two relations. Thus,

θs < π/2 when Γ > σ
1/3
0 , and only part of the outflow is causally connected

in the lateral direction (see Fig. 32). For a collimated outflow with opening

angle θj, lateral causal contact can be maintained as long as Γ <
∼ σ

1/3
0 θ

−2/3
j .

During this phase, the acceleration of the magnetic jet is governed by pressure
stratification of the surrounding medium.

Far away from the CoE, magnetic fields are predominantly toroidal (trans-
verse to the radial direction), and the field falls off as 1/R if the jet diameter
increases linearly with R. In this case, σ ∝ B2/ρ has no explicit dependence on
R, and therefore Γ does not increase with distance (see eq. 210). In order for
Γ to increase with R, the separation between neighboring magnetic field lines
must increase faster than R1. This can only be done if different parts of the
jet are in causal contact so that as the pressure of the ambient medium (eg.
GRB progenitor star) decreases with radius, a signal can propagate from the
outer to the inner part of the jet and field lines can fan outward in response.

If the pressure of the ambient medium decreases as p ∝ R−a, then the trans-
verse size of the jet and the jet Lorentz factor both increase as Ra/4 for a ≤ 2
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Fig. 32. The darker shaded regions show the causally connected part of the jet at
different distances from the jet launching site as seen by a lab frame observer. Fast
magnetosonic signal propagation is confined to cones of decreasing opening angle
as the jet accelerates with distance. When the opening angle of the “causal cone”
becomes smaller than the jet opening angle then the jet is no longer in causal contact
with the external medium in the direction normal to the jet axis and its acceleration
can not be influenced by the pressure stratification of the GRB progenitor star.

(Komissarov et al., 2009) 50 . Thus, the radius where the jet Lorentz factor is

50 The result Γ ∝ Ra/4 is easy to understand. To maintain pressure equilibrium,
the magnetic field in the jet comoving frame falls off as R−a/2 since the pressure on
the sideways surface of the jet, which is perpendicular to the jet velocity, is same
in the jet comoving frame and the star’s rest frame. Let us take the jet transverse
radius to increase with R as R⊥(R). The transverse and the radial components of
the magnetic field, in the rest frame of the star, scale as Bφ ∝ R−1

⊥ and Br ∝ R−2
⊥

respectively. These field components in the jet rest frame vary as R−1
⊥ /Γ(R) and

R−2
⊥ . B′

φ (jet comoving frame transverse field) should not be much stronger than
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equal to the fast-magnetosonic wave Lorentz factor is given by Rms ∼ R0σ
4/3a
0 ;

where R0 is the radius where the jet is launched. For a >
∼ 2, the central region

of the jet ceases to be in causal contact with the external medium at radius
Rncc ∼ R0σ

4/3a
0 θj(R)−8/3a, and consequently the jet acceleration is more or

less terminated at R ∼ Rncc.

A steady state collimated outflow, with a small opening angle θj(R), con-
fined by the pressure of an external medium, can accelerate to a terminal
LF Γ ∼ min

{

σ0, σ
1/3
0 θ

−2/3
j

}

while causal contact with the external medium
is maintained. This suggests that for an efficient acceleration of jet to LF
Γ ∼ σ0, θjσ0 should be less than 1, whereas GRB afterglow observations
suggest θjΓ ∼ 10 (Panaitescu and Kumar, 2002). MHD simulations of high
magnetization jets carried out by Komissarov et al. (2010) and Tchekhovskoy
et al. (2010) find that magnetic field lines fan outward rapidly when the jet
emerges from the surface of the progenitor star into the surrounding vac-
uum. This leads to a sudden increase to the jet LF by a factor of a few to
∼ 10 for long duration GRBs while their jet opening angle remains essentially
unchanged. The rapid acceleration phase ceases when the rarefaction wave
crosses the jet in the transverse direction. This short lived phase of sudden
acceleration could be responsible for θjΓ ∼ 10 as GRB observations suggest.
However, jets produced by short duration GRBs, which are not collimated by
the envelope of a star, are unlikely to undergo this sudden acceleration phase,
and yet for these bursts θjΓ >

∼ 10. This poses an interesting puzzle regarding
jet acceleration mechanism for a Poynting flux dominated jet.

We now drop the steady state assumption, and consider the acceleration of
a magnetic outflow of a finite, short, duration. An outflow of a short spatial
extent can undergo efficient acceleration while traveling in vacuum as a result
of adiabatic expansion, e.g. Contopoulos (1995) who considered adiabatic ex-
pansion and acceleration of a Newtonian jet, and Granot et al. (2011) showed
that a relativistic outflow can attain the limiting LF of σ0 while traveling
in vacuum and its σ can decrease well below unity as a result of continued
adiabatic expansion. The adiabatic expansion and acceleration of a spherical,
relativistic, outflow of short spatial extent with σ0 ≫ 1 is described next.

Consider a thin shell of magnetized plasma undergoing adiabatic expansion
in vacuum driven by magnetic pressure. For simplicity, we will consider the

B′
r, otherwise the jet becomes unstable and constricted. And it is difficult to have

B′
r > B′

φ over an extended interval of R since that requires the jet to continue to
flare up rapidly in the transverse direction, which is prevented by the pressure of
the external medium. Taking B′

φ ∼ B′
r (for a jet in lateral pressure balance with the

external medium) we find Γ∝
∼R⊥, and therefore the magnetic pressure falls off as

Γ−4. Equating the magnetic pressure with the external pressure, we finally obtain
Γ ∝ Ra/4. We are grateful to Jonathan Granot, for pointing out the simple, physical,
arguments in this footnote.
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magnetic field in the shell to be uniform and of strength B(R) in the CoE
frame when the shell is at radius R. The field orientation is transverse to the
radial vector. Consider two spherical surfaces within this magnetized shell,
one of which lies close to the front end of the shell and the other somewhere
in the middle. These surfaces are frozen into the shell plasma and move with
them as the shell expands. The separation between the surfaces is ξ(R) in the
CoE frame when the shell is at a distance R from the center. The difference
in speed between these surfaces, in the CoE frame, is ∼ c/[2Γ(R)2]; the front
end of the shell is moving faster. The plasma in the shell is in causal contact
in the radial direction (the causal contact in the transverse direction extends
only to distance ∼ R/Γ).

The separation between the surfaces increases with R as

ξ(R) = ξ(Ri) +
∫ R

Ri

dr

2Γ2(r)
. (215)

The magnetic field strength can be obtained by flux conservation across a
planar annulus of width ξ that is perpendicular to the two spherical surfaces

B(R) = Bi
ξiRi

ξ(R)R
, (216)

where Bi ≡ B(Ri) & ξi ≡ ξ(Ri).

The total electro-magnetic energy contained in between the two spherical sur-
faces, in the CoE frame, is

EB = B2R2ξ(R) = B2
iR

2
i ξ

2
i /ξ(R) ∼ Lξi

c

[

1 −
∫ R

Ri

dr

2Γ2(r)ξi

]

. (217)

The last step in the above equation was obtained by assuming that [ξ(R)/ξi−
1] ≪ 1, which is a fine approximation to describe the dynamics of the shell
because when ξ(R) ∼ 2ξi, the electro-magnetic energy drops by a factor 2 and
Γ ∼ σi/2, i.e. the shell LF is close to attaining its terminal value.

The rate of increase of the kinetic energy of the plasma contained between
the two spherical surfaces should be equal to the rate of decrease of electro-
magnetic energy, i.e.

d

dR

[

4πR2ξρc2Γ
]

= −dEB

dR
∼ L

2cΓ2
, (218)

or
d(Mc2Γ)

dR
∼ L

2cΓ2
, (219)

where M = 4πR2ξρ is the plasma mass contained within the shell of thickness
ξ, which does not change with time for a cold outflow undergoing adiabatic
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expansion. The solution of the above equation is straight forward to obtain
and is given by

Γ(R) ∼ Γi

[

1 +
3σi

2Γ2
i

(R−Ri)

ξi

]1/3

, (220)

where Γi = Γ(Ri) and σi = σ(Ri). Note that Γ attains a value ∼ Γiσ
1/3
i when

the jet has traveled a distance ∼ ξiΓ
2
i (Granot et al. 2011); for an outflow of

a finite opening angle, Γi ∼ σ
1/3
0 θ

−2/3
j is the LF at the time when the central

part of the jet loses causal contact with the surrounding medium, so that any
further acceleration of the jet results from its radial expansion.

The LF increases with radius as R1/3 until it approaches Γiσi ∼ σ0 at Rs ∼ ξiσ
2
0

(eq. 220 is not valid beyond this radius). The overall momentum conservation
of the outflow is maintained by the back-end of the shell slowing down to a
LF order unity, while the outer part of the shell, which contains most of the
energy and momentum, accelerates to Γ ∼ σ0.

For R ≫ Rs, the LF is approximately constant, and therefore ξ ∝
∼R (the radial

width of the jet increases linearly with R), B ∝ R−2 and σ ∝ R−1, e.g. Granot
et al. (2011). So the shell magnetization can drop to well below unity at large
distances, and shell collisions can then in principle convert the jet kinetic
energy to internal energy efficiently.

7.10.2 Magnetic dissipation and jet acceleration

If the magnetic field geometry in a high σ0 outflow is such as to promote
reconnection and dissipation, then a fraction of the magnetic energy can be
converted to jet kinetic energy (eq. 210) and a fraction goes into accelerating
electrons & protons by the electric field in the current sheet. Magnetic field
reversing directions on short length scales, such as the stripped wind from
a fast rotating pulsar, or scrambled field lines that result from repeated in-
ternal collisions of ordered, magnetized, outflow (Zhang and Yan, 2011), are
examples where reconnection is expected to take place. In the former case, the
dissipation of magnetic energy and jet acceleration are gradual processes that
take place over an extended range of radius, and is discussed below. In the
latter case, the dissipation can be sudden, which is triggered by an instability
when the magnetic geometry becomes sufficiently tangled.

The dissipation of magnetic energy, and jet acceleration, for a reversing mag-
netic field geometry, or any similar configuration that is conducive to recon-
nection, is described using a simplified picture that should capture the basic
physics of a rather complex process.

Two effects control the acceleration of a jet when magnetic field is dissipated.
One of which is a drop in thermal plus magnetic pressure when magnetic field is
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dissipated which can speed up magnetic reconnections (conversion of magnetic
energy to thermal energy of particles and photons, even in the absence of any
radiative loss, leads to a drop in the total pressure because the magnetic
pressure is equal to the energy density, whereas the pressure for a relativistic
fluid is one-third its energy density). The other process is the conversion of
thermal energy (from magnetic dissipation) to jet kinetic energy as a result of
adiabatic expansion. For the simplified calculations presented below, we will
ignore radiative losses and assume that a good fraction of the magnetic energy
dissipated is converted to bulk kinetic energy of the jet.

Let us consider an outflow which has a uniform magnetic field of strength
B whose direction reverses on a length scale ℓ0 (these quantities are in the
CoE frame). The magnetic field is toroidal, and thus B(R) ∝ R−1. We assume
that there is no differential velocity across stripes of radial width ∼ ℓ0, and
therefore the length scale over which the magnetic field reverses direction (ℓ0)
does not change with R.

Let us consider a highly simplified model for reconnection where we assume,
following Drenkhahn and Spruit (2002) and Drenkhahn (2002), that the re-
connection speed in the comoving frame of the jet is a fraction of the Alfvén
speed, i.e. the speed at which plasma from outside the current sheet flows into
it is v′in = ǫV ′

A (see Figs. 33 and 34 for schematic sketches of possible recon-
nection scenarios). For a high σ plasma, the LF corresponding to the Alfvén
speed is σ1/2 ≫ 1, and thus we take v′in = ǫc.

The radial width of the region where the magnetic field has been dissipated
when the jet has traveled a distance R from the center of explosion is

w(R) ∼ v′in

[

R

cΓ(R)

]

1

Γ(R)
=

ǫR

Γ2(R)
, (221)

where the factor R/(cΓ) is time elapsed in the jet comoving frame, and Γ−1

transforms the comoving length to the CoE frame.

The total energy – magnetic, thermal and jet kinetic energies – contained
within a segment of jet of radial width ℓ0 should not change as the jet prop-
agates to larger radii since the net energy flux across the segment is zero for
a uniform system. Thus, any loss of magnetic energy should show up as an
increase to the kinetic energy of the jet when the thermal energy share can be
ignored. Therefore,

4πR2ρΓc2ℓ0 ∼ wr2B2 ∼ wL/c, (222)

where L is the total luminosity carried by the jet (which is a conserved quantity
in absence of radiative losses). Since the mass flux associated with the jet is
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Ṁ = 4πR2ρc, we can rewrite the above equation as

ṀΓc2 ∼ Lw

ℓ0
, or Γ ∼ L

Ṁc2
ǫR

Γ2ℓ0
. (223)

From equation (210) L/(Ṁc2) = σ0, and thus we arrive at the desired scaling
for jet LF with R

Γ(R) ∼ (ǫσ0)
1/3(R/ℓ0)

1/3. (224)

It should be noted that the increase of Γ with distance for the magnetic
dissipation model (eq. 224) is same as that for the adiabatic expansion case
given by equation (220), even though the underlying physical processes are
very different. The reason for the identical scaling is that the increase of Γ
with R is ultimately set by the speed of rarefaction waves for the adiabatic
expansion model and the reconnection speed (for magnetic dissipation) which
are both of order c.

The jet LF attains its terminal value, ∼ σ0, when w(Rs) ∼ ℓ0, i.e. when the
magnetic field in the entire slab of width ℓ0 has undergone reconnection. The
radius where this occurs, Rs, is estimated from the above expression for w and
is given by

Rs ∼ ℓ0σ
2
0/ǫ. (225)

If the magnetic field in the outflow reverses direction on the length scale of
light-cylinder radius for a milli-second pulsar, or the Schwarzschild radius for
a ∼ 10M⊙ black hole, believed to be likely central engines for long-GRBs, then
ℓ0 ∼ 107cm. Numerical simulations for relativistic reconnection find ǫ ∼ 10−2

(e.g. Takahashi et al., 2011). Therefore, Rs ∼ 1015σ2
0,3cm, which is much larger

than the LF saturation radius for a thermal fireball (1010cm).

McKinney and Uzdensky (2012) studied the reconnection process of GRBs in a
striped wind in detail. They found a transition from collisional reconnection to
collisionless reconnection at a radius around 1013− 1014 cm, and they identify
this as the GRB prompt emission site.

7.10.3 Basic reconnection physics

A general discussion of magnetic field dissipation and jet acceleration when
the direction reverses on a short distance scale is described in the previous
subsection. In this subsection, we describe some aspects of the physics of
magnetic dissipation in a reconnection layer, or current sheet, for an electron–
proton plasma.

According to Sweet (1958) and Parker (1957), plasma consisting of oppositely
oriented magnetic field can undergo forced reconnection where the magnetic
field is dissipated on a time scale much shorter than the diffusion time. The
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Fig. 33. A schematic sketch of current-sheet, and plasma from outside the sheet
flowing toward it, for Sweet-Parker magnetic reconnection. The sketch only shows
the region in the immediate vicinity of the current sheet. Magnetic field lines outside
of the sheet are curved away from the center of the current sheet.

basic configuration is a thin current sheet of width δ′, and length, ℓ′x, where
magnetic field is dissipated due to its large gradient across this region. Plasma
carrying magnetic fields of strength B′ flows into this region at speed v′in,
and is squirted out of the thin current sheet at proper-velocity v′outγ

′
out (see

Fig. 33). The basic features of Sweet-Parker reconnection for a relativistic
plasma – with magnetization parameter σ ≫ 1 — can be obtained from the
conservation of mass and energy flux at the surface of the current sheet, and
the pressure balance. The mass and energy flux conservation equations are

n′′
1ℓ

′
xv

′
in = n′′

2δ
′v′outγ

′
out, (226)

(B′2/4π)ℓ′xv
′
in = n′′

2δ
′mpc

2v′outγ
′2
outγ

′
t, (227)

where n′′
1 & n′′

2 are plasma densities outside and inside the current sheet,
respectively, as measured in the local plasma rest frame, and γ′

t is the Lorentz
factor associated with the random velocity component of protons, in the mean
rest frame of plasma, inside the current sheet. The ratio of these equations
give

B′2

4πn′′
1mpc2

≡ σ = γ′2
A = γ′

outγ
′
t, (228)

where V ′
Aγ

′
A = B′/(4πn′′

1mp)
1/2 is the Alfv́en wave proper-velocity outside the

current sheet. If γ′
t were to be of order unity, then the Lorentz factor of the

plasma leaving the current-sheet is ∼ γ′2
A (Lyutikov and Uzdensky, 2003).

Lyubarsky (2005) has suggested that γ′
out ∼ 1, however, his argument is based

on making ad hoc assumptions regarding the length scale over which γ′
out
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changes and the strength of the magnetic field component perpendicular to
the current sheet, which might not apply to GRB jets.

The magnetic pressure outside the current sheet should roughly equal the pres-
sure inside the sheet provided by the transverse “thermal” motion of protons.
This yields

B′2

8π
∼ n′′

2γ
′
tmpc

2 or
n′′
2

n′′
1

∼ σ

γ′
t

∼ γ′
out, (229)

where we used equation (228) to obtain the last equality.

The plasma inflow velocity toward the current sheet (v′in), which is the speed
at which forced reconnection can proceed, is regulated by the requirement
that the rate at which magnetic flux flows into the current sheet should not
exceed the rate at which magnetic field is dissipated inside the sheet (otherwise
magnetic field will build up and prevent plasma from entering the sheet). Let
us assume that the diffusion coefficient for magnetic field dissipation is η, which
could be microscopic or turbulent in origin. The time scale for magnetic field
dissipation in the current sheet is

t′B,dissi ≈
δ′2

η
. (230)

Therefore, the effective speed at which magnetic field dissipation proceeds
inside the current sheet is given by

δ′

t′B,dissi

∼ η

δ′
. (231)

The speed for plasma flowing into the current sheet, v′in, should be roughly
this speed, i.e. v′in ∼ η/δ′. Using equations (226) & (229) we find

v′in ∼ (V ′
Av

′
out)

1/2γ′
outs

−1/2, (232)

where s is the Lundquist number, defined as

s ≡ ℓ′xV
′
A

η
. (233)

For a typical GRB jet with Γ ∼ 102, ℓ′x ∼ R/Γ (size of causally connected
region in the jet comoving frame), isotropic jet luminosity of 1052erg s−1 carried
by magnetic fields (B′ ∼ 104G R−1

15 ), & V ′
A ∼ c, we find s ∼ 1011 in the Bohm

diffusion limit, i.e. when η = cR′
L (R′

L is the proton Larmor radius), and
hence the speed at which reconnection is expected to proceed according to
Sweet-Parker mechanism is ∼ 10−5c, which is much too slow to be of practical
interest. A fast steady-state reconnection scenario was proposed by Petschek
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Fig. 34. A schematic sketch of plasma inflow, and current-sheet, for Petschek mag-
netic reconnection. Much of the plasma flowing toward the current sheet does not
pass through it, but instead is redirected by standing shock waves; the inflow and
outflow regions are separated by stationary slow mode shocks.

(1964), which invokes a much shorter length for the resistive layer, thereby
significantly increasing the speed at which reconnection can proceed (see. fig.
34). However, according to resistive MHD simulations the Petschek model
is unstable, unless the magnetic diffusivity increases near the X-point (e.g.
Uzdensky and Kulsrud, 2000). Simulations also find that the Alfvénic tearing
instability of Sweet-Parker current sheet (e.g. Loureiro et al., 2007; Samtaney
et al., 2009) could increase the reconnection rate significantly.

Lazarian and Vishniac (1999) proposed that reconnection in magnetic fields
with stochastic geometry can proceed rapidly, thanks to the turbulent na-
ture of the magnetized fluid that both broadens the reconnection zone and
allows many independent reconnection events to occur simultaneously. More-
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over, once reconnection gets started in one localized region, it can trigger
many other reconnection events as a result of the plasma squirting out of the
current sheet at speed V ′

A and stirring up magnetic fields in neighboring re-
gions. Three-dimensional numerical simulations of reconnection carried out by
Kowal et al. (2009) provide support for this turbulence model.

In the presence of turbulence, magnetic fields reconnect on the length scale
λ‖ for magnetic field fluctuation, rather than the much larger global scale ℓ′x.
Accordingly, it is the effective Lundquist number

s =
λ‖V

′
A

η
, (234)

that determines the speed at which reconnection proceeds.

In turbulent reconnection, the global reconnection rate is larger by a factor
∼ ℓ′x/λ

′
‖, since there are ∼ ℓ′x/λ

′
‖ reconnection sites along any random direction

cutting across the outflow (Zhang and Yan, 2011). As a result, the small local
reconnection speed V ′

in ∼ V ′
A/s

1/2 is adequate to power a GRB as long as
(ℓ′x/λ

′
‖)s

1/2 ∼ 1, or

λ′
‖ ∼ ℓ′2/3x (η/c)1/3. (235)

We note that the effective speed at which magnetic field needs to be dissipated
should be of order the speed of light (comoving frame) in order to obtain the
large luminosity of GRBs at a reasonable efficiency of >

∼ 10% (Zhang and Yan,
2011).

7.10.4 Forced reconnection of magnetic fields for a high-σ GRB jet and prompt
γ-ray radiation

The magnetic field geometry for a black hole central engine is likely to have
a non-alternating toroidal configuration, which is less amenable to dissipation
via reconnection. Zhang and Yan (2011) have suggested the possibility that
if the Lorentz factor of the outflow varies with time, then multiple internal
collisions can scramble magnetic fields and ignite reconnections, thereby con-
verting a fraction of magnetic energy to thermal energy and radiation, and
named it the ICMART model (Internal Collision-induced MAgnetic Recon-
nection and Turbulence). Since magnetic fields are stretched in the transverse
direction, thereby straightening out field lines in between episodes of collisions
when the shell undergoes adiabatic expansion, frequent collisions with large
relative LF are required in order to sufficiently tangle up the magnetic fields
for efficient reconnection.

According to the ICMART model, γ-rays are produced in highly localized
reconnection regions via the synchrotron process. The Lorentz factor of the
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outflow in these regions could be relativistic, say, of the order of the Alfvén
wave LF; γ′

t ∼ γ′
A = (1+σ)1/2. Therefore, the observed radiation is dominated

by those regions where the outflow velocity is pointing in our direction, and
the observed duration of a γ-ray pulse from one of these regions is at most
∼ R/(cΓ2σ); where R is the distance from the center of explosion where the
magnetic energy is being dissipated, and Γ is the LF of the jet associated with
its mean bulk velocity. A γ-ray pulse can be of even shorter duration if the
size of the reconnection region is much smaller than the transverse size of the
jet. This idea of producing rapid variability of γ-ray lightcurves even when
radiation is produced at a large distance (R >

∼ 1015cm) — as suggested by a
number of observations discussed in §7.2 — is a generic feature of relativis-
tic turbulence models described by Lyutikov and Blandford (2003); Narayan
and Kumar (2009); Kumar and Narayan (2009); Lazar et al. (2009), and the
ICMART model of Zhang and Yan (2011).

One of the positive features of the relativistic turbulence model is its high
radiative efficiency 51 , and unlike the internal-shock model, it is capable of
explaining the observed GRB spectra (Kumar and Narayan, 2009). Since the
model invokes synchrotron emission of particles in an ordered magnetic field
(which is being rapidly distorted), the observed emission is expected to be
highly polarized, with the polarization degree decreasing with time during the
course of a broad pulse (Zhang and Yan, 2011). According to the model, only
a small amount of energy should come out in the IC component, which is
consistent with Fermi observations (Kumar and Narayan, 2009).

Lazar et al. (2009) criticized the relativistic turbulence model by suggesting
that it tends to produce too spiky light curves, with each pulse being sym-
metric. The ICMART model invokes an exponential growth of the number
of mini-jets due to the reconnection-turbulence “avalanche”, which abruptly
discharges the magnetic field energy. As a result, at any instant, an observer
would receive emission from many mini-jets that beam in random directions.
While those beaming towards the observer make rapid spikes, the other off-
beam jets contribute to the broad component (Zhang and Zhang, 2014). The
rising wing of a broad pulse is defined by this exponential growth of the num-
ber of mini-jets, while the decaying wing is controlled by the high-latitude
curvature effect. As a result, this model produces an asymmetric broad pulse
for each ICMART event. A GRB is composed of multiple ICMART events, and
the simulated light curves are roughly in line with observed lightcurves (e.g.
Gao et al., 2012). However, full numerical simulations invoking a high-σ, high-
Γ outflow with strong (cascade) magnetic dissipation are not available. Recent
numerical simulations of relativistic magnetohydrodynamical turbulence, e.g.
Zrake and MacFadyen (2012), shed some light on the power spectrum of ve-

51 The internal shock model seems incapable of explaining the observed GRB spec-
trum and has low radiative efficiency in the MeV band as discussed in §7.4.
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locity field, but we are far from being able to simulate anything close to the
parameters expected for GRB jets.

It is expected that a Poynting jet would suffer rapid dissipation of magnetic
energy at the deceleration radius — the distance from the CoE where roughly
half of the jet energy is transferred to the circum-stellar medium — if it were
to be able to travel to this radius with its high magnetization parameter in-
tact. This is because a collision with the circum-stellar medium sends a strong
megneto-sonic wave into the outflow. This can lead to development of a large
gradient in the magnetic field, and trigger current driven instabilities that
dissipate magnetic fields (Lyutikov and Blandford, 2003). The ensuing accel-
eration of particles then produces γ-rays via the synchrotron mechanism. A
signature of this mechanism is that γ-rays are generated close to the deceler-
ation radius.

7.10.5 Particle acceleration

Particles are accelerated in current sheets, where magnetic field dissipation
takes place, via a number of different processes. These sheets have regions
where the electric field is larger than the local magnetic field and where par-
ticles can be accelerated to relativistic speeds by the electric field. Tearing
instability of the current sheet, in the non-linear phase, produces a number
of magnetic islands (plasmoids) moving close to the Alfvén speed (see Fig.
35). Particles are also accelerated via the Fermi mechanism by scattering off
of these plasmoids. Moreover, converging inflow of plasma toward the cur-
rent sheet provides another venue for particle acceleration via the first-order
Fermi process (e.g. Giannios, 2010). These processes together produce a hard
spectrum for accelerated particles that cuts-off steeply at some LF to ensure
overall energy conservation.

The minimum electric field inside the current sheet is E ′ = v′
in ×B′/c (where

v′in is the speed with which plasma flows into the sheet). This follows from
the induction equation for time independent reconnection, i.e. ∇ × E′ = 0,
according to which the electric field parallel to the current sheet inside the
sheet has the same magnitude as the outside field. The electric field inside the
sheet can be significantly larger than this due to particle inertia and non-zero
divergence of anisotropic pressure tensor (terms in the generalized Ohm’s law
equation), (e.g. Hesse and Zenitani, 2007).

This field can rapidly accelerate particles to high LFs, provided that the par-
ticle trajectory passes through the region where the electric field is larger than
the magnetic field. A number of people have calculated particle acceleration
and their distribution function by following particle trajectory in the com-
bined electric and magnetic fields inside current sheets (e.g. Giannios, 2010;
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Fig. 35. Formation of magnetic islands due to tearing instability is shown in this
numerical simulation result taken from Hesse & Zenitani (2007). Plotted are mag-
netic field lines and the component of current density perpendicular to the figure
plane with color coded strength (color bar to the right).

Uzdensky et al., 2011; Bessho and Bhattacharjee, 2012). A number of groups
have carried out numerical Particle-In-Cell (PIC) studies of reconnection and
particle acceleration (e.g. Zenitani and Hoshino, 2001, 2007, 2008; Jaroschek
et al., 2004; Bessho and Bhattacharjee, 2007, 2012; Pétri and Lyubarsky, 2007;
Liu et al., 2011; Sironi and Spitkovsky, 2011, 2012; Kagan et al., 2013) — see
Zweibel and Yamada (2009) for a more complete discussion of the extensive
literature. According to several of these simulations, much of the particle ac-
celeration takes place near X-points, which are located in between magnetic
islands, due to the reconnection electric field (e.g. Zenitani and Hoshino, 2001;
Jaroschek et al., 2004; Sironi and Spitkovsky, 2012), and some acceleration oc-
curs due to first-order Fermi process as particles are reflected back and forth
between converging islands (e.g. Drake et al., 2006; Sironi and Spitkovsky,
2012). However, little acceleration takes place while particles are trapped to
an island. Presence of a non-zero guide field does not change the acceleration
process significantly unless its strength becomes of order the reversing mag-
netic field (the field undergoing reconnection) in which case fewer particle pass
through X-points and hence fewer particles are accelerated by the reconnec-
tion electric field and the mean thermal LF of accelerated particles is lower
(Zenitani and Hoshino, 2008; Sironi and Spitkovsky, 2012).
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Fig. 36. Spectrum of particles accelerated in a current sheet according to recent
numerical simulations of Bessho and Bhattacharjee (2012).

The power-law index for the non-thermal electron distribution in magnetic
dissipation, p ≡ −d lnn/d ln γ, is reported to be about 1 (Romanova and
Lovelace, 1992; Zenitani and Hoshino, 2001; Larrabee et al., 2003). The dis-
tribution function must steepen at some LF in order to keep the total energy
finite. In fact, several papers claim that the distribution function in reconnec-
tion layer falls off exponentially at high LF (Bessho and Bhattacharjee (2012)
find the fall off to be proportional to exp(−γ1/2) — see Fig. 36 — and Kagan
et al. (2013) find the particle spectrum to be a superposition of two thermal
peaks); in contrast, p < 3 for particles accelerated in shocks almost up to the
LF where particles are no longer confined to the system. Although numerical
simulations don’t offer a precise answer as to the dependence of the particle
terminal LF – where the distribution function begins its steep decline – on
parameters such as σ, guide field strength, and relevant length scale of the
system, energy conservation suggests that the average thermal LF of particles
should be of order σ as long as most of the particles flowing into the current
sheet undergo acceleration (which is expected, since the reconnection electric
field is fairly wide-spread in the sheet). Results of the recent PIC simulations
of Sironi and Spitkovsky (2012) for a relativistic striped wind are consistent
with this expectation.

Cerutti et al. (2012, 2014) report strong, energy dependent, anisotropy in the
distribution of accelerated particles such that higher energy particles are more
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concentrated along the electric field in the current sheet, which is perpendic-
ular to the plasma inflow direction and the outside alternating-magnetic field,
i.e. more high energy particles are found along the guide field; according to
their simulations the anisotropy increases with increasing energy, and similar
beaming effect is also found in simulations of Kagan et al. (2013). This result,
if correct, has important implications for lightcurve variability for relativistic
outflows associated with neutron stars and black holes.

7.11 Some off-the-beaten-track ideas for GRB prompt radiation mechanism

The models we have described thus far as to how γ-ray prompt radiation is
produced in GRBs are ideas widely discussed in the published literature and
are popular amongst active researchers in this field. Since our understanding
of the γ-ray generation mechanism remains elusive, there is a possibility that
none of these models survive a closer scrutiny and more detailed future inves-
tigations. Therefore, we briefly discuss several other proposals put forward for
the origin of GRB prompt radiation which have received somewhat limited
attention but might contribute toward our eventual understanding of these
enigmatic bursts. All of these models have strengths and weaknesses, but we
are going to have to let the reader decide this for herself by reading the original
papers since this section is already very long.

Lazzati et al. (2000) proposed that photons from the GRB progenitor star, or
from the cocoon produced by the passage of the jet through the star, undergo
IC scattering by cold electrons in the highly relativistic jet to produce the
prompt γ-ray radiation. Many variations of the general idea of converting
the kinetic energy of a relativistic jet to γ-ray radiation by inverse-Compton
scatterings have been published. For instance, Broderick (2005) considered
IC scattering of supernova light by a relativistic jet which is produced by
accretion of supernova ejecta onto a neutron star companion; the system just
prior to the supernova was a helium star-neutron star binary system.

Dar, de Rújula and Dado have spent a huge amount of effort in developing a
model for GRBs they refer to as the cannon-ball model. They have written
numerous papers analyzing different aspects of this model, and carried out
detailed comparisons with GRB data. We refer the interested person to their
review article that describes the cannon-ball model and its application to GRB
observations (Dar and de Rújula, 2004). The basic idea is that small packets of
plasma, or “cannon-balls”, are shot out from the GRB central engine moving
at close to the speed of light (LF of these “cannon balls” is ∼ 103), and
cold electrons in these objects IC scatter ambient radiation — which was
either produced by the supernova that preceded the launch of these bullets
by several hours, or it resulted from episodes of intense stellar activity just
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prior to the death of the progenitor star, and then scattered by the dense
wind of the star, resulting in a nearly isotropic radiation field — to produce
the prompt γ-ray lightcurve. The absence of diffractive scintillation in the
VLBI data of a relatively nearby burst, GRB 030329 at z = 0.168, is at odds
with the expectation of the cannonball model, and so is the smaller than
expected proper motion (Taylor et al., 2004); but see Dado et al. (2004) for
an interpretation of the Taylor et al. observations according to the cannonball
model.

Another model, developed extensively by Ruffini and his collaborators, is the
so called “fireshell” model for GRBs, which suggests a unified picture for long-
and short- GRBs (Ruffini et al., 2001b; Bernardini et al., 2007, and references
therein). According to this model, a spherically symmetric e± shell is ejected
when a charged black-hole is formed in a catastrophic collapse (Ruffini et al.,
2001a). This model is characterized by the energy in this shell (related to the
black-hole charge and mass) and the amount of baryonic matter: fireshells of
low baryonic loading (fractional rest-mass energy in baryons less than 10−5)
produce short GRBs, whereas a larger baryon loading leads to long-GRBs.
Ruffini et al. suggest that a radiation pulse is produced when the fireshell
becomes transparent (they call it P-GRB), which could be either the precur-
sor to a GRB or the first pulse of the main burst. The fireshell interacting
with blobs in the circum-stellar medium produces more pulses of radiation in
the prompt γ-ray lightcurve (Bianco and Ruffini, 2005). The basic physical
processes at work in the generation of e± shell are described in an extensive
review article (Ruffini et al., 2010). The question of astrophysical processes re-
sponsible for the formation of a charged black-hole — a central element of the
fireshell model — however, is unclear to us. It is also unclear how a spherical
fireshell gives rise to a jet break, and how to explain the association of long
GRBs with supernovae but not short GRBs, and the different distribution for
the location of these two classes of GRBs in their host galaxies.

A number of people have invoked a precessing jet to explain the complex γ-
ray lightcurve of GRBs, e.g. Lei et al. (2007); Romero et al. (2010); Liu et al.
(2010); Fargion (2012). However, it is difficult to avoid high baryon loading for
a precessing jet, which instead of moving straight through an evacuated polar
cavity, is likely to collide with the cavity wall and entrain a lot of baryonic
matter, and therefore might not attain the high LF inferred for GRBs.

Ioka et al. (2011) suggested a model where a jet of very low baryonic content
and low magnetization undergoes internal shocks while still radiation domi-
nated; it is suggested that the jet is confined by the external pressure of the
progenitor star so that its cross-section increases more slowly than a conical
jet, and therefore it continues to be radiation dominated out to a much larger
radius. In such radiation dominated shocks, thermal photons cross the shock
front multiple times and their energy increases as a result of the first order
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Fermi process, i.e. energy is transferred from the bulk kinetic energy of the
jet to photons, when the photons are scattered by the converging outflow as-
sociated with the shock. The emergent photon spectrum in this case has a
non-thermal power-law shape above the peak.

Titarchuk et al. (2012) have proposed a two step process for the generation
of γ-rays by inverse-Compton scatterings. The first step involves Compton
scattering of low energy photons from the GRB progenitor star, in the high
Compton-Y parameter regime, by electrons of energy ∼ 102 keV in the radia-
tion dominated sub-relativistic outflow produced in the explosion. The outflow
subsequently expands and becomes relativistic, and relatively cold electrons
in the jet inverse-Compton scatter photons produced in step 1 that results
in a non-thermal, Band, Spectrum. Titarchuk et al. (2012) have provided a
detailed fit to the observed GRB data using this model.

Kazanas et al. (2002) proposed a “supercritical pile” model for GRBs. The idea
is that as a relativistic GRB blastwave propagates in the interstellar medium,
the Bethe-Heitler process (pγ → pe+e−) may reach resonance, namely, the
typical energy of synchrotron radiation of the pairs is just the one to ensure
Bethe-Heitler kinetic condition, and the column density of the photons also
satisfy runaway production of e+e− pairs. Similar to the external shock model,
this model invokes an “external” site to discharge the kinetic energy of the
blastwave, which has difficulties to account for the GRB variability data.
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8 GRB central engine

Although the progenitors of long- and short- GRBs might be very different
objects, the basic nature of the central engine — the mechanism by which
highly luminous relativistic jet is produced — is expected to be similar for
these bursts. The details of the process can be somewhat different. The dis-
cussion below mostly focuses on long duration GRBs, but short GRBs will be
discussed whenever noticeable differences with long GRBs exist. For a more
detailed discussions of short GRB central engine, please see e.g. Ruffert and
Janka (1999); Rosswog et al. (2003); Aloy et al. (2005); Lee and Ramirez-Ruiz
(2007); Nakar (2007); Baiotti et al. (2008); Dessart et al. (2008); Gehrels et al.
(2009); Rezzolla et al. (2011) and references therein.

The central engine of GRBs has not been positively identified, however, ob-
servations have narrowed down candidates to a small number of possibilities.
Any successful GRB central engine model should be able to satisfy the follow-
ing requirements: (1) Ability to launch an extremely energetic and luminous
jet whose luminosity greatly exceeds the Eddington luminosity; (2) The jet
must be clean, i.e. energy per baryon ≫ mpc

2, so that the outflow can reach
ultra-relativistic speed with Lorentz factor greater than ∼ 102; (3) The en-
gine should be intermittent as suggested by the erratic rapidly variable light
curves 52 ; (4) The central engine should be able to re-activate at later times
to power softer flares 53 .

Two types of widely discussed central engines satisfy these requirements: a
hyper-accreting stellar-mass black hole (Woosley, 1993; Popham et al., 1999;
Lee et al., 2000; Narayan et al., 2001; Di Matteo et al., 2002; Wang et al., 2002;
McKinney, 2005; Uzdensky and MacFadyen, 2006; Chen and Beloborodov,
2007; Lei et al., 2009, 2013; Yuan and Zhang, 2012; Nagataki, 2009, 2011), and
a rapidly spinning, highly magnetized, neutron star or “fast magnetar” (Usov,
1992; Thompson, 1994; Dai and Lu, 1998a; Kluźniak and Ruderman, 1998;
Wheeler et al., 2000; Zhang and Mészáros, 2001a; Dai et al., 2006; Bucciantini
et al., 2008, 2009; Metzger et al., 2011). We describe these models in the
following subsections.

52 It is possible that the variability observed in prompt γ-ray lightcurves is due to
relativistic turbulence at the location where γ-rays or produced, and in that case
the jet luminosity from the GRB central engine might be a smooth function of time.
It is also possible that variability is introduced by the interaction of jet with the
stellar envelope. See §7.10.4 for detailed discussion.
53 Some ideas to interpret X-ray flares without invoking a re-activation of central
engine have been proposed, but these proposals are not well developed to interpret
the entire X-ray flare phenomenology. See §4.2.2 for a detailed discussion.
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8.1 Hyper-accreting black holes

If a GRB is powered by accretion onto a stellar mass black hole, a very high
accretion rate is required. In general, one can write

LGRB = ζṀc2 = 1.8 × 1051 erg s−1 ζ−3

(

Ṁ

1 M⊙ s−1

)

, (236)

where ζ is a dimensionless number that represents the efficiency of converting
accretion power to radiation power. For reasonable values, the accretion rate
for a typical cosmological GRB is (0.01 − several) M⊙ s−1.

At these high accretion rates the plasma is extremely hot and forms a thick
disk or torus around the central black hole/neutron-star. Photons are trapped
in the accretion flow, and neutrino cooling might be effective only for a fraction
of the burst duration close to the central engine, so that the accretion flow
is advection dominated (ADAF) or convective (CDAF) throughout much of
the volume. Close to the inner disk radius, the temperature is so high that
neutrino cooling does become effective for at least some time, and in that case
the disk temperature drops, density increases, and the geometrical shape of
the flow is that of a thin disk; this is called neutrino-dominated accretion flow
(NDAF).

The accreting BH likely carries large angular momentum. This is naturally
formed in a rapidly rotating core. Due to the large accretion rate, the BH can
spin up further rather quickly. If a strong magnetic field threads the spinning
BH and is connected with an external astrophysical load, BH spin energy can
be tapped via the Blandford-Znajek mechanism (Blandford and Znajek, 1977).

In general, a GRB jet can be launched from a hyper-accreting BH via three
possible mechanisms:

• Neutrino annihilation along the spin axis of a NDAF can drive a hot jet
with properties similar to what is conjectured in the hot fireball model;

• Blandford-Znajek mechanism can launch a Poynting-flux-dominated outflow
from the central engine;

• The accretion disk can be also highly magnetized. A plausible, but less well
studied, mechanism is that differential accretion would lead to accumulation
of vorticity and energy within the accretion disk, leading to eruption of
magnetic blobs.

We discuss these mechanisms in the following subsections.
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8.1.1 Neutrino-dominated accretion flow (NDAF) and advection-dominated
accretion flow (ADAF)

The structure of the GRB accretion disk depends on the mass of the black hole
M , accretion rate Ṁ , radius r from the central engine, and the poorly known
viscosity (usually parametrized by a dimensionless parameter α). At the high
accretion rate required for GRBs, the disk temperature is very high. Above a
critical accretion rate, the disk is cooled by significant neutrino emission and
is in the NDAF regime. Below the critical rate, neutrino cooling is not impor-
tant. The disk becomes much thicker, significant thermal energy is “advected”
into the black hole, and the disk is in the ADAF regime. For a given GRB
accretion disk, there is a characteristic radius below and above which the disk
is approximately in the NDAF and ADAF regimes, respectively (e.g. Chen
and Beloborodov, 2007).

To derive the structure of a GRB accretion disk, one needs to solve a set
of equations (Popham et al., 1999), including mass conservation equation,
energy equation, radial momentum equation, angular momentum conservation
equation, equation of state, and cooling and heating of plasma. In general,
numerical calculations are needed to precisely solve the GRB accretion disk
problems. An approximate solution to the disk structure in the NDAF and
ADAF regimes can be written in the following forms using results of numerical
calculations (Popham et al., 1999; Narayan et al., 2001; Kohri and Mineshige,
2002; Kohri et al., 2005; Chen and Beloborodov, 2007; Yuan and Zhang, 2012):

NDAF:

ρ= 1.2 × 1014 g cm−3 α−1.3
−2 Ṁ−1

(

M

3M⊙

)−1.7 (
r

rg

)−2.55

(237)

T = 3 × 1010 K α0.2
−2

(

M

3M⊙

)−0.2 (
r

rg

)−0.3

(238)

Vr = 2 × 106 cm s−1 α1.2
−2

(

M

3M⊙

)−0.2 (
r

rg

)0.2

(239)

ADAF:
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ρ= 6 × 1011 g cm−3 α−1
−2Ṁ−1

(

M

3M⊙

)−2 (
r

rg

)−1.5

(240)

T = 3 × 1011 K α
−1/4
−2

(

M

3M⊙

)−0.5 (
r

rg

)−5/8

(241)

Vr = 108 cm s−1 α−2

(

r

rg

)−0.5

. (242)

Here ρ, T , and Vr are the density, temperature, and radial velocity of the
accretion flow, α is the viscosity parameter, M is the black hole mass, Ṁ−1 =
Ṁ/0.1M⊙ s−1 is accretion rate, and rg = 2GM/c2 is the Schwarzschild radius
of the black hole. It is possible that for a given accretion rate, different parts
of an accretion disk (different r ranges) belong to different regimes, i.e. ADAF
or CDAF, (e.g. Chen and Beloborodov, 2007).

Neutrino and anti-neutrino emission from an NDAF with power Ėν would
lead to νν̄ annihilation, and generate a hot photon and electron-positron gas,
which expands under its thermal pressure as a fireball. The annihilation power
(Zalamea and Beloborodov, 2011; Lei et al., 2013)

Ėνν̄ ≃ 1.1 × 1052 erg s−1

(

M

M⊙

)−3/2 (
Ṁ

M⊙/s

)9/4

(243)

launches an outflow with luminosity of order given by the above equation.

Neutrinos can also interact with protons through weak interaction and transfer
momentum to protons. This gives rise to a neutrino-driven baryon wind. The
baryon-loading rate is (Qian and Woosley, 1996; Lei et al., 2013)

Ṁν = 10−6 M⊙ s−1 Ė
5/3
ν,52

〈

(

ǫν
10 MeV

)2
〉5/3

r
5/3
6

(

M

3M⊙

)−2 (
h

r

)−1

. (244)

One can then calculate the amount of baryon loading in a νν̄ annihilation jet
Lei et al. (2013):

η =
Ėνν̄

Ṁνc2
, (245)

where η is the “dimensionless entropy” of the fireball, which is essentially
the terminal Lorentz factor of the baryon loaded fireball at the end of its
acceleration phase. Given a range of black hole mass, accretion rate, and spin
rate, one can simulate the distribution of η and Ėνν̄ .
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8.1.2 Blandford-Znajek mechanism

The rotational energy of a BH with angular momentum J can be written as:

Erot = 1.8 × 1054frot(a∗)
M

M⊙

erg, (246)

where
frot(a∗) = 1 −

√

(1 + q)/2, (247)

q =
√

1 − a2∗, and a∗ = Jc/GM2 is the BH spin parameter. For a maximally

rotating BH (a∗ = 1), one has f(1) = 0.29.

Then the total power of Poynting flux from the BZ process can be estimated
as (Lee et al., 2000; Li, 2000; Wang et al., 2002; McKinney, 2005; Lei et al.,
2013)

ĖBZ = 1.7 × 1050 erg s−1 a2∗

(

M

M⊙

)2

B2
15F (a∗). (248)

The spin-dependent function F (a∗) needs full general relativity to solve (Bland-
ford and Znajek, 1977). An analytical approximation gives (Lee et al., 2000;
Wang et al., 2002)

F (a∗) =

[

1 + h2

h2

]

[(

h +
1

h

)

arctanh− 1
]

, (249)

where
h =

a∗
1 + q

, (250)

and so F (0) = 2/3, and F (1) = π−2. Tchekhovskoy et al. (2010); Tchekhovskoy
and McKinney (2012) investigated this function numerically and obtained an
analytical fit to the numerical model. The results are similar to Equation
(249) at most a∗ values and only slightly deviates from (becomes lower than)
Equation (249) when a∗ is close to 1.

A major uncertainty in estimating the BZ power is the strength of magnetic
fields. Depending on how B is estimated (e.g. magnetic pressure vs. ram pres-
sure balance or equipartition with the gas pressure), the BZ power is different.
Numerically, Tchekhovskoy and McKinney (2012) estimated the BZ power by
feeding a spinning black hole with high magnetic flux. The BZ efficiency (de-

fined as ηBZ ≡
〈

ĖBZ

〉

/
〈

Ṁ
〉

c2×100%) was found to exceed 100% under certain
conditions. This suggests that the jet power indeed comes from the BH spin,
not from accretion. Evidence for BZ mechanism at work in long-GRB cen-
tral engines is also found in 2-D general-relativistic MHD simulations (e.g.
Nagataki, 2009, 2011).

In any case, to maintain a high BZ power, accretion rate should be still very
high. Neutrino emission/annihilation, and neutrino-driven wind still occur
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from the disk. This has two implications (Lei et al., 2013): First, the total
jet power should be the sum of the BZ power and the neutrino-annihilation
power, so that the jet launched from the base has both a “hot” (neutrino
annihilation) and “cold” (Poynting flux) component. Second, due to the mag-
netic barrier, protons cannot drift into the central magnetically dominated jet.
Baryon loading, however, may proceed through neutron drift (Levinson and
Eichler, 2003). This results in much cleaner jets.

8.1.3 Magnetic jets launched from the accretion disk

A less well studied, yet plausible, mechanism invokes magnetic blobs launched
from the accretion disk. Uzdensky and MacFadyen (2006) applied the “mag-
netic tower” mechanism (self-collimated toroidal magnetic jet structure pro-
duced by a differentially-rotating central disk or a magnetar) suggested by
Lynden-Bell (1996) for producing AGN jets to the collapsar model of GRBs.
The magnetic fields in the disk tend to twist, wind up, and erupt, forming
episodic magnetic bubbles. This gives rise to an intrinsically episodic magnet-
ically launched jet even if the accretion rate is not episodic. Baryon loading
in such a model is however not easy to estimate. Besides the neutrino-driven
baryon load, corona materials can be trapped in magnetic blobs, the amount
of which is difficult to estimate.

8.1.4 Effects of the stellar envelope in long GRBs

For a long GRB formed from the collapse of a massive star, the jet has to
propagate through the stellar envelope. For a matter-dominated jet, Kelvin-
Helmholtz instability develops at the lateral-surface of the jet where there is
substantial differential motion wrt the star. This induces variability in a jet
even when the central engine has little fluctuation (Morsony et al., 2007). The
envelope also collimates the jet so that it has an opening angle of a few degrees
when it emerges at the stellar surface. The propagation of the jet through the
envelope of the star, outside the iron core, produces a hot cocoon which can
be very effective in collimating the jet (e.g. Aloy et al., 2000; Mészáros and
Rees, 2001; Ramirez-Ruiz et al., 2002; Matzner, 2003; Bromberg et al., 2011b).
When the cocoon erupts at the stellar surface it makes a wider, weaker, and less
relativistic jet surrounding the central narrow, stronger, and highly relativistic
jet (Ramirez-Ruiz et al., 2002; Matzner, 2003; Zhang et al., 2003b, 2004b).

For a highly-magnetized jet, the strong magnetic pressure prevents ambient
material from entering the jet. The hot cocoon surrounding the jet also helps
in its collimation and acceleration, and magnetic jets require less expenditure
of energy to punch through the star than baryonic jets of same luminosity and
cross-section at the launching site (Tchekhovskoy et al., 2009, 2010; Levinson
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and Begelman, 2013; Bromberg et al., 2014).

8.1.5 Black hole engine in short GRBs

For NS-NS or NS-BH mergers, the material in the accretion torus has high
densityand total mass of order 0.1 M⊙. The duration of accretion is short,
which is suitable for producing short GRBs (e.g. Rosswog et al., 2003; Aloy
et al., 2005). Lacking a heavy envelope, the jet is expected to be less collimated.
In any case, the black hole vicinity is permeated by tidal debris launched
during the merger and baryons launched from a neutrino wind from the hot
accretion flow. These materials can collimate the GRB jet to ∼ 10−20 degrees
(e.g. Rezzolla et al., 2011; Nagakura et al., 2014).

8.2 Millisecond magnetars

An alternative possibility for the GRB central engine is a rapidly spinning
(period P ∼ 1 ms), highly magnetized (surface magnetic field Bs ∼ 1015

G) neutron star known as a millisecond magnetar. Such a magnetar, when
spinning down, has the right parameters to power a GRB (Usov, 1992; Wheeler
et al., 2000). The total spin energy (which is the main power source of a
millisecond magnetar) for a magnetar with initial spin period P0 ∼ 1 ms is

Erot ≃
1

2
IΩ2 ≃ 2 × 1052 erg

M

1.4M⊙

R2
6P

−2
0,−3. (251)

This equation gives an upper limit to GRB energy when the central engine
is a magnetar. If a GRB violates this constraint, then the magnetar model
is ruled out for that GRB. A systematic study of GRB prompt emission and
afterglow data suggests that all the magnetar-candidate GRBs appear to have
collimation-corrected energy in electromagnetic radiation that is smaller than
this limit, while some other GRBs (presumably having a black hole central
engine) do violate such a limit (Lü and Zhang, 2014).

Making the simplest assumption of dipolar spindown, the total luminosity for
a magnetar is given by

L(t) = L0
1

(1 + t/t0)2
≃











L0, t ≪ t0,

L0(t/t0)
−2, t ≫ t0,

(252)

where

t0 =
3c3I

B2
pR

6Ω2
0

≃ 20.5 s (I45B
−2
p,16P

2
0,−3R

−6
6 ) (253)
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is the characteristic spindown time scale, and

L0 =
IΩ2

0

2t0
=

B2
pR

6Ω4

6c3
≃ 1.0 × 1051 erg s−1(B2

p,16P
−4
0,−3R

6
6) (254)

is the typical spindown luminosity. For P ∼ 1 ms, and Bp
>
∼ 1016 G, the typical

spindown luminosity and time scale coincide with the typical luminosity and
duration of a GRB (Usov, 1992).

The mechanism by which a new-born magnetar might power a GRB has been
studied in detail in recent years (Bucciantini et al., 2008, 2009; Metzger et al.,
2011; Kiuchi et al., 2012; Siegel et al., 2014). During the early phase of evo-
lution, the simple dipole spindown formula is not adequate to describe the
relevant physics. The evolution of a magnetar-powered GRB is well summa-
rized by Metzger et al. (2011): a new born neutron star is initially very hot
which leads to a heavy baryon loading of the wind from magnetar due to neu-
trino driven mass loss from the surface, and such an outflow has too small
a terminal Lorentz factor to power a GRB. After ∼ 10 s or so, the neutron
star cools down, the neutrino driven baryonic wind diminishes, and a jet with
σ > 100 is produced. This phase lasts for about half a minute when σ in-
creases rapidly due to an abrupt drop in neutrino wind and that according to
Metzger et al. (2011) terminates the prompt GRB phase. During the prompt
phase, erratic lightcurves can be powered by magnetic dissipation instabilities
(Kluźniak and Ruderman, 1998; Ruderman et al., 2000). The energy budget
during the prompt emission phase is from the differential rotation of the neu-
tron star, which generates magnetic energy via a dynamo mechanism. After
this phase, the magnetar continuously spins down and injects energy as a
Poynting flux. Late magnetic activities arising from the residual differential
rotation of the neutron star can power X-ray flares after the prompt phase
(Dai et al., 2006).

The spin down power of a magnetar can leave an interesting signature in
the GRB afterglow lightcurve (Zhang and Mészáros, 2001a); see also Dai and
Lu (1998a) for the case of a millisecond neutron star central engine with a
normal (∼ 1012 G) magnetic field. The basic feature is that Poynting flux
from the neutron star spin down can be directly injected into the blastwave.
If the injected energy exceeds the energy deposited during the prompt phase,
the external forward shock afterglow lightcurve would show a shallow decay
phase. The shallow decay phase of GRB afterglow lightcurves requires such
an energy injection mechanism, and a magnetar central engine could perhaps
offer a plausible explanation for this behavior (Dai, 2004; Zhang et al., 2006;
Metzger et al., 2011; Dall’Osso et al., 2011). On the other hand, another model
that invokes stratification of ejecta Lorentz factor (Rees and Mészáros, 1998;
Granot and Kumar, 2006; Uhm et al., 2012) could also explain these plateaus.

The discovery of an “internal plateau” for GRB 070110 (Troja et al., 2007)
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which was followed by a very rapid decay (t−9) of the X-ray flux rules out an
external shock origin for the X-ray emission, and requires internal dissipation
of a long-lived jet to account for this steep decline. A smooth lightcurve during
the plateau is easier to understand when the power source is the spin down of
a neutron star. From the observed luminosity and duration of the plateau, one
can infer the parameters of the neutron star which turns out to be consistent
with a fast magnetar: P0 ∼ 1 ms, and Bp

>
∼ 3 × 1014G when the jet opening

angle is assumed to be a large angle (∼ 18o) (Lyons et al., 2010).

Such a magnetar signature also shows up in several short GRBs (e.g. Rowlin-
son et al., 2010, 2013). This suggests that NS-NS mergers may also give rise
to a supra-massive, likely highly magnetized, millisecond magnetar (e.g. Dai
et al., 2006; Gao and Fan, 2006; Fan and Xu, 2006; Metzger et al., 2008; Liu
et al., 2008; Anderson et al., 2008; Giacomazzo et al., 2011). Since the mag-
netar spindown time scale is typically 20s or more (Eq. 253), one challenge of
this model is to produce a short duration prompt emission. Mechanisms dis-
cussed in the literature include a brief accretion phase (Metzger et al., 2008),
a brief differential rotation phase (e.g. Fan et al., 2013b), and phase transition
(Cheng and Dai, 1996; Chen and Labun, 2013).

Since the millisecond magnetar wind is essentially isotropic (data are con-
sistent with such a hypothesis (Lü and Zhang, 2014)), a post-merger supra-
massive millisecond magnetar is expected to emit bright electromagnetic emis-
sion in the off-jet directions. Zhang (2013) proposed that NS-NS merger-
induced gravitational wave bursts can have a bright early X-ray afterglow
powered by a supra-massive magnetar even if they are not associated with
short GRBs (jet misses earth). Such a magnetar also powers a bright multi-
wavelength afterglow (Gao et al., 2013a) and a bright “merger” nova (Yu et al.,
2013; Metzger and Piro, 2014). The collapse of the supra-massive neutron star
into a black hole would give distinct observational signatures, such as a sharp
decline in the X-ray lightcurve (Rowlinson et al., 2010, 2013).

8.3 Models of late central engine activities

Shortly after the observations of the first afterglow Katz and Piran (1998)
and Katz et al. (1998) suggested the possibility that some of the afterglow
flux arises due to long lasting central engine activity, stressing that a strong
variability in afterglow light curves cannot be produced via an external shocks.
Swift observations indeed find that GRB central engine activity lasts for much
longer than the duration of prompt emission. There are two types of extended
engine activity. One is erratic, manifested as late X-ray flares (Burrows et al.,
2005b; Chincarini et al., 2007; Falcone et al., 2007); the other is where the
power output is steady for an extended period which we see as “internal X-
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ray plateaus” (Troja et al., 2007; Liang et al., 2007a; Lyons et al., 2010).
A successful central engine model should be able to interpret these diverse
properties.

8.3.1 X-ray flares

A number of different models have been suggested for X-ray flares:

• King et al. (2005) proposed that a collapsing massive star may fragment
into many blobs, which are accreted onto the central compact object at
different times; blobs accreted at late times give rise to X-ray flares. Since
short GRBs also have flares (e.g. GRB 050724 Barthelmy et al., 2005b),
and a number of them are found in elliptical galaxies with very low star
formation rates e.g. the host galaxy of GRB 050724, this suggests that the
X-ray flare mechanism should also apply to progenitors that are not massive
stars.

• Perna et al. (2006) argued that the outer part of accretion disk, for long and
short GRBS, is susceptible to gravitational instability and could fragment
into clumps, and the accretion of these clumps produces X-ray flares; short
GRBs require some extreme conditions for this mechanism to work.

• Proga and Zhang (2006) argued that accumulation of magnetic flux near the
black hole during accretion can temporarily build up a “magnetic barrier”,
which shuts down accretion for some time. When accretion resumes after
accumulating enough material, an X-ray flare is produced. Such a process
may repeat itself to power multiple flares. A similar scenario was proposed
by Cao et al. (2014) to interpret extended emission of short GRBs.

• Dai et al. (2006) invoked a post-merger differentially-rotating millisecond
neutron star to power X-ray flares following short GRBs within the frame-
work of the NS-NS merger progenitor.

• Lee et al. (2009) suggested that post merger accretion disk may undergo
“phase transition” triggered by He-synthesis, which would temporarily launch
a powerful wind to shut down accretion. Accretion resumes later to power
an X-ray flare.

8.3.2 X-ray “plateaus”

The “internal plateau” observed in X-ray afterglow lightcurves requires energy
dissipation within the jet of a long-lasting central engine (Troja et al., 2007).
A plausible scenario is that it is due to continuous energy injection from a
magnetar wind (Metzger et al., 2011; Siegel et al., 2014), and the abrupt
decay of flux at the end of plateau may be related to collapse of the magnetar
to a black hole after it has lost enough angular momentum that it can no
longer support itself against the force of gravity (Troja et al., 2007; Zhang,
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2014).

Regular X-ray plateaus (those followed by a normal decay ∝ t−1) may be
interpreted as due to energy being added for a period of plateau duration
to a decelerating external shock (Zhang et al., 2006; Nousek et al., 2006).
Some afterglows show achromatic behavior in both X-ray and optical bands,
which can be easily explained by this model. However, some others show a
chromatic behavior, which requires that the X-ray emission is powered by a
different source from the optical emission. One possibility is that the entire
observed X-ray afterglow of these GRBs is powered by a long-lasting central
engine model. It can be from a millisecond magnetar without collapsing into a
black hole (e.g. Yu et al., 2010) or from a hyper-accreting black hole. Assuming
a hyper-accreting black hole model for GRBs, Kumar et al. (2008a,b) showed
that the morphology of a canonical X-ray light curve — the steep decline of
flux at the end of the prompt phase and a plateau following that — is similar
to the time dependence of accretion rate onto the central object. The time
dependence of the rate at which stellar material is added to the accretion
disk, and the rate at which mass falls onto the central object, is a function of
the density profile of the progenitor star (Kumar et al., 2008b). The duration
of the steeply declining early X-ray lightcurve – or the beginning of the plateau
– is set by the dynamical timescale of the stellar core i.e. (R3

c/GMc)
1/2; where

Rc and Mc are the radius and mass of the progenitor star’s core. The X-ray
flux & its rate of decline during the plateau is determined by the mass, radius,
and the rotation rate of the stellar envelope, and therefore, the X-ray data can
be inverted to obtain the GRB progenitor star structure as outlined in Kumar
et al. (2008a), and the result is shown in Figure 37.

8.4 Difference between the two types of engines

If we ever detect a milli-second pulsation in X-ray lightcurve of GRB prompt
or afterglow radiation then that will clinch the case for the magnetar model.
However, in the absence of this signature we have to look at other possible
ways of determining whether the GRB central engine is an accreting black-
hole or a milli-second magnetar. We describe a few of the main properties of
the GRB prompt and afterglow lightcurves and how these could shed light on
the nature of the central engine.

(1) As already mentioned, a magnetar based model for GRBs cannot have
total energy in the burst exceeding 2 × 1052 erg (eq. 251) which is the
rotational energy of a neutron star that is spinning at close to the breakup
speed; this total energy is the sum of the energy emitted during the
prompt phase and the afterglow. On the other hand, a BH based central
engine can in principle produce bursts with energy much larger than
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Fig. 37. The panel on the left shows a schematic X-ray lightcurve with the following
four segments: a prompt emission phase, a steep decline phase, a plateau phase,
and a post-plateau phase. The panel on the right shows how the different segments
in the LC are related to the accretion of different parts of the progenitor star. The
radii (r) and spin parameters (fΩ ≡ Ω/Ωk) of the various zones can be estimated
from the X-ray data (Kumar et al., 2008a); ωk(r) is Keplerian rotation rate at r.

2x1052erg.
A major complication in determining the total energy output of a burst

is the unknown collimation angle. Jet opening angle is measured for sev-
eral long GRBs from the achromatic break in their multi-wavelength af-
terglow curves. Assuming that the opening angle for the jet during the
prompt phase is same as the angle determined from afterglow data, the
total collimation-corrected energy is found to be typically smaller than
the upper limit of 2× 1052 erg (Frail et al., 2001; Panaitescu and Kumar,
2002; Bloom et al., 2003; Berger et al., 2003a). However, some bursts
have energy close to or above this limit and that poses a challenge for the
magnetar model (Liang et al., 2008a; Cenko et al., 2010; Lü and Zhang,
2014).

Based on energy considerations alone, all that one can say is that mag-
netar model could produce less energetic bursts, and the BH model is
needed for the most powerful explosions.

(2) The specific angular momentum for a milli-second magnetar, j ∼ R2
nsΩ,

is 6 × 1015 cm2 s−1, whereas for the innermost stable circular orbit of a
maximally rotating Kerr black hole it is 2GM/31/2c ∼ 5 × 1016M1 cm2

s−1; where M1 is BH mass in units of 10M⊙. Thus, the requirement on
the rotation rate of the GRB progenitor star is more severe for a BH
model.

(3) The steep decline of X-ray lightcurve at the end of the prompt GRB
phase indicates that the central engine turns off very rapidly. A sharp
decline of accretion rate onto the newly formed BH soon after the core
collapse is found analytically and numerically for the collapsar model e.g.
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Kumar et al. (2008b),Lindner et al. (2010). The steep decline occurs when
the accretion flow makes a transition from a NDAF to an ADAF, and
at roughly the same time an accretion shock forms and pushes back the
in-falling gas that further reduces the accretion rate.

It is much more difficult for a magnetar to be turned off as rapidly as
observations suggest. The luminosity of a magnetar wind, according to
the dipole radiation model, fall off as t−2 which is far too slow. However,
it is also the case that pulsar braking index n – defined as dΩ/dt ∝ Ωn

– according to the dipole model is 3 whereas the index for 6 well studied
pulsar is found to be between 1.4 and 2.9 (Lorimer, 2005). If the braking
index for a newly born magnetar where to be like these much older pulsars
then that would suggest a faster fall off of the luminosity than t−2 and
that might explain the observed steep decline of X-ray lightcurves.

Another possibility for the steep decline of lightcurve for the magnetar
model is suggested by Metzger et al. (2011). According to these authors
the steep decline is associated with a sharp increase of the magnetization
parameter (σ0) from 104 to 109 as the neutron star becomes transparent
to neutrinos, and the neutrino-driven mass-loss drops rapidly. They in-
voke inefficient acceleration, and radiation, for very high σ wind as the
reason for the steeply declining X-ray lightcurve. It is not clear that a high
σ wind is necessarily difficult to accelerate in a typical long-GRB setting.
Adiabatic expansion of a wind of short spatial extent can lead to rapid
acceleration e.g. Granot et al. (2011); see §7.10.1 for details. Moreover,
for σ >

∼ 106 the jet becomes transparent to photons in the transverse direc-
tion while still inside the star and that causes a severe inverse-Compton
drag on electrons bringing them quickly to almost standstill, and the re-
sulting low current results in the dissipation of magnetic energy. If the
Poynting jet with σ >

∼ 106 were to somehow escape this fate, it will become
charge starved before reaching the deceleration radius, and consequently
magnetic energy will be dissipated quickly. So it seems unlikely that a
transition to high σ outflow necessarily leads to rapidly falling lightcurve,
and hence a rapid turn-off of the central engine poses a challenge for the
Magnetar model.

(4) A plateau in jet luminosity can arise, according to the black-hole central
engine, when the outer part of the star with ρ ∝

∼R−2.5 is accreted onto the
black hole (Kumar et al., 2008b; Lindner et al., 2010).

According to the magnetar model the X-ray plateau is associated with
its spindown time scale. Therefore, this model predicts that the average
luminosity during the plateau should be inversely proportional to the
duration of the plateau. This is something that observers should be able
to verify and thus help determine the correct model for the GRB central
engine; recent analysis of X-ray plateau data seems consistent with this
expectation, e.g. Bernardini et al. (2012); Xu and Huang (2012); Dainotti
et al. (2013); Lü and Zhang (2014).

Another point to note is that it is more natural for a magnetar model
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to produce a smooth lightcurve during the plateau, as is in fact observed,
than for an accreting black hole model. The sharp decline of X-ray flux
at the end of the plateau for a few GRBs (e.g. Troja et al., 2007) might
seem inconsistent with the magnetar model. However, a sharp decline
could perhaps arise when a supra-massive milli-second magnetar’s rota-
tion speed falls below a threshold value so that the centrifugal force is no
longer able to prevent its collapse to a black hole. A black hole central en-
gine may be also abruptly stopped if the accretion disk is suddenly blown
away by a disk wind. However, the combination of a flat X-ray lightcurve
(which would require a constant accretion rate) and a subsequent very
rapid drop (∝ t−9) is difficult to arrange for the black hole central engine
model.

(5) It is much easier to understand X-ray flares when the central engine is a
magnetar than when it is a black hole (e.g. Kluźniak and Ruderman, 1998;
Dai et al., 2006). X-ray flares, for a magnetar model, are analogous to Soft
Gamma-ray Repeaters (SGRs). However, the energy of flares should not
exceed ∼ B2R3

ns/5 ∼ 1048B2
15 erg if produced by dissipation of magnetic

fields in a magnetar; bright X-ray flares in GRBs almost certainly violate
this limit modulo the uncertainty regarding the beaming angle. Note that
the magnetic field strength, B, cannot be much larger than ∼ 1015G,
otherwise the duration of the plateau would be much smaller than the
observed value of 103 − 104s.

According to Chincarini et al. (2010) and Margutti et al. (2011) the
average X-ray flare luminosity decreases with time (measured from γ-ray
trigger) as ∼ t−2.7, and the energy in flares scales as ∼ t−1.8. Accretion
onto a BH can give this steep decline in the CDAF regime. However, the
sharp rise and fall off of X-ray flare lightcurve is puzzling to understand
in this model. It is unclear why a magnetar model — where X-ray flare is
produced by the dissipation of some fraction of the energy of the neutron
star’s magnetic field — should have flare luminosity falling off as ∼ t−2.7.
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9 Progenitors of GRBs

9.1 Two physically distinct types of GRBs

Gamma-ray observations led to identification of two phenomenological classes
of GRBs in the duration-hardness (T90 − HR) plane: long/soft vs. short/hard
(Kouveliotou et al., 1993). The boundary between the two classes is vague.
The duration separation line is around 2 seconds in the BATSE band (30 keV
- 2 MeV). Long and short GRBs roughly comprise 3/4 and 1/4 of the total
population of the BATSE sample, but the short GRB fraction is smaller for
other detectors (Sakamoto et al., 2008a, 2011; Paciesas et al., 2012; Zhang
et al., 2012c; Qin et al., 2013). This is because the duration T90 of a GRB
is energy-dependent and detector-sensitivity-dependent (Qin et al., 2013). It
is possible that a short GRB detected by BATSE would appear as “long”
by a detector with a softer bandpass (e.g. Swift). Indeed, in the Swift era,
about 2% of GRBs have a short/hard spike typically shorter than or around
2s, but with an extended emission (EE) lasting 10’s to ∼ 100 seconds (Norris
and Bonnell, 2006). So the unfortunate consequence of the T90 classification
is that the membership to a certain category of the same GRB could change
when the detector is changed. Nonetheless, the confusion in T90 classification
mostly arises in the “grey” area between the two classes.

Follow-up afterglow and host galaxy observations of GRBs led to the iden-
tification of at least two broad categories of progenitor. Observations led by
BeppoSAX, HETE2, and Swift suggest that at least some long GRBs are as-
sociated with supernova Type Ic (e.g. Galama et al., 1998; Hjorth et al., 2003;
Stanek et al., 2003; Campana et al., 2006; Pian et al., 2006). Most long GRB
host galaxies are found to be dwarf star-forming galaxies (Fruchter et al.,
2006). These facts establish the connection between long GRBs and deaths
of massive stars (Woosley, 1993). The breakthrough led by Swift unveiled
that some nearby short GRBs (or short GRBs with EE) have host galaxies
that are elliptical or early-type, with little star formation (Gehrels et al., 2005;
Barthelmy et al., 2005c; Berger et al., 2005). Some others occur in star-forming
galaxies, but the GRB location has a large offset from the host galaxy where
the local star formation rate is low (Fox et al., 2005; Fong et al., 2010). All
these point towards another type of progenitor that does not involve massive
stars, but is likely related to compact stars, such as NS-NS or NS-BH mergers
(e.g. Eichler et al., 1989; Paczýnski, 1991; Narayan et al., 1992).

The cozy picture that long GRBs are all physically related to massive star core
collapses while short GRBs all physically related to compact star mergers was
soon destroyed by several observations. GRB 060614 and GRB 060605 are
both nearby long-duration GRBs, but deep searches show no association of a
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supernova accompanying the GRB (Gehrels et al., 2006; Gal-Yam et al., 2006;
Fynbo et al., 2006; Della Valle et al., 2006), unlike other nearby long GRBs.
Moreover, the gamma-ray properties of GRB 060614 share many properties
with short GRBs (Gehrels et al., 2006), and it would resemble GRB 050724
(a smoking gun “short” GRB that has a definite non-massive star origin) if
it were somewhat less luminous (Zhang et al., 2007b). Although theoretically
some massive star core collapses can have faint supernova signals (e.g. Nomoto
et al., 2006), the available data for GRB 060614 do not demand such a scenario,
since except the long duration all other properties are similar to those of other
nearby short GRBs. Rather, it suggests that some GRBs that are not related
to massive stars can have a long duration. Later, it was noticed that the three
GRBs with the highest redshifts as of end of 2012, i.e. GRB 080913 at z = 6.7
(Greiner et al., 2009b), GRB 090423 at z = 8.2 (Tanvir et al., 2009; Salvaterra
et al., 2009), and GRB 090429B at z = 9.4 (Cucchiara et al., 2011b) all have
a “rest-frame duration” T90/(1 + z) shorter than 2 seconds 54 . Yet, various
arguments suggest that they still originate from deaths of massive stars (Zhang
et al., 2009a). Later, an observer-frame short GRB 090426 at z = 2.609 was
discovered, which shared many properties of long GRBs with a massive star
origin (Levesque et al., 2010; Antonelli et al., 2009; Xin et al., 2011; Thöne
et al., 2011). Independent arguments suggest that at least some short GRBs,
especially those at high redshifts with high luminosities, are probably not
related to compact star mergers (Zhang et al., 2009a; Virgili et al., 2011; Cui
et al., 2012; Bromberg et al., 2012).

Bromberg et al. (2012) found that there exists a plateau in the dN/dT90 dura-
tion distribution of GRBs (for all samples with different detectors) and argued
that this is an evidence for a massive star origin; the plateau, according to
them, is due to the finite time it takes for GRB jets to clear a cavity and
make their way out of the star. Bromberg et al. (2013) suggest that 40% of
the short-GRBs detected by the Swift satellite could arise from collapse of a
massive star, and that the distinction between long and short bursts is de-
tector dependent. This is consistent with previous works (e.g. Zhang et al.,
2009a; Virgili et al., 2011; Cui et al., 2012) that arrived at this conclusion using
very different arguments. The host galaxy data, on the other hand, suggest
that contamination of massive star GRBs in the short GRB sample may not
be large (Fong et al., 2010; Berger, 2014). Based on an analysis invoking an
“amplitude” parameter f (ratio between the peak flux and background flux)
of short GRBs, Lü et al. (2014) claimed that the massive star contamination
becomes progressively important at low f values due to the “tip-of-iceberg”

54 Simulations suggest (e.g. Lü et al., 2014; Littlejohns et al., 2013) that when a
long GRB is progressively moved to high redshifts, the observer-frame duration
may not increase noticeably due to the fact that some signals are buried below the
background. As a result, T90/(1 + z) < 2s may not carry a direct clue about the
progenitor, and rather could be due to a “tip-of-iceberg” selection effect.
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effect.

In view of the confusions in classification, suggestions have been made to
distinguish the phenomenological classes (long vs. short) and the physically-
motivated classes (massive star or Type II GRBs vs. compact star or Type
I GRBs) (Zhang, 2006; Zhang et al., 2007b, 2009a). The challenge is how to
identify the physical class based on data. Zhang et al. (2009a) summarized a
list of multi-wavelength observational criteria that could be connected to the
physical nature of a GRB, and suggested to apply them to identify the phys-
ical class of a GRB. In particular, the observational criteria that are mostly
related to the physical nature of GRBs include supernova association, host
galaxy properties, as well as the location within the host galaxy. A flowchart
to diagnose the physical category of a GRB based on multiple observational
criteria was proposed (Zhang et al., 2009a), which was applied to study long
and short GRBs observed in the Swift era (Kann et al., 2010, 2011).

The multi-wavelength data cannot be immediately obtained when a GRB is
detected. So it is important to find a way of determining the physical class
of a GRB from prompt γ-ray data alone. Several attempts have been made
toward this goal. For example, Lü et al. (2010) showed that for GRBs with

known redshifts, the parameter ε ≡ Eγ,iso,52/E
5/3
p,z,2 has a more pronounced

bimodal distribution; where Eγ,iso,52 is the GRB isotropic energy in units of
1052 erg, and Ep,z,2 is the peak of the γ-ray spectrum in units of 100 keV
in GRB host galaxy rest frame at redshift z. The high-ε vs. low-ε categories
are found to be more closely related to massive star GRBs vs. compact star
GRBs, respectively. Lü et al. (2014) suggested the “amplitude” of an observed
lightcurve should be taken into account to classify GRBs based on duration.
In particular, a low-amplitude short GRB can be the “tip-of-iceberg” of a long
GRB, whose longer emission episode is buried beneath the background level.
The rest-frame-short nature of high-z GRBs can be naturally accounted for
with this effect (see also Kocevski and Petrosian, 2013).

Sub-classes likely exist within these two broadly defined progenitor classes. For
example, within the massive star GRBs, the low-luminosity bursts typically
have smooth lightcurves and long durations, are more abundant, and probably
form a distinct population in the luminosity function (Liang et al., 2007a;
Virgili et al., 2009). Physically, they may mark unsuccessful jets, and their
emission is from a trans-relativistic shock breaking out from the star (e.g.
Bromberg et al., 2011a; Nakar and Sari, 2012). Regular high-luminosity GRBs,
in contrast, have successful jets, as manifested by the erratic variability in the
lightcurves. The separation between the two populations is not so clear cut
though, as several low luminosity GRBs with successful jets driven by a central
engine have been observed (e.g. GRB 120422A, Zhang et al. (2012b)).

Another potential sub-category of massive star GRBs was proposed to inter-
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pret several “ultra-long” GRBs (e.g. Gendre et al., 2013; Levan et al., 2014).
The ultra-long durations (of order 103–104 seconds) of these events have led to
the suggestion that they might be associated with a blue supergiant progen-
itor, in contrast to the standard Wolf-Rayet stars. The afterglow properties
of these GRBs are not very different from the normal ones (e.g. Virgili et al.,
2013). Considering that long-lasting X-ray flares exist in a good fraction of
GRBs, the possibility that these are the long-duration tail of the normal long
GRBs is not ruled out (Zhang et al., 2014a).

9.2 Massive star GRBs

The progenitor of GRBs is hard to identify, since the progenitor is already
destroyed when the GRB occurs. We do not know much regarding the GRB
progenitors other than that there are two physically distinct types with one
type related to deaths of massive stars and the other type not related to
massive stars.

We know better the progenitor of GRBs that are associated with massive
stars. This is because considerable amount of information is available about
the properties of the supernovae that are associated with these GRBs and
about their host galaxies.

9.2.1 Properties of supernovae associated with GRBs

A handful of long GRBs have ironclad associations with spectroscopically-
identified SNe. The list includes GRB 980425/SN 1998bw at z = 0.0085
(Galama et al., 1998), GRB 030329/SN 2003dh at z = 0.168 (Stanek et al.,
2003; Hjorth et al., 2003), GRB 031203/SN 2003lw at z = 0.105 (Malesani
et al., 2004), GRB 060218/SN 2006aj at z = 0.033 (Pian et al., 2006; Campana
et al., 2006), GRB 100316D/SN 2010bh at z = 0.059 (Starling et al., 2011),
GRB 101219B/SN 2010ma at z = 0.55 (Sparre et al., 2011), GRB 120422A/SN
2012bz at z = 0.283 (Melandri et al., 2012), and GRB 130427A/SN 2013cq at
z = 0.34 (Xu et al., 2013; Levan et al., 2013). There are a lot more cases of
association with various degrees of confidence level, some with a light curve
bump as well as some spectroscopic evidence of the SN, some others with a
clear light curve bump that is consistent with other GRB-SN associations (e.g.
Hjorth and Bloom, 2011). An optimistic statement that the data are consistent
with the hypothesis that all long GRBs are associated with an underlying SN
was made (Zeh et al., 2004; Woosley and Bloom, 2006), until the null search
results for GRB 060614 and 060505 were reported in 2006 55 (Gal-Yam et al.,

55 Observational properties (e.g. relatively short hard spike, short spectral lag, low
specific star formation rate) of GRB 060614 make it more consistent with belonging
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2006; Fynbo et al., 2006; Della Valle et al., 2006).

The GRBs with firmly established associations with SNe are typically nearby
events. As of July 2014, all bursts with SNe association, with the exception of
GRBs 030329 and 130427A, are low luminosity GRBs or X-ray flashes. This
is likely a selection effect, since the faint SN signal (especially the spectral
features) can be only detected at low redshifts, and when the SNa flux is
not too faint compared with the afterglow emission in the optical band. High
luminosity GRBs have optical afterglows that are brighter than SNe, and they
are typically observed at z > 1. For these events, it is very difficult to detect
their associated SNe. In any case, the identifications of SN 2003dh associated
with a garden variety GRB 030329 at z = 0.168, and SN 2013cq associated
with the nearby, high-luminosity GRB 130427A at z = 0.34 suggest that high
luminosity GRBs are also associated with SNe Ic, whose properties are similar
to those associated with low luminosity GRBs.

The spectroscopically identified SNe associated with GRBs are of the Type Ic.
These SNe are produced by core collapses of massive stars whose hydrogen and
helium envelopes have been striped before the explosions, so the progenitors
were most likely Wolf-Rayet stars (Woosley and Bloom, 2006).

Not all Type Ic SNe have GRB associations. A systematic radio survey of Type
Ibc SNe suggests that less than 3% are associated with GRBs (Soderberg,
2007). The GRB-associated SNe are consistent with being broad-lined Type
Ic, suggesting a large kinetic energy. They have diverse peak brightness, rise
time, light curve width, and spectral broadness. Compared with regular Type
Ic SNe, the few GRB-associated SNe appear to represent the brighter end of
the Type Ic population. However, when non-detections and upper limits on
SN light are taken into account, the GRB-associated Type Ic SNe may not be
all that different compared with normal Type Ic SNe (Woosley and Bloom,
2006).

9.2.2 Host galaxy properties of long GRBs

The majority of long-GRB host galaxies are irregular, star-forming galaxies,
and a few are spiral galaxies with active star formation (Fruchter et al., 2006).
Occasionally, one can have a GRB located in a galactic halo, (e.g. GRB 070125,
Cenko et al., 2008). A systematic study suggests that long-GRBs occur in
the brightest region of the host galaxy, suggesting a very high specific star

to the compact star GRB category (Gehrels et al., 2006; Gal-Yam et al., 2006; Zhang
et al., 2007b). Indeed, Zhang et al. (2007b) shows that it would look rather similar
to the smoking-gun compact star GRB 050724 if it were somewhat less energetic.
The case of GRB 060505 is more controversial, but it is by no means a typical long
GRB.
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formation rate at the burst site (Fruchter et al., 2006). All these properties
are consistent with the massive star origin of long GRBs. Nonetheless, cases
of long GRBs with relatively low local specific star formation rate have been
also discovered (e.g. Levesque et al., 2012).

One controversial aspect is whether long-GRBs prefer low metallicity envi-
ronments. Claims that long GRB-hosts are relatively metal poor have been
made (e.g. Fynbo et al., 2003; Prochaska et al., 2004; Fruchter et al., 2006).
It was noted that GRB-SNe occur in environments that have a systematically
lower metallicity than broad-lined Type Ic SNe (Modjaz et al., 2008). Counter-
arguments suggest that this apparent metal poor property of long GRB hosts
is not intrinsic, but is rather a consequence of anti-correlation between star-
formation and metallicity seen in general galaxy population (Savaglio et al.,
2009). Recently, Graham and Fruchter (2013) compared the metallicity of the
hosts of long GRBs, broad-lined Type Ic SNe, and Type II SNe to each other,
and to the metallicity distribution of local star-forming galaxies in the SDSS
sample, and concluded that such an anti-correlation is not enough to explain
the data, and that long GRBs indeed favor a low metallicity environment.
This is consistent with the expectation of collapsar model of GRBs (Mac-
Fadyen and Woosley, 1999), as well as numerical simulations of GRB host
galaxy luminosity function (Niino et al., 2011). Nonetheless, some dark GRBs
are found to be located in relatively metal-rich host galaxies (e.g. Holland
et al., 2010; Perley et al., 2013b), suggesting that low metallicity may not be
the critical condition to produce a GRB.

9.2.3 Progenitor of long GRBs

With the above observational constraints, the progenitor of long GRBs can be
narrowed down to massive stars with rapid spin (as required to launch a jet),
relatively low metallicity, and stripped of their hydrogen and helium envelope.
However, the explicit type of star is not identified. Theoretical arguments
favor a Wolf-Rayet star with mass larger than 10 M⊙ (but not too large,
Woosley, 2011). The leading candidate is a massive star directly collapsing to
a black hole – the collapsar model (Woosley, 1993; MacFadyen and Woosley,
1999). But models invoking binary stars (e.g. Fryer et al., 1999) or a magnetar
central engine (e.g. Wheeler et al., 2000; Bucciantini et al., 2009) are also viable
candidates.

9.3 Compact star GRBs

A detailed review of observational evidences that many short GRBs are related
to compact star mergers is presented in Berger (2014).
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9.3.1 Non-detection of SN light

Deep searches of SNe associated with short-GRBs have been carried out for
all nearby bursts. The upper limits on SNa luminosity vary from case to case
(e.g. Kann et al., 2011; Berger, 2014), but so far no positive detection has been
made. This is consistent with a compact star origin (rather than massive star
origin) of these GRBs.

A weaker than supernova optical/IR signal, dubbed “macronova”, “kilonova”,
“r-process nova”, or “mergernova” by various groups, has been predicted to be
associated with NS-NS or NS-BH mergers (Li and Paczyński, 1998; Kulkarni,
2005; Metzger et al., 2010; Barnes and Kasen, 2013). Recently, a bright near-
IR emission component was detected from the short-GRB 130603B with HST
(Tanvir et al., 2013; Berger et al., 2013), which is consistent with the recent
prediction of a “kilonova” – luminosity being ∼ 103 times the luminosity of a
typical nova (Barnes and Kasen, 2013). If a supra-massive magnetar is born
during the merger, such a merger-nova could be brighter due to the additional
energy injection into the ejecta from the magnetar (Yu et al., 2013; Metzger
and Piro, 2014). It is speculated that most spin energy of the magnetar is car-
ried away by gravitational waves, but extreme conditions are required to excite
such a strong gravitational wave radiation in order to fit the data. More obser-
vations are needed to establish whether all short-GRBs are accompanied by a
merger-nova, and to determine whether the central engine in these explosions
is a black hole or a magnetar.

9.3.2 Host galaxy properties of short GRBs

Fong et al. (2010) systematically analyzed the host galaxy properties of 10
nearby short GRBs and compared them with the hosts of long GRBs and
Type II SNe. They found that short-GRB host galaxies have exponential disk
profiles, but with a medium size twice as large as long-GRB hosts. More impor-
tantly, the GRB site has large offsets from the central star-forming regions.
The accumulative fraction as a function of fractional flux is very different
from long-GRBs, which show strong concentration to the brightest region in
the host galaxy (Fruchter et al., 2006), and is also very different from that
of the core-collapse supernovae. The short-GRBs appear to under-represent
their host galaxy light in contrast to long-GRBs. This is consistent with the
compact star merger scenarios, since compact stars born in asymmetric su-
pernovae most likely received a “kick”, so that the binary system drifted away
from the star forming regions when mergers occur (Bloom et al., 2002a).

There is a population of short GRBs that are “hostless”. They may be “kicked”
away from their host, or reside in distant faint host galaxies (Berger, 2011).
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9.3.3 Progenitor of short GRBs

Observations suggest that the progenitor of short GRBs is different from that
of long GRBs. However, the explicit progenitor type is not identified. Leading
candidates include mergers (or for a small fraction, collisions) of NS-NS and
NS-BH systems (Eichler et al., 1989; Paczýnski, 1991; Rosswog et al., 2013).
An alternative candidate is accretion induced collapse of a NS to BH (Qin
et al., 1998; MacFadyen et al., 2005). A small fraction of short GRBs can be
the giant flares of soft gamma-ray repeaters in nearby galaxies (Palmer et al.,
2005).

One should be cautious and not jump to conclusion that all short/hard GRBs
in the BATSE sample are due to the compact star merger origin. Even though
the NS-NS merger model is claimed to be able to reproduce the Swift short
GRB data (Nakar et al., 2006a) and the BATSE short GRB data (Guetta
and Piran, 2005), the model cannot simultaneously explain the z-known Swift
sample, and the z-unknown BATSE sample (Virgili et al., 2011). In particular,
the z-known sample demands a shallow luminosity function in order not to
over-produce nearby low-luminosity short GRBs. For a reasonable redshift
distribution of NS-NS mergers, such a shallow luminosity function is always
translated to a shallow flux distribution, which is inconsistent with the BATSE
data. A possible way out of this problem might be that some high-redshift,
high-luminosity short-GRBs are related to massive stars (Zhang et al., 2009a;
Bromberg et al., 2012).

Since giant flares of Galactic soft gamma-ray repeaters (SGRs) also generate
a short, hard, emission episode, it has been speculated that some SGR giant
flares in the nearby galaxies can give rise to apparent short hard GRBs (Palmer
et al., 2005). Searchs in nearby galaxies for well localized short GRBs suggest
that such SGR contamination to the observed short-GRB population is low,
below 15% (Tanvir et al., 2005; Nakar et al., 2006b).

9.4 Gravitational wave diagnosis of GRB progenitor

Probably the most definite diagnosis of GRB progenitor can be made when
gravitational waves are jointly detected with GRBs. Different progenitors have
distinct gravitational wave signatures (e.g. Bartos et al., 2013). In particular,
compact star mergers have a characteristic in-spiral chirp signal (Flanagan
and Hughes, 1998), detection of which would give definite identification of the
short GRB progenitor (e.g. Kochanek and Piran, 1993). For NS-NS mergers,
the post-merger product can be either a black hole or a supra-massive neutron
star, which would give different gravitational wave signatures: a black hole
engine would show a “ring-down” signal after the merger phase (e.g. Flanagan
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and Hughes, 1998; Piran, 2002; Kobayashi and Mészáros, 2003; Baiotti et al.,
2008), while a supra-massive neutron star would give extended gravitational
wave signals due to a secular bar-mode instability (e.g. Baiotti et al., 2008;
Corsi and Mészáros, 2009).

The gravitational wave signal due to a massive star core collapse is subject to
large uncertainties. If collapse is asymmetric, bar-mode instability may develop
in the accretion disk, so that strong gravitational waves can be released from
the central engine of long GRBs (Piran, 2002; Kobayashi and Mészáros, 2003;
Ott et al., 2012).

Detecting gravitational waves from astrophysical objects is challenging. The
upcoming advanced gravitational wave detectors such as Advanced LIGO (Ab-
bott et al., 2009) and Advanced VIRGO (Acernese et al., 2008) are expected
to expand the detection horizon to a few hundred Mpc as early as 2015. De-
tecting the electromagnetic counterparts of gravitational wave sources would
increase the signal-to-noise ratio of the gravitational wave signal and con-
firm its astrophysical origin. If the final product of a compact star merger
is a black hole, the electromagnetic signals associated with the gravitational
wave burst include a short GRB, an optical “macronova” (Li and Paczyński,
1998; Kulkarni, 2005; Metzger et al., 2010), and a long-lasting radio afterglow
due to the interaction of the ejecta with the surrounding matter (Rezzolla
et al., 2010; Nakar and Piran, 2011; Shibata et al., 2011; Metzger and Berger,
2012; Piran et al., 2013; Kyutoku et al., 2012, 2013). These signals are either
beamed (short GRB) or very faint. On the other hand, if a NS-NS merger
leaves behind a supra-massive millisecond magnetar which is possible based
on uncertainties of our understanding of equation-of-state of nuclear matter
(Dai et al., 2006; Giacomazzo and Perna, 2013), then very bright electromag-
netic counterparts can be detected with gravitational wave bursts without a
short GRB association. The signals include a bright early X-ray afterglow due
to internal dissipation of a proto-magnetar wind (Zhang, 2013), bright broad-
band afterglow of a magnetar-powered ejecta (Gao et al., 2013a), as well as a
merger-nova brighter than the “kilo-nova” predicted for a black hole central
engine (Yu et al., 2013; Metzger and Piro, 2014). The planned multi-messenger
observations of GRBs would greatly enrich our understanding of GRB physics.

174



10 High energy neutrinos from GRBs

As energetic, non-thermal photon emitters, GRBs are believed to be efficient
cosmic ray accelerators as well. The standard scenario invokes first order Fermi
acceleration mechanism in relativistic shocks, both in internal shocks and the
external (forward and reverse) shocks. Alternatively, magnetic reconnection
can also accelerate cosmic rays to high energies.

The maximum proton energy can reach the ultra-high energy (UHE) range
(Waxman, 1995; Vietri, 1995; Milgrom and Usov, 1995). The maximum en-
ergy of the shock accelerated protons can be estimated by the condition
t′acc = min(t′dyn, t

′
c), where t′acc = ξ(γpmpc/eB

′), t′dyn, and t′c are the accelera-
tion, dynamical, and cooling time scales in the co-moving frame. For example,
within the internal shock framework, when we ignore proton cooling via the
photo-pion process (which can be important for UHE protons), the maximum
proton energy is

Ep,max ≃ 4 × 1020 eV ξ−1

(

ǫB,−1Lγ,52

ǫe,−1

)1/2

Γ−1
2.5 , (255)

which is in the UHE range. Protons with energies below this maximum value
can produce neutrinos of different energies.

A GRB has multiple emission sites that can accelerate protons. These same
sites usually are also permeated with photons. If protons in a GRB jet can be
accelerated to an energy Ep so that the condition

EpEγ
>
∼

m2
∆ −m2

p

2

(

Γ

1 + z

)2

= 0.147 GeV2
(

Γ

1 + z

)2

(256)

is satisfied, significant neutrino emission is possible via the pγ mechanism at
the ∆-resonance

pγ → (∆+ →)











nπ+ → nµ+νµ → ne+νeν̄µνµ, fraction 1/3

pπ0 → pγγ, fraction 2/3.
(257)

Here Γ is the bulk Lorentz factor, Eγ is photon energy in observer frame,
m∆ = 1.232 GeV and mp = 0.938 GeV are the rest masses of ∆+ and proton,
respectively. At ∆-resonance, about 20% of the proton energy goes to π+

(ǫπ+ ∼ 0.2ǫp), whose energy is evenly distributed to 4 leptons (ǫν ∼ 0.25ǫπ+).
So overall

Eν ∼ 0.05Ep. (258)

Due to the high compactness of the ejecta, the pγ interaction can have high
optical depth, so that π+ are copiously generated. π+ decay and subsequent
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µ+ decay generate neutrinos (νµ and νe) and anti-neutrinos (ν̄µ).

Another important neutrino production mechanism is hadronic collisions, in-
cluding pp and pn processes, e.g.

pp→ pnπ+/K+ → pnµ+νµ → pne+νeν̄µνµ

pn→ ppπ−/K− → ppµ−ν̄µ → ppe−ν̄eνµν̄µ

pn→nnπ+/K+ → nnµ+νµ → nne+νeν̄µνµ. (259)

Free neutrons will subsequently decay: n → pe−ν̄e. These processes are im-
portant in a dense environment, such as inside the progenitor star.

10.1 PeV neutrinos

For GRBs, a guaranteed target photon source for pγ interaction is the burst
itself. For the typical peak photon energy Eγ ∼ several hundred keV, the cor-
responding neutrino energy is in the sub-PeV regime (Waxman and Bahcall,
1997). The standard model invokes internal shocks as the site of both gamma-
ray photon emission and proton acceleration (Rees and Mészáros, 1994; Wax-
man and Bahcall, 1997). Alternatively, photons can be generated at the pho-
tosphere (Rees and Mészáros, 2005; Pe’er et al., 2006b; Thompson et al., 2007;
Pe’er, 2008; Giannios, 2008; Beloborodov, 2010; Lazzati and Begelman, 2010;
Ioka, 2010) or from magnetic field dissipation beyond the internal shock radii
(Lyutikov and Blandford, 2003). Protons can be accelerated in the same site or
a different site from the gamma-ray emission region. Over the years, PeV neu-
trino flux from GRBs has been calculated both analytically and numerically
(Waxman and Bahcall, 1997; Razzaque et al., 2003a,b; Guetta et al., 2004;
Murase and Nagataki, 2006; Murase, 2008; Wang and Dai, 2009; Gao et al.,
2012). We describe here a general formalism for calculating the strength of
the neutrino signal that can be applied to any of the above mentioned models
for GRB emission (Zhang and Kumar, 2013):

For an observed “Band”-function photon flux spectrum

Fγ(Eγ) =
dN(Eγ)

dEγ

= fγ











(

ǫγ
MeV

)αγ
(

Eγ

MeV

)−αγ

, Eγ < ǫγ
(

ǫγ
MeV

)βγ
(

Eγ

MeV

)−βγ

, Eγ ≥ ǫγ
,

the observed neutrino number spectrum can be expressed as (Waxman and
Bahcall, 1997; Abbasi et al., 2010)
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Fν(Eν) =
dN(Eν)

dEν

= fν
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(
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(
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)γν−βν
(
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GeV

)−γν
, Eν ≥ ǫν,2

,

where

αν = p + 1 − βγ, βν = p + 1 − αγ, γν = βν + 2, (260)

and p is the proton spectral index defined by N(Ep)dEp ∝ E−p
p dEp. The in-

dices αν and βν are derived by assuming that the neutrino flux is proportional
to the pγ optical depth τpγ. This is valid when the fraction of proton energy
that goes to pion production, i.e. f ≡ 1 − (1− < χp→π >)τpγ , is proportional
to τpγ (< χp→π >≃ 0.2 is the average fraction of energy transferred from pro-
tons to pions), which is roughly valid when τpγ < 3. In general, one can write
(Zhang and Kumar, 2013)

ǫν,1 = ǫ0ν,1min(1, (τ ppγ/3)1−βγ ), (261)

where

ǫν,1 = ǫ0ν,1 = 7.3 × 105 GeV (1 + z)−2 Γ2
2.5ǫ

−1
γ,MeV, (262)

ǫν,2 = 3.4 × 108 GeV (1 + z)−1 ǫ−1/2
B

L
−1/2
w,52 Γ2

2.5R14, (263)

and

τ ppγ ≡ τpγ(Ep
p) ≃ ∆R′

λ′
pγ(Ep

p)
= 0.8Lγ,52Γ

−2
2.5R

−1
14 ǫ

−1
γ,MeV, (264)

λ′
pγ(Ep

p) is the comoving proton mean free path for pγ interaction at Ep
p (Ep

p is
the energy of protons that interact with peak energy photons at ∆-resonance),
∆R′ is the comoving width of the jet, R denotes the distance of proton accel-
eration site (rather than the photon emission site if the two sites are different)
from the central engine, ǫ

B
is the fraction of dissipated jet energy in magnetic

fields, and Lw is the luminosity of the dissipated wind. We further define

fγ/p ≡
Lγ

Lp

, (265)

and

fp ≡
∫ Ep,2

Ep,1
dEpE

2
pdN(Ep)/dEp

∫ Ep,max

Ep,min
dEpE2

pdN(Ep)/dEp

≃ ln(ǫν,2/ǫν,1)

ln(Ep,max/Ep,min)
(for p = 2), (266)

where Ep,1 & Ep,2 are proton energies corresponding to ǫν,1 and ǫν,2, respec-
tively (Eq.258), and Ep,max and Ep,min are the maximum and minimum proton
energy. One can then normalize the neutrino spectrum with the total photon
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fluence (Abbasi et al., 2010)

∫ ∞

0
dEνEνFν(Eν) =

1

8

fp
fγ/p

[1 − (1− < χp→π >)τ
p
pγ ]
∫ 10MeV

1 keV
dEγEγFγ(Eγ).

(267)
The coefficient 1/8 is the product of 1/4 (4 leptons share the energy of one
π+) and 1/2 (on average roughly half of pγ interactions go to the π+ channel
when all the π+ processes besides ∆+ resonance, e.g. direct-pion production,
and multiple pion production, are taken into account).

Over the years, the IceCube Collaboration have been searching for high energy
neutrino signals coincident with GRBs in time and direction, and progressively
deeper non-detection upper limits have been placed (Abbasi et al., 2010, 2011,
2012). The current IceCube upper limit was claimed to be at least a factor of
3.7 smaller than the theoretical predictions for neutrino flux from GRBs ac-
cording to the internal-shock model, which has raised further doubt regarding
the viability of GRBs as sources of UHECRs (Abbasi et al., 2012). More de-
tailed, follow-up, calculations (Li, 2012; Hümmer et al., 2012; He et al., 2012)
suggest that the current limit is still not deep enough to provide significant
constraints on the validity of the internal shock model. However, the model
would be severely challenged if the upper limit continues to go down in the
next few years 56 .

The internal shock model fails to explain prompt γ-ray spectra. Alternative
prompt emission models (e.g. dissipative photosphere models and large-radius
magnetic dissipation models) have been widely discussed in the literature.
These different models have different predictions for the neutrino flux. Zhang
and Kumar (2013) compared the predictions of different models and concluded
that the current upper limit already constrains the photosphere model unless
fγ/p > 0.1 or protons are not accelerated to the desired energy to satisfy the
∆-resonance condition. The internal shock model is barely constrained by the
current data (He et al., 2012). On the other hand, magnetic dissipation models
that invoke a large emission radius (e.g. the ICMART model; Zhang and Yan,
2011) predict a much lower neutrino flux, which is consistent with the current
null result. If in the next few years the neutrino flux limit continues to go
down, it would favor the magnetic dissipation models and further constrain
the parameter space of the matter-dominated models.

The recent nearby, very bright GRB 130427A did not show a positive PeV neu-
trino signal. This non-detection makes even tighter constraints on the internal
shock model and the photosphere model of GRBs (Gao et al., 2013c).

56 As of July 2014, the IceCube upper limit on neutrino flux for GRBs goes down
roughly by another factor of 3 since the upper limit reported in Abbasi et al. (2012)
(2014, A. Karle, I. Taboada, private communications), placing even tighter con-
straints on the internal shock and photosphere models.
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Low-luminosity GRBs are more common and form a distinct population in the
GRB luminosity function (Soderberg et al., 2006b; Liang et al., 2007a; Virgili
et al., 2009). If these GRBs produce successful jets, since they are softer and
have lower Lorentz factors, the characteristic neutrino energy in the traditional
internal shocks is higher than that of the high-luminosity GRBs. These GRBs
give a neutrino background in the sub EeV range with a flux level comparable
to that by high luminosity GRBs (Murase et al., 2006; Gupta and Zhang,
2007a).

10.2 Other neutrino emission components from GRBs

GRBs also have other sites that generate high energy neutrinos. Since the
seed photon energies and Lorentz factor can be different at different sites, the
characteristic energies of neutrinos are also different.

At the deceleration radius, The typical target photon energy may be ∼ 1 eV
and ∼ 1 keV for the reverse and forward shock, respectively. Given Γ ∼ 100,
the ∆-resonance condition gives the corresponding neutrino energy ǫν ∼ 5 ×
1019 eV and ∼ 5 × 1016 eV for the forward and reverse shock, respectively
(Waxman and Bahcall, 2000; Dai and Lu, 2001; Dermer, 2002). This is broadly
in the EeV regime.

Due to a smaller Lorentz factor when the jet has not completed the accelera-
tion phase while inside the star, internal shocks and proton acceleration can
occur before the jet reaches the stellar surface. Neutrinos can be generated
via both pγ and pp/pn collision mechanisms (if the envelope is large enough)
(Mészáros and Waxman, 2001; Razzaque et al., 2003a,b; Murase and Ioka,
2013). Taking Γ ∼ 10, and Eγ ∼ 5 keV (X-ray photons trapped in the jet),
one can estimate Ep ∼ 2× 1013 eV, and the typical neutrino energy ǫν ∼ 1012

eV (or TeV). Since this mechanism applies to both successful and failed GRBs,
detecting this neutrino emission can probe failed jets in core-collapsing mas-
sive stars. Recent studies suggest that a relativistic photon-mediated shock is
inefficient in accelerating protons (e.g. Levinson and Bromberg, 2008). This
would suppress high-energy neutrinos in successful GRBs, but low-luminosity
GRBs remain good candidates to generate the high-energy neutrino back-
ground observed by IceCube (Murase and Ioka, 2013).

For a neutron-rich ejecta, protons and neutrons can decouple and move with
different Lorentz factors (see §7.7). If the relative speed between the two com-
ponents is larger than about 0.5C, then pions, muons, and neutrinos are
produced in inelastic collisions between protons and neutrons (Bahcall and
Mészáros, 2000; Mészáros and Rees, 2000a); pion mass is about 140 MeV and
proton mass 940 MeV. The neutrinos produced by this process have energies
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∼10–102 GeV. In this energy range, the atmospheric neutrino background
is very strong, therefore, detecting these neutrinos from GRBs is very diffi-
cult with ground-based detectors. However, time- and space-coincidence with
GRBs can help significantly reduce the background problem and improve the
chances of detecting these quasi-thermal neutrinos with 10 year observations
with IceCube (e.g. Murase et al., 2013).

Finally, the GRB central engine is expected to produce copious MeV neutrinos
(Kumar, 1999). These MeV neutrinos are generic feature of all core collapse
events. Positive detections have been made for SN 1987A. In order to detect
MeV neutrinos from a GRB, the GRB has to be very close to earth. The event
rate of such nearby GRBs whose MeV neutrinos are detectable is extremely
low.
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11 GRBs from the first stars (pop III stars) and their use for
investigating the high redshift universe

The universe was essentially devoid of stars until the redshift of ∼ 15–20, when
the first stars were born, and the strong UV radiation from them contributed
to the reionization of the universe, and bringing to an end the cosmic dark
age (e.g. Tumlinson and Shull, 2000; Schaerer, 2002; Venkatesan and Truran,
2003; Bromm and Larson, 2004). A fraction of these stars likely ended their
life as GRBs. In this section, we describe how GRBs can be used to study the
end of the cosmic dark ages.

According to the cold dark matter (CDM) paradigm of hierarchical structure
formation, the first generation of stars, or pop III stars, are expected to have
formed in dark matter halos of mass ∼ 106M⊙ which decoupled from general
expansion, and collapsed at about a redshift of 20 (e.g. Tegmark et al., 1997;
Yoshida et al., 2003).

The first stars, free of metals, were born with mass larger than their metal
rich descendants. Ten years ago it was thought that the typical mass of these
stars might be more than 102M⊙ (e.g. Bromm et al., 1999; Abel et al., 2000;
Nakamura and Umemura, 2001). The formation of metal free stars, in the
absence of magnetic fields, is easier to understand than the much more complex
physics behind the formation of later generation of stars where one needs to
consider effects of magnetic fields and a complex network of radiative processes
involving a rich variety of atoms. The characteristic mass scale of pop III stars
is set by the Jeans mass for a primordial cloud that is cooled to a temperature
of order 200 K by the rotational-vibrational transitions of molecular hydrogen;
an upper limit to the density of the primordial clouds (n ∼ 104 cm−3) from
which stars are born is obtained by the requirement that the time scale for
collisional de-excitation of H2 should be longer than the time it takes for
radiative transition to lower energy state (otherwise the cloud would be unable
to cool and form stars). An additional complication one needs to deal with is
the fragmentation of clouds while it is undergoing collapse. Earlier simulations
had underestimated this effect, and newer, higher resolution, simulations find
that the typical mass of pop III stars is close to ∼ 40M⊙ (e.g. Stacy et al.,
2010).

Population III stars should have had a weak wind — massive stars have radi-
ation driven winds which are launched by photons scattering off of metals, the
most efficient of which for this purpose are the iron group of elements — and
hence they retain their angular momentum and are rapidly spinning at the
time of their death. These conditions – high mass and rapid rotation rate – are
conducive to formation of an accretion disk when the star undergoes collapse
at the end of its nuclear burning life cycle, and could produce a relativistic jet
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and a GRB. It is, therefore, speculated that a fraction of population III stars
should produce GRBs when they die.

The recent discoveries of GRBs at redshifts of 8.26 (Tanvir et al., 2009; Sal-
vaterra et al., 2009) and 9.4 (Cucchiara et al., 2011b) have established that
GRBs did indeed occur when the universe was young (z = 9.4 corresponds
to 525 million years after the big bang). These bursts were fairly typical of
long-GRBs in terms of their luminosity and spectral properties, and bursts
like these can be detected by the Swift satellite up to redshift of ∼ 15. Thus,
if the first stars to form in the universe, at the end of the cosmic dark age, were
massive, and rapidly rotating, as suggested by theoretical calculations, then
they should produce GRBs (Woosley, 2011; Suwa and Ioka, 2011; Nagakura
et al., 2012) and these can be detected by Swift and future GRB missions.

The observed redshift distribution of bursts is shown in Figure 38, along with
the star formation rate. It is clear that GRB rate is falling off less rapidly
than the star formation rate at z > 2, which might be related to the claimed
lower metallicity of GRB host galaxies. Correcting for the detector’s sensitivity
selection effect against detection of high-z GRBs, this high-z excess effect is
even more significant. Detailed studies of this high-z excess effect have been
carried out in the last several years (e.g. Kistler et al., 2008; Campisi et al.,
2010; Qin et al., 2010; Virgili et al., 2011; Robertson and Ellis, 2012; Trenti
et al., 2013). The general conclusion from these studies is that the excess
requires a low-metallicity preference for GRB progenitors, a possible evolution
of GRB luminosity function, or even both (Daigne et al., 2006; Virgili et al.,
2011). Current observations of high-z GRBs suggest that their rate per unit
star formation is increasing with z, but the rate is not as large as previously
estimated (e.g. Bromm and Loeb, 2002, 2006; de Souza et al., 2011).

GRBs have some advantages over other astronomical objects for exploring the
high redshift universe including the fact that the GRB afterglow is a factor
∼ 104 brighter than the brightest quasars and its spectrum is a featureless pow-
erlaw function. Due to their extreme luminosity (Lamb and Reichart, 2000), a
favorable negative k-correction and time-dilation effect of optical/IR/radio af-
terglow (Ciardi and Loeb, 2000; Gou et al., 2004), GRBs and their afterglows
can be detected to a redshift z ∼ 20. If a IR camera can observe the early
afterglow phase and take a spectrum, one would be able to identify them as a
high-z GRB through the Gunn-Peterson “trough” (Barkana and Loeb, 2007).
Since the intrinsic GRB afterglow spectra are featureless, all the lines that
are observed are due to atomic/molecular absorption in the burst-host-galaxy
and by gas in the intergalactic medium. Thus, one can learn about gas density
and composition at high redshifts from afterglow observations. By studying
the damped Lyman α systems of the high-z GRB hosts (Nagamine et al., 2008;
Pontzen et al., 2010), one can gain insights on structure formation in the early
universe. High redshift GRBs could also serve as bright background sources
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Fig. 38. This figure, showing redshift distribution of GRBs, is adapted from Gehrels
et al. (2009); the z-distributions of Swift GRBs and pre-Swift GRBs are in blue and
green histograms, respectively (the higher redshift of Swift bursts, 〈z〉 ∼ 2.5, com-
pared to 〈z〉 ∼ 1.2 for pre-swift bursts is due to the higher sensitivity of Swift/BAT).
The thick solid red curve is the evolution of a comoving volume element of the Uni-
verse for Λ-CDM model; the thin dotted red curve is a convolution of the comoving
volume with a model for the star-formation rate as calculated by Yüksel et al.
(2008). Credit: John Cannizzo.

for 21cm absorption by neutral hydrogen (e.g. Ioka and Mészáros, 2005; Toma
et al., 2011a; Ciardi et al., 2013) that would facilitate investigation of gas dis-
tribution at the dawn of galaxy formation, and for determining the reionization
history of the universe (Kawai et al., 2006; Totani et al., 2006). Although we
are far from there, properties of high-z GRB progenitor stars can, in principle,
be obtained from the prompt and early X-ray lightcurves.

Determining the atomic/molecular abundance of ISM at high redshifts would
provide insight into the history of star formation and supernovae that enriched
the ISM with metals cooked inside the first generation of stars. Infrared spectra
of GRB afterglows would provide this information at distances of >

∼ 10 pc from
the site of explosion. The medium within about 10pc of the GRB is, however,
completely ionized by the extreme luminosity of GRBs and their X-ray and UV
afterglows. Thus, little information regarding the medium in the immediate
vicinity of GRBs — which contains information about the GRB progenitor
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star and its mass loss history — can be obtained from afterglow spectra. We
have to resort to other methods in order to obtain information regarding the
ISM density within a few parsec of the GRB progenitor star.

184



12 Concluding thoughts and future prospects

It has been a long wild ride for people working on gamma-ray bursts to fig-
ure out the true nature and origin of these cosmic explosions. We provide a
brief summary of things we have learned, and the questions still unanswered,
regarding these powerful transient events.

What are the things we know with confidence?

The distance to these events is well established from afterglow observations,
and hence, we know the isotropic equivalent of energy release in γ-rays. The
mean redshift for long duration bursts detected by the Swift satellite is z ∼ 2.5,
and for short bursts it is ∼ 0.3 (Gehrels et al., 2009). The median isotropic
energy in long (short) bursts is ∼ 1052 erg (∼ 1050 erg).

These explosions have an outflow speed (whatever is its composition) that
is close to that of light, with a Lorentz factor of a few hundred. There are
numerous lines of evidence for the high outflow speed. The most direct ones
are from radio observations that determine the angular size of the ejecta with
time. The time dependence of ejecta size has been determined either directly
using VLBI maps for a relatively nearby burst (Taylor et al., 2004), or by
using erratic variations of flux by a factor ∼ 2 (scintillation) for a period of a
few weeks — which is produced when the source size is small — followed by a
smooth decline when the source angular size becomes larger than the electron
fluctuation scale in the inter-stellar medium (Goodman, 1997; Frail et al.,
1997). These angular size measurements show that the LF of the outflow a
few days after the explosion was ∼ 10 which when extrapolated back to about
1 minute – when the GRB blast wave started decelerating due to interaction
with the interstellar medium – yields a LF of ∼ 102.

It is also certain that at least a part of the afterglow radiation in GeV, X-
ray, optical, radio bands, is produced via the synchrotron process when the
relativistic ejecta from the explosion drives a strong shock into the surrounding
medium.

The relativistic outflow produced in GRBs are highly collimated. This is re-
quired by consideration of total energy — most energetic explosions release
1055ergs, if isotropic, and exceed the energy one can realistically expect from
a stellar mass object — and also confirmed at least in a few cases where
achromatic jet break is seen in X-ray and optical afterglow lightcurves.

There are at least two physically distinct types of GRBs. Most long duration
bursts (t > 2s) occur in star forming galaxies, and several of these have spec-
troscopically identified supernova associated with them, giving a direct con-
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firmation of their origin in the collapse of massive stars. On the other hand,
several short duration GRBs have been found in low star forming galaxies,
or low star forming regions in star forming galaxies, which implies that these
were not produced in the collapse of massive, short lived, stars. A likely (but
not proven) possibility is that they are produced from binary compact star
mergers.

The black hole or neutron star produced in these explosions remains active
and continues to produce relativistic jets for a long period of time, hours to
days, as evidenced by flares seen in the X-ray band and occasionally in the
optical.

What we wish to know and how to get there?

Some of the foremost unanswered questions regarding GRBs are:

• what is the composition of jet/ejecta (baryonic, e± or magnetic outflow)?
• how are γ-rays, particularly of energy less than ∼ 10MeV, produced?
• is a black hole or a rapidly rotating, highly magnetized, neutron star (mag-

netar) produced in GRBs?
• what is the mechanism by which relativistic jets are launched? And how is

their energy dissipated when they reach a large distance ( >
∼ 1012cm) from

their launching site?
• what are the properties of long and short duration GRB progenitor stars?

Since GRBs are short lived transient events, where the flux changes on time
scale of seconds or less, it has been difficult to coordinate observing campaigns
to cover the very broad segment of electromagnetic spectrum over which these
bursts have significant radiation and capture their temporal behavior. An ideal
observational campaign would be to obtain broad band data, from radio to
GeV, for a period of several days starting from γ-ray trigger time. This de-
mands wide-field, high-sensitivity detectors in a wide bandpass. Such detectors
are not available, but the Swift observatory (Gehrels et al., 2004) and ground-
based robotic optical telescopes with rapid slew capability have made possible
monitoring of these events in optical and X-ray bands with excellent time
coverage. Joint triggers by Swift and Fermi LAT (Atwood et al., 2009), even
though rare, can provide prompt data from ∼ 10 keV to 102GeV. Future mis-
sions such as SVOM (Paul et al., 2011) and UFFO (Grossan et al., 2012; Park
et al., 2013) would continue to allow rapid follow up observations of GRBs,
and move the field forward.

Light on jet composition can be shed by measuring optical flux and spectrum
during the prompt and the very early afterglow phase for a large sample of
GRBs, e.g. with UFFO. Early observations in even longer wavelengths with
telescopes such as The Expanded Very Large Array (EVLA, http://www.aoc.nrao.edu/evla/),
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Atacama Large Millimeter/submillimeter Array (ALMA, http://www.almaobservatory.org),
and The LOw Frequency ARray (LOFAR, http://www.lofar.org) would also
be very useful. These observations will help us determine whether the jet is
heated by a reverse shock – which is strong for a baryonic jet and weak for
jets of high magnetization (σ) – and when the jet starts interacting with the
external medium. Firm determination of a thermal component to prompt γ-
ray radiation is also an important, although not unique, signature of baryonic
outflows. Detection or an order of magnitude improvement to the currently
available upper limit for neutrino flux from GRBs would also be very impor-
tant for answering the question of jet composition.

Measurement of polarization of γ-ray radiation will both help determine the
jet composition and shed light on the radiation mechanism. Polarization mea-
surement of early optical radiation is also very useful for this purpose.

Detection of gravitational waves from GRBs would rapidly advance our un-
derstanding of the GRB progenitor and the central engine.

We need a concerted theoretical effort to model multi-wavelength prompt and
afterglow data to be able to extract information regarding the birth of a black
hole/neutron star and the GRB progenitor star properties. Numerical simula-
tions designed to study fundamental physical processes in extreme conditions,
such as particle acceleration in relativistic shocks and in magnetic reconnec-
tion regions, and acceleration and dissipation of a Poynting jet, are also needed
to attack this complex problem from “bottom-up”. Collecting more data, al-
though very satisfying, is only truly rewarding when at least equal effort is
invested to try to understand what the data is telling us about the underly-
ing physics and astrophysics of the object. Otherwise we just keep collecting
more data and don’t advance any real understanding, which is like collecting
fossil specimen, or cataloging plants/animals, without trying to figure out the
underlying cause for the origin and diversity of life.
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Oates, S. R., Pierini, D., Schady, P., Toma, K., Vreeswijk, P. M., Yoldaş, A.,
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Mészáros, P., Rees, M. J., Sep. 2000a. Multi-GEV Neutrinos from Internal
Dissipation in Gamma-Ray Burst Fireballs. ApJ 541, L5–L8.
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Toma, K., Wu, X.-F., Mészáros, P., Aug. 2011b. Photosphere-internal shock

242



model of gamma-ray bursts: case studies of Fermi/LAT bursts. MNRAS
415, 1663–1680.

Totani, T., Dec. 1998. TEV Burst of Gamma-Ray Bursts and Ultra-High-
Energy Cosmic Rays. ApJ 509, L81–L84.

Totani, T., Kawai, N., Kosugi, G., Aoki, K., Yamada, T., Iye, M., Ohta, K.,
Hattori, T., Jun. 2006. Implications for Cosmic Reionization from the Op-
tical Afterglow Spectrum of the Gamma-Ray Burst 050904 at z = 6.3. Pub.
Astro. Soc. of Japan58, 485–498.

Totani, T., Panaitescu, A., Sep. 2002. Orphan Afterglows of Collimated
Gamma-Ray Bursts: Rate Predictions and Prospects for Detection. ApJ
576, 120–134.

Trenti, M., Perna, R., Tacchella, S., Aug. 2013. Gamma-Ray Burst and Star
Formation Rates: The Physical Origin for the Redshift Evolution of Their
Ratio. ApJ 773, L22.

Troja, E., Cusumano, G., O’Brien, P. T., Zhang, B., Sbarufatti, B., Mangano,
V., Willingale, R., Chincarini, G., Osborne, J. P., Marshall, F. E., Burrows,
D. N., Campana, S., Gehrels, N., Guidorzi, C., Krimm, H. A., La Parola, V.,
Liang, E. W., Mineo, T., Moretti, A., Page, K. L., Romano, P., Tagliaferri,
G., Zhang, B. B., Page, M. J., Schady, P., Aug. 2007. Swift Observations of
GRB 070110: An Extraordinary X-Ray Afterglow Powered by the Central
Engine. ApJ 665, 599–607.

Tsutsui, R., Yonetoku, D., Nakamura, T., Takahashi, K., Morihara, Y., May
2013. Possible existence of the Ep-Lp and Ep-Eiso correlations for short
gamma-ray bursts with a factor 5-100 dimmer than those for long gamma-
ray bursts. MNRAS 431, 1398–1404.

Tumlinson, J., Shull, J. M., Jan. 2000. Zero-Metallicity Stars and the Effects
of the First Stars on Reionization. ApJ 528, L65–L68.

Uehara, T., Toma, K., Kawabata, K. S., Chiyonobu, S., Fukazawa, Y., Ikejiri,
Y., Inoue, T., Itoh, R., Komatsu, T., Miyamoto, H., Mizuno, T., Nagae,
O., Nakaya, H., Ohsugi, T., Sakimoto, K., Sasada, M., Tanaka, H., Uemura,
M., Yamanaka, M., Yamashita, T., Yamazaki, R., Yoshida, M., Jun. 2012.
GRB 091208B: First Detection of the Optical Polarization in Early Forward
Shock Emission of a Gamma-Ray Burst Afterglow. ApJ 752, L6.

Uhm, Z. L., Beloborodov, A. M., Aug. 2007. On the Mechanism of Gamma-
Ray Burst Afterglows. ApJ 665, L93–L96.

Uhm, Z. L., Zhang, B., Jul. 2014a. Dynamics and Afterglow Light Curves
of Gamma-Ray Burst Blast Waves Encountering a Density Bump or Void.
ApJ 789, 39.

Uhm, Z. L., Zhang, B., May 2014b. Fast-cooling synchrotron radiation in a de-
caying magnetic field and γ-ray burst emission mechanism. Nature Physics
10, 351–356.
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