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Abstract. Gamma-ray bursts are the most luminous explosions in the Universe, and
their origin as well as mechanism are the focus of intense research and debate. More
than three decades since their serendipitous discovery, followed by several break-
throughs from space-borne and ground-based observations, they remain one of the
most interesting astrophysical phenomena yet to be completely understood. Since the
launch of Fermi with its unprecedented energy band width spanning seven decades, the
study of gamma-ray burst research has entered a new phase. Here we review the current
theoretical understanding and observational highlights of gamma-ray burst astronomy
and point out some of the potential promises of multi-wavelength observations in view
of the upcoming ground based observational facilities.
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1. Introduction

Gamma-ray bursts (GRBs) are short, intense and distant flashes of γ-rays that occur at random
locations in the sky with their peak power in the 200–500 keV range. During their appearance,
they often outshine all other sources combined in the γ-ray sky. Early observations have detected
what is now referred to as the prompt emission which is brief (milliseconds to minutes), highly
variable (in time scales of sub-ms to tens of seconds), non-thermal, and observed mostly in the
keV/MeV energy range. A breakthrough in the field of GRB research happened with the numer-
ous GRB detections from the Burst And Transient Source Experiment (BATSE), which flew, with
other instruments, on board the Compton Gamma-Ray Observatory (CGRO). Before BATSE, the
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Figure 1. During the first 2 years of operation GBM detected and located 491 GRBs. The locations for 400
long bursts and 88 short bursts are plotted in this figure separately to demonstrate that the both long and short
GRBs are uniformly distributed in the sky and is consistent with the earlier results of BATSE experiment
underlining their cosmological origin.

distance scale of GRBs was unknown. The scientific opinion at the time was divided among the
various theories predicting distance scales ranging from our own solar system to the edges of the
known Universe.

BATSE’s improved spatial sensitivity proved that GRBs are isotropically distributed on the
celestial sphere ruling out possible correlations with the local distribution of stellar or gaseous
mass (e.g. our Galaxy, the LMC, M31, globular clusters, the Virgo cluster) which is not isotropic.
Fig. 1 shows a sky distribution of GRBs from the recent Gamma-ray Burst Monitor (GBM)
experiment (see §4.1 for details).

This piece of evidence strongly suggested a cosmological origin for GRBs although an ex-
tended halo around our galaxy could still generate a uniform distribution similar to the one ob-
served. Key GRB properties have emerged as soon as their cosmological nature has been estab-
lished by BATSE (Fishman & Meegan 1995). GRBs have been thought as probes of the processes
and environments of star formation out to the earliest cosmic epochs.

After CGRO the Russian Konus experiment (Aptekar et al. 1995) on board the Wind satellite
launched in November 1994 as well as High Energy Transient Explorer (HETE-2) experiment
(Ricker et al. 2003) launched in October 2000 recorded more than 2000 GRBs (Cline et al. 2003;
Vanderspek et al. 2004) adding to the earlier record of more than 2700 GRBs recorded by BATSE.
HETE-2 made the first observations of long GRBs spatially associated with Type Ic supernovae.
More recently, the Swift satellite is a currently operating mission with its Burst Alert Telescope
(BAT) that detects and locates GRBs within 0.1◦. In addition, it also carries an X-ray Telescope
(XRT) and an Ultra-Violet and Optical Telescope (UVOT) which when slewed to the burst lo-
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Table 1. List of past and operating space borne instruments that have detected GRBs along with the approx-
imate numbers of GRBs detected by them as of August 2011.

Instrument Observing energy range Period of operation GRBs detected
Vela 3-6 200 keV – 1 MeV 1967 – 1979 100

CGRO 50 – 300 keV (BATSE) 1991 – 2000 2704
20 MeV – 30 GeV (EGRET) 5

Konus/WIND 10 keV – 10 MeV 1994 – now 2114

BeppoSAX 2 – 600 keV 1996 – 2002 1082

HETE-2 2 – 400 keV 2000 – 2006 104

Integral 15 keV – 10 MeV 2002 – now 760

Swift 15 – 150 keV (BAT) 2005 – now 612
0.3 – 10 keV (XRT)

170 – 600 nm (UVOT)

AGILE 10 keV – 700 keV (SA+MCAL) 2007 – now 210
30 MeV – 30 GeV (GRID) 3

Fermi 10 keV – 40 MeV (GBM) 2008 – now 765
20 MeV – 300 GeV (LAT) 28

cation can successfully detect the GRB afterglows and locate the source with an accuracy of
arcseconds. The success of the Swift mission has resulted in the measurement of the redshifts
of nearly 200 GRB hosts out of a total of 600 GRBs detected. Swift made major breakthroughs
in the understanding of the GRB afterglow emission that were hitherto unknown. Table 1 sum-
marises the satellite observations and the on board γ-ray/X-ray detector characteristics as well as
the total number of bursts detected by them as of September 2011 (updated version of the table
in Bouvier 2010).

The precise location of GRBs is a challenge since GRBs are relatively short transient events
which do not repeat and that they occur randomly in time and space. As a result, a majority of
the early GRB missions before BATSE could not localise GRBs. BATSE was the first mission
which could detect and locate a GRB within a couple of degrees. The angular resolution of
BATSE was still too coarse to repoint optical or X-ray telescopes to the location of the explosion
(which have a small field-of-view necessitating a few arc-minute location accuracy) to search for
a burst counterpart the possible existence of which was theoretically predicted at the time (Rees
& Mészáros 1992; Mészáros & Rees 1993). Early attempt to locate a GRB precisely was made by
the Inter-Planetary Network (IPN1) which consists of a group of spacecrafts (so far 27 spacecrafts
have participated in this network) equipped with γ-ray detectors. By timing the arrival of γ-rays
from a burst at several spacecrafts the burst could be localised with an accuracy depending on
the number of satellites detecting it. However very few bursts were located by this technique and

1http://www.ssl.berkeley.edu/ipn3/
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Figure 2. Two-dimensional luminosity-redshift distributions of short (Virgili et al. 2009) and long (Cabrera
et al. 2007) GRBs using the recent Swift observations. The very high redshift GRB 090423 at z ∼ 8.2
(Tanvir et al. 2009) or GRB 090429B at z ∼ 9.4 (Cucchiara, Levan & Fox 2011) has not been included in
this plot.

even when successful, the time delay was too long to be useful for follow-up observations at other
wavelengths.

A breakthrough happened in early 1997, with the Dutch/Italian satellite BeppoSAX which
was equipped with a wide angle GRB detector and X-ray telescopes with coded aperture. As soon
as a GRB was detected by the on board wide-field camera (WFC) the satellite could slew such
that the GRB source is in the field of view of the X-ray detectors which could then locate it, within
hours, with in a few arcmin accuracy. This allowed the detection of the first fading X-ray emission
from a long burst GRB 970228 leading to the improved localisation of the source accurate enough
to facilitate follow-up observations at optical wavelengths for the first time. These observations
initially identified a fading optical counterpart (van Paradijs et al. 1997), and, after the burst had
faded, long duration deep imaging identified a distant host galaxy with a redshift z = 0.498 at the
location of the burst. The redshifts are usually measured from the emission lines or the absorption
features of the host galaxies imposed on the afterglow continuum. GRB 970508 was the first GRB
for which the afterglow was concurrently observed over the whole electromagnetic spectrum a
few hours after the burst. This was also the first GRB whose distance was estimated by measuring
its spectroscopic redshift (Metzger et al. 1997). BeppoSAX thus paved the way for detections of
more host galaxies and redshifts through spectroscopy of the GRB host galaxies, and settled the
question of cosmological origin for long GRBs once and for all. The distance measurement of
GRBs opened the door to the study of intrinsic properties of their sources for the first time. The
typical γ-ray fluences measured by BATSE are of the order of 10−5 erg cm−2 which translates
to an equivalent isotropically-emitted energy of Eiso ∼ 1053 erg at the source. The total γ-ray
fluence can be significantly smaller if the emission is beamed which is most likely the case.

Fig. 2 shows the isotropic energy distribution of GRBs as a function of redshift for short and
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long GRBs. Considering the limited number of short GRBs with redshifts the two distributions
do not seem to be very dissimilar (see §3.1 for details on burst classification).

In §2 the current theoretical understanding of GRB prompt and afterglow emissions are
briefly explained. While §3 gives a brief description of the observational status prior to the
launch of Fermi, §4 describes the Fermi instrumentation and its synergy with other γ-ray mis-
sions currently operating. §4.3 and 4.4 describe the latest observational results relating to both
temporal and spectroscopic aspects of GRBs respectively. In §5 a brief description is given of the
inferred results on GRBs as a class as well as some applications of Fermi GRB results relating to
the attenuation of high energy γ-rays from distant sources and fundamental physics. Finally the
paper concludes by identifying some of the important prospects of future breakthroughs in the
understanding of GRB astrophysics when the new ground based multi-wavelength observatories
become operational. In the next section we plan to present the basic understanding of what is gen-
erally believed to be responsible for the GRB phenomenon primarily for the benefit of beginners
in the field.

2. Theoretical understanding of GRB physics

2.1 Progenitor and central engine

In the following sections we outline the observations that support these theoretical conclusions
as well as those that often challenge them. Our understanding of the physics of GRBs is still far
from definitive; however, there is a general agreement in the community that the progenitors of
the long duration (T90 > 2 s) bursts are associated with the deaths of massive stars in a specific
kind of supernova-like event commonly referred to as a collapsar or hypernova. A merger of
two compact objects, such as two neutron stars or a neutron star and a stellar mass black hole is
believed to be giving rise to short duration (T90 ≤ 2 s) GRBs. For a more detailed discussion on
burst durations see Section 3.1.

2.2 Fireball model

Several models have been proposed to explain the γ-ray emission mechanisms following the cat-
aclysmic events mentioned above. Observational data outlined so far led over the years to the
development of the well accepted GRB ‘standard model’ that describes the main properties of the
GRBs with standard physics applied to somewhat ‘exotic objects’. The widely accepted interpre-
tation of the GRB phenomenology is that the observable effects are due to the dissipation of the
kinetic energy of a relativistic expanding wind, a ‘fireball’, regardless of the nature of the under-
lying central engine (Cavallo & Rees 1978). No known process in the Universe can produce this
much energy in such a short time. The GRB central engine, resulting from the collapse, produces
collimated jet mainly composed of electrons, positrons, photons and a small amount of baryons
moving at relativistic speeds. The outflow wind is believed to be highly inhomogeneous and the
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high density regions can be assimilated to separate shells propagating at various velocities. The
observed prompt emission in the γ-ray energy band would be mostly synchrotron radiation pro-
duced by the radially propagating electrons accelerated during collisionless shocks inside these
jets.

2.3 Relativistic expansion and pair opacity

In this section we describe why the observation of GRB prompt emission can only be explained by
highly relativistic outflows. Rapid rise times as short as 0.2 ms (Bhat et al. 1992) and durations
as short as 1 ms (Fishman et al. 1994) imply that the observed emission regions are compact,
r0 ∼ 107 cm. In addition, the high γ-ray luminosities observed by the detectors coupled to the
cosmological distances of the source, Lγ ∼ 1052 erg s−1, should result in a very high opacity of
the GRB wind to γ-rays due to pair creation since the energy of observed γ-ray photons is above
the threshold for pair-production. The density of photons at the source nγ, is approximately given
by

Lγ = 4πr0
2cnγε,

where ε ' 1 MeV is the characteristic photon energy. Using r0 ∼ 107 cm, the optical depth for
pair production at the source is

τγγ ∼ r0nγσT ∼
σTLγ

4πr0cε
∼ 1015

where σT the Thompson cross-section. This is obviously in contradiction with the observation
since a large amount of photons with energy above the threshold are actually detected by tele-
scopes. This is the so-called ‘compactness problem’ in γ-ray burst astrophysics. The observation
of γ-ray flux above ∼ 1 MeV in several GRBs shows that pair creation is not predominant in the
emission wind implying a low density of photons above the pair creation threshold at the source.
This problem can be solved when we consider an expanding relativistic wind. Due to relativistic
effect, photons below the pair creation threshold in the comoving frame are blue shifted and can
appear to be above the pair-production threshold in the observer frame. Relativistic expansion
thus provides a very efficient way of reducing the rate of pair creation in the moving source frame
since the photons are softer by a factor of Γ, where Γ is the Lorentz factor of the relativistic flow.
In addition the size of the emission region becomes Γ2c∆t and the density of photons is thus
reduced considerably (∆t is the observed variability time scale). Moreover, relativistic beaming
implies that we observe only a small fraction 1/Γ of the source irrespective of the opening angle
of the jet. Hence the angle at which the photons collide must be less than the inverse of the bulk
Lorentz factor Γ−1 of the relativistic flow which drastically reduces the effective pair production
cross-section if Γ is large. As a result, for a differential photon spectrum, E−α, the source be-
comes optically thin if Γ ≥ 100 assuming α ∼ 2 (Piran 1999; Lithwick & Sari 2001). A general
expression for the lower limit of the bulk Lorentz factor so that the source is transparent to a γ-ray
photon of observed energy Eγ is (Waxman 2003).

Γ ≥ 250
[(

Lγ
1052 erg s−1

) (
Eγ

100 MeV

) (
∆t

10−2 s

)] 1
6
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However, the most energetic GRB photons whose energies are above Eγ may still suffer from
absorption leading to pair production in the GRB winds (Li et al. 2003). This may lead to energy
dependent optical depth consequently giving rise to the delayed emission of higher energy γ-rays
(Pe’er & Waxman 2005). Further discussion on this is in §4.4.1.

2.4 Fireball evolution

A fireball is essentially a dynamic object whose properties quickly evolve with time. It can be
characterised by an initial energy E0 and a radius Rin, while the energy to mass ratio, η = E0/M0c2

with M0 � E0/c2, M0 represents the baryon loading factor of the fireball and η the mean energy
per baryon.

2.4.1 Acceleration

The initial optical depth being extremely high as mentioned before, the radial expansion of the
fireball is a consequence of the highly super-Eddington luminosity where the internal energy is
converted into kinetic energy. As the fireball cools during its expansion, its temperature varies
as Tγ ∝ R−1. Since the total energy E0 is constant, the bulk Lorentz factor increases linearly
with R, Γ ∝ R, until it saturates at a value Γmax = ηRin. The radius of the fireball, where the
bulk Lorentz factor reaches Γmax, is called the saturation radius, Rs. Beyond the saturation radius,
the bulk Lorentz factor Γ coasts at this value of Γmax. In this initial phase, the wind is optically
thick and it is usually believed to become optically thin at the photospheric radius (Rph ≈ 1011 −
1012 cm). Before Rph, the photons and the electrons are in thermal equilibrium and the electron
velocity distribution is Maxwellian. Beyond the saturation radius, the shells propagate in the jet
at the constant velocities until the broadening radius (Ris) where the shells expand indicating the
beginning of the so-called internal shock phase (Rees & Mészáros 1994; Narayan, Paczynski &
Piran 1992; Paczynski & Xu 1994).

2.4.2 Internal shocks

During the internal shock phase (Ris ≈ 1014 − 1015 cm), faster shells catch up with slower ones
leading to mildly relativistic collisionless diffusive shocks where the charged particles present in
the shock region are accelerated. During the internal shock phase, charged particles with enough
energy would be accelerated by scattering off the magnetic perturbations in the up stream or down
stream shells. This acceleration mechanism is called the second order Fermi process. During this
process the charged particles may cross the shock front multiple times where they are accelerated
through first order Fermi processes. The first order Fermi process is much more efficient than the
second order and the former process imparts the same amount of energy to the charged particle
whether it crossed the front upstream or downstream. A charged particle performs a Fermi cycle
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when crossing the shock front twice. It can take several Fermi cycles before gaining too much
energy and escape.

If the photospheric radius Rph < Ris, then the wind becomes optically thin before the internal
shock phase starts, and a thermal emission can be observed first (Rees & Mészáros 1994). During
the internal shock phase, the charged particles (mostly electrons) are accelerated through Fermi
processes as discussed above. The electron energy distribution resulting from Fermi acceleration
is a power law, and the final electron distribution would be a Maxwellian deformed above the
Fermi energy threshold and with an extended power law tail. The γ-ray emission observed during
the prompt phase of GRBs would be mostly the synchrotron emission from the electrons which
propagate and are accelerated within an intense magnetic field. Each peak seen in the prompt
emission light curves would correspond to an individual shock resulting from the collision of a
pair of shells with unequal Lorentz factors. Protons could also be accelerated in these shocks,
however, the acceleration time is much longer than that for electrons. Protons thus accelerated
could produce synchrotron emission at higher energies. If Rph > Ris, then the internal shock phase
starts while the wind is still optically thick. This would result in heating the shells which in turn
results in changing the electron distribution and the temperature of the photosphere while the jet
becomes optically thin.

Thus, the variability of the light curve reflects the variable activity of the central engine.
The total duration of the GRB corresponds to the total duration of the central engine activity.
The main advantage of this model is that internal shocks are expected naturally in the baryonic
outflow and they can easily explain the rapidly variable and diverse light curves of prompt γ-
ray emission. In addition, the simplest interpretation of the emission as synchrotron radiation
is roughly in agreement with the observed burst prompt emission spectra. The electrons have
typical Lorentz factors in the range 102−103 and gyrate in a ∼ 106 G magnetic field producing
∼ 100 keV synchrotron emission (Nakar 2007). The main disadvantage of internal shock model is
its efficiency. Internal shocks are expected to radiate only a small fraction (∼ 1%) of total energy
flow (Daigne & Mochkovitch 1998) whereas the observations suggest that the γ-ray efficiencies
are much higher (Bloom et al. 2006).

During the internal shock phase, the width of the shells expands as the radius increases re-
ducing the density of the magnetic perturbations they contain. Then, shocks occurring far from
the central engine are less efficient leading to particles with lower energy. In addition, the mag-
netic field strength decreases with the distance to the central engine, reducing the intensity and
the maximum energy of the synchrotron emission.

2.4.3 External shock

The internal shock phase ends at the decelerating radius Res (1016−1017 cm), when the wind is
slowed down by interacting with the interstellar medium in a relativistic shock, called external
shock. The external shock would be composed of two shocks, the forward shock which expands
in the direction of the interstellar medium, and the reverse shock which comes back in direction
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of the central engine. The position of Res depends on the density of the interstellar medium. In
the case of the compact object merger, GRBs are believed to happen in low interstellar density en-
vironment (compact objects can migrate far from the star forming region before merging), while
in the hypernova scenario GRBs occur mostly in the star forming region where the interstellar
density is high. The surroundings of a hypernova are enriched by the stellar wind of the star
before the collapse. Res is therefore believed to be larger for the merger scenario than that for
the hypernova. During the external shock, charged particles of the interstellar medium and of
the wind would be accelerated, and would radiate through synchrotron and/or inverse-Compton
scattering process, which would be responsible for the afterglow emission observed from radio
wavelengths to X-rays and maybe γ-rays (see §2.6 for more details).

External shocks could also produce the observed prompt emission according to some models.
In these models radiation pulses are emitted when a relativistic shell ejected by the GRB central
engine is decelerated by the circum-burst material (Mészáros & Rees 1993). A homogeneous
medium leads to a single pulse but an irregular, clumpy environment can produce a complex
profile if a large number of small clouds are present (Dermer & Mitman 1999). One major
difficulty with this model is to explain the rapid variability observed in GRB light curves at
various energies. In this case the clumpiness has to be of the order of ∼ Γfc∆t/(1 + z) where ∆t
is the variability time scale observed in the GRB light curve and Γf is the Lorentz factor of the
forward shock. However this process has been shown to be very inefficient (Sari & Piran 1997).
Variability can be recovered while maintaining high efficiency if the shell that moves with a bulk
Lorentz factor Γf contains emitting clumps.

The external shock model has been successfully used for explaining the GRB afterglow emis-
sion observed from hours to days from radio wavelengths to X-rays and γ-rays following the
prompt emission, and even for years at radio wavelengths. The GRB afterglow emission is pre-
sented in detail in §2.6.

Fig. 3 shows a sketch of the γ-ray burst production mechanism, the prompt emission regions
during the internal shocks as well as the afterglow emission from the external shocks.

2.5 Prompt emission from a magnetised flow

There are several alternative models for the prompt GRB emission, which so far have not found
wide use for explaining the observations. The most plausible of these, despite the technical
difficulties which impair its applicability, considers the main γ-ray burst emission to arise from
magnetic reconnection or dissipation processes, if the ejecta is highly magnetised or Poynting flux
dominated. If the outflow energy is carried mostly by Poynting flux until where the interaction
with the external medium starts, the dissipation of the bulk energy into internal energy cannot
occur through internal shocks. In this case the energy source of the radiation is most likely
magnetic dissipation. Lytikov & Blandford (2003) suggest that electromagnetic current-driven
instabilities dissipate magnetic energy into heat and high energy particles. The propagation of
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Figure 3. Sketch showing the different phases involved in the ‘fireball’ model with internal shocks produc-
ing the γ-ray prompt emission and external shock with the interstellar medium or the star wind responsible
for the afterglow phase observed in radio, optical, X-rays, γ-rays (Piran 2003).

these high energy particles within a strong magnetic field, is the source of the observed prompt
γ-ray emission.

Thompson (2006) suggests a model which is a flow consisting of a combination of a strong
magnetic field and pair-radiation plasma. In this model the radius in which the outflow becomes
optically thin is determined by the pair enrichment of the ambient medium through the interaction
with the flow radiation. The prompt emission is generated by the inverse Compton scattering of
the seed photons that are carried in the flow by pairs which are accelerated by the reconnecting
magnetic field. The energy at the peak of the prompt emission spectrum reflects the temperature
of these seed photons Lorentz boosted to the observer frame.

2.6 GRB afterglow emission

The prompt emission is usually followed by a longer-lived ‘afterglow’ emitted at longer wave-
lengths. Afterglows are now known to be broad-band, having been detected in the X-ray, the
optical/infrared and the radio bands. X-ray afterglows are mostly decaying when they are de-
tected. Optical afterglows are generally decaying, with an initial early rising lightcurve having
been caught in only a few bursts (e.g. GRB 970508, GRB 990123). In each band, the general
power-law decay behaviour can be summarised as: tανβ where α ∼ −0.9(−1.0) and β ∼ −1.4(0.7)
for X-ray (Piro et al. 2001) (optical, Zeh, Klose & Kann 2006) afterglows. GRB 970228 was
the first GRB for which an X-ray afterglow was observed (Costa et al. 1997). The X-ray emis-
sion was fading fast following a power law F(t) ∼ T−1.3±0.1. This also led to the detection of
the first optical afterglow from this GRB (van Paradijs et al. 1997). Very often there are var-
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ious types of deviations from the simple power law decay. These include steepenings, bumps
and wiggles (e.g. GRB 021004; GRB 030329); Essentially every GRB with an afterglow detec-
tion has an underlying host galaxy. The GRB host galaxy properties (e.g. magnitude, redshift
distribution, morphologies) are typical of normal, faint, star forming galaxies (Djorgovski et al.
2003). The GRB afterglow’s positional offsets with respect to the host galaxy are consistent
with GRBs being associated with the star forming regions in the galaxies (Bloom et al. 1998).
In the radio band, on the other hand, the spectral index is generally positive for the observa-
tions which are typically in the 5 and 8.5 GHz bands. The light curves usually do not follow
a simple power law decline (Frail et al. 2003). Some sources can be observed on timescales of
years, and a late-time flattening (with respect to the standard fireball model) is often observed
(Frail et al. 2004).

2.6.1 Standard afterglow model

The standard afterglow model assumes a highly relativistic expansion of a spherical outflow in
the adiabatic regime into a homogeneous external medium. The external shocks appear when the
relativistic outflow is slowed down in the interstellar medium (ISM) surrounding the source or
the stratified wind ejected by the progenitor star prior to the collapse (Rees & Mészáros 1992).
Generally two shocks form: an outgoing shock, called the forward shock, that propagates into
the surrounding medium and a reverse shock that propagates back into the ejecta. The exter-
nal shock successfully explains multi-wavelength afterglow radiation which begins at a distance
where most of the energy of the ejecta is transferred to the medium. However the assumptions in
the standard model are too simplistic while the real life situations more complex. The impact of
the reverse shock is invoked to explain the early optical flashes while the beaming of the outflow
within a jet of solid angle Ωj is an ingredient to reduce the energetics of GRBs as mentioned
before.

In order to produce the observed spectrum during both the afterglow and the prompt emis-
sion phases, electrons must be accelerated in the collisionless shocks to a power law distribution,
dne/dΓe ∝ Γ

−p
e with p ' 2 where Γe is the electron Lorentz factor. Such a distribution is ex-

pected in the internal shocks, which are mildly relativistic. Numeric and analytic calculations
of particle acceleration via the first order Fermi mechanism in relativistic shocks show that sim-
ilar indices, p ≈ 2.2, are obtained for highly relativistic shocks as well (Bednarz & Ostrowski
1998; Kirk et al. 2000). The spectrum of radiation is likely to be due to synchrotron radiation,
whose peak frequency in the observer frame is νm ∝ ΓmaxB′Γ2

e , where the comoving magnetic
field B′ and electron Lorentz factor Γe are likely to be proportional to Γmax (maximum value of
the bulk Lorentz factor). This implies that as Γmax decreases, so will νm, and the radiation will
move to longer wavelengths. Consequently, the burst would leave a radio remnant weeks after
the explosion (Paczynski & Rhoads 1993). The observation of linear polarisation at the few per-
cent level observed in a number of optical or IR afterglows (van Paradijs, Kouveliotou & Wijers
2000) supports the paradigm of synchrotron emission as the dominant emission mechanism in
the afterglow.
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2.6.2 Prompt flashes and reverse shocks

The first optical brightening following a γ-ray burst was observed from GRB 970508. More
recently the observation of extremely bright (mv ∼ 9) optical flash in the burst GRB 990123
which is interpreted as due to reverse shock (Sari & Piran 1999) even though a prompt optical
flash could be expected from either internal shock or reverse shock of external shock. The decay
rate of the optical flux from the reverse shock is much faster (and that from internal shock is even
faster) than that of the forward shock. Generally reverse shock is expected to be mildly relativistic
and hence radiate much softer radiation than the forward shock (Mészáros 2006). After the
launch of Swift, new prompt optical observations with robotic telescopes have greatly added to
the phenomenology of prompt flashes which are consistent with the reverse shock interpretation.

Currently, Swift is the only mission designed to detect GRB afterglows. The BAT, with
its large field of view of 2 steradians, can detect and locate a GRB, as well as compute burst
positions on board with arc-minute positional accuracy. The spacecraft then slews to this position
and the XRT takes images to obtain spectra of GRB afterglows. The images are used for higher
accuracy position localisations, while light curves are used to study flaring and long-term decay
of the X-ray afterglow. At the same time the UVOT also takes images and obtains spectra (via
a grism filter) of GRB afterglows. The images are used for 0.5 arcsecond position localisations
and following the temporal evolution of the UV/optical afterglow. Spectra are taken for the
brightest UV/optical afterglows, which can then be used to determine the redshift via the observed
wavelength of the Lyman-alpha cut-off. Accurate localisations are transmitted in real time to
enable ground based observatories to carry out multi-wavelength follow-up observations of the
GRB afterglows.

Fig. 4 is a sketch of a typical afterglow observed by Swift (Zhang et al. 2006). It consists of a
fast decay phase (I) followed by a plateau region (II), which is a major Swift discovery, lasts for
a few thousand seconds and then reaches typical afterglow decay with a slope of ∼ −1.2 (III) as
already observed before Swift.

2.7 Measurement of the jet opening angle

The spherical assumption is valid even when considering a relativistic outflow collimated within
some jet of solid angle Ωj < 4π, provided the observer line of sight is inside this angle, and
Γe & Ω−1/2 (Mészáros, Laguna & Rees 1993) so the light-cone is inside the jet boundary and the
observer is unaware of what is outside the jet. However, as the ejecta is decelerated, the Lorentz
factor eventually drops below this value, and a change is expected in the light curves (Rhoads
1999). It is thought that this is what gives rise to the achromatic breaks seen in the light curves of
many optical afterglows (Frail et al. 2001)

The jet opening angle can be obtained from the observer time tj at which the flux Fν decay
rate achromatically changes to a steeper value, assuming that this corresponds to a causal angle
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Figure 4. Sketch of an afterglow light curve based on Swift’s observations. Phase ‘0’, corresponds to the
end of the prompt emission. Four power-law light-curve segments together with a flaring component are
identified in the afterglow phase. The components marked with solid lines are the features common to most
long GRBs, while the ones marked with dashed lines are observed in only a fraction of GRBs. The phase II
is often called the plateau. The typical spectral indices of the power law decay are shown for each segment.
The break between regions III and IV occurs simultaneously for several observed frequencies (achromatic
break) and is related to the geometry of the GRB relativistic jets. For some bursts the break is not achromatic.

Γe(t)−1 having become comparable to the jet half-angle and larger later on. However the detailed
simulation studies show that for off-axis observers, the observable jet break can be delayed up to
several weeks, potentially leading to overestimation of the beaming-corrected total energy (van
Eerten, Zhang & MacFadyen 2010). In addition, achromatic jet breaks are relatively rare in the
literature. Different explanations for the lack of truly achromatic breaks have been put forth.
It was shown recently that in general γ-ray burst afterglow jet breaks are chromatic across the
self-absorption break (van Eerten et al. 2011).

2.8 GRB as UHECR sources

One of the outstanding problems in astronomy is the origin of ultra-high energy cosmic rays
(UHECR). The local (z = 0) energy production rate in γ-rays by GRBs is roughly given by
the product of the characteristic GRB γ-ray energy, E ≈ 1053 erg and the local GRB rate. Un-
der the assumption that the GRB rate evolution is similar to the star formation rate evolution,
the local GRB rate is ∼ 0.5 Gpc−3yr−1, implying a local γ-ray energy generation rate ≈ 1044

erg Mpc−3 yr−1. The energy observed in γ-rays reflects the fireball energy in accelerated elec-
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trons. Thus, if accelerated electrons and protons carry similar energy (as indicated by afterglow
observations) then the GRB production rate of high energy protons is remarkably similar to that
required to account for the flux of > 1019 eV cosmic rays (Waxman 2003). Based on these argu-
ments GRBs have been proposed as a likely source of UHECRs (Waxman 1995; Dermer 2002).
However there are some questions unanswered. These include the limitations to the highest en-
ergy attainable by protons around the bursts’ shocks, the spectral slope at the highest energies, the
total energy released in non-thermal particles, and the occurrence of doublets and a triplet in the
data reported by the Akeno Giant Air Shower Array (AGASA). Considering the uncertainties and
the apparent agreement in the energy budget GRBs seem to be a strong candidate for the source
of UHECRs. In addition, the computed resulting particle spectrum at Earth, fits the High Reso-
lution Fly’s Eye (HiRes) and AGASA data to within statistical uncertainties (Vietri, De Marco &
Guetta 2003).

3. Observational status: pre-Fermi era

3.1 Prompt emission durations and two GRB classes

GRB time profile is unique and unpredictable. Some are smooth and exhibit a fast rise and ex-
ponential decay (often referred to as ‘FRED’) type profile while others are highly variable with
several overlapping narrow pulses (see Fig. 5). GRBs exhibiting FRED type light curves are
shown to be not any different from other type of GRBs (Bhat et al. 1994). One clear example of
uniqueness was demonstrated by the lack of success in a search for gravitational lensing in GRBs
(Davidson, Bhat & Li 2011) where searches are carried out for similar temporal and spectral char-
acteristics among several hundreds of GBM GRB light curves. As a result, morphological GRB
classification attempts have not been successful and the only established division of bursts into
classes with different temporal characteristics is based on their T90(T50) durations defined as the
times during which 90% (50%) of the total signal counts (or fluence) are collected (Kouveliotou
et al. 1993). The burst durations when measured in the 50–300 keV energy range, have been
found to distribute bimodally, with over 75% of the events belonging in the long class (> 2 s).

McBreen et al. (1994) and later Horváth (2002) showed that T90 of both long and short GRBs
follow log-normal distributions separately (see Fig. 6). The distributions peak at ≈ 0.8 s for short
bursts and at ≈ 32 s for long bursts. In general, short bursts are often found to be less luminous
by about 3 orders of magnitude leading to the possibility that excess of long GRBs compared to
short ones is most likely an instrumental selection effect (Nakar 2007).

Hardness ratios of short GRBs compared to those of long ones show that the former are on the
average harder. Kouveliotou et al. (1993) combined this result together with the bimodal duration
distribution to suggest that short and long GRBs are two distinct populations. Fig. 7 shows a plot
of the average Epeak of a set of BATSE GRBs in different duration ranges as a function T90 clearly
showing that on the average the mean Epeak of short GRBs is almost twice as large as that for
long GRBs supporting the dual population hypothesis (Paciesas et al. 2001).
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Figure 5. A sample GRB light curves from the GBM experiment demonstrating their diversity and unique-
ness. The first two rows of light curves are from long GRBs (T90 > 2 s) while the last row shows light
curves from short GRBs (T90 ≤ 2 s).

Figure 6. The bimodal duration distribution of GRBs. The blue histogram represents the distribution of
durations for 2041 bursts detected by BATSE. The histogram is well fit by two log-normal functions (blue
and red thin solid lines) and their sum is shown in thick blue line (Horváth 2002).
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Figure 7. One of the spectral parameters (Epeak, see §3 for details) as a function of burst duration (T90) for
spectral fits of a Comptonised model to BATSE GRBs. The vertical bars show the width of a Gaussian fit
to the parameter distribution within a duration bin. Thick vertical bars show the error on the mean of each.
The average value of Epeak for short bursts is almost a factor of 2 larger to that of long GRBs.

3.2 Spectroscopy of the prompt emission

Gamma-ray spectroscopy with detectors such as BATSE or later GBM, is not straightforward like
that with optical or X-ray telescopes. These γ-ray instruments with high background are actually
not measuring photon numbers directly but counts. The detector response matrices, which allow
the conversion from photon space to count space are usually not invertible. It is then not possible
to measure a photon flux from the measured count flux. The only way to determine the best fit to
a gamma-ray spectrum is to assume a spectral model and to optimise its parameters by fitting the
model to the data following this procedure:

• a spectral photon model is assumed;

• this photon model, with chosen initial parameters, is folded through the instrument re-
sponse function to convert photon numbers to counts to be able to compare the resulting
model count spectrum with the real count spectrum measured by the instrument;

• the previous step is repeated by varying the model parameters until the fit convergence
criteria is reached.

This methodology is a major inconvenience to measuring the real photon spectrum since the
observed spectrum could only be compared with the deconvolved model dependent spectrum.
This makes the identification of the spectral shape more difficult.
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Unlike their light curves, the time-integrated spectra of GRBs do not show the same extent of
diversity. Majority of the BATSE GRB prompt emission spectra in the keV–MeV energy range
were adequately fit with an empirical function called the Band function (Band et al. 1993). The
Band function, shown below, consists of two power laws, connected together at the break energy
given by Epeak/(α−β), with α and β the lower and the higher energy spectral indices respectively:

N(E) = A
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100 keV

)α
exp
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−E(α − β)
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)
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( E
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)β
if E ≥ Epeak,

where N(E) is the differential photon spectrum, E the photon energy in keV and A is the normal-
isation constant in photons s−1cm−2keV−1 and Epeak corresponds to the maximum of the νFν (i.e.
E2Ne) spectrum when α > −2 and β < −2 (Gehrels 1997).

Although purely empirical, the Band function is usually associated with the synchrotron
emission from electrons that are propagating and accelerated within the GRB jet (Preece et al.
1998). However, the values of the Band low energy power law indices α are inconsistent with the
synchrotron slow and fast cooling scenarios in 20% of the cases (Preece et al. 1998; Crider et al.
1997). For BATSE GRBs, the Epeak distribution peaks around 200 to 300 keV while the α and β
distributions peak around −1 and −2 respectively (Goldstein et al. 2010). As mentioned before,
the short GRBs are usually harder than the long ones with respect to both α and Epeak (Paciesas
et al. 2003). A global hard to soft spectral evolution was reported by Ford et al. (1995) by fitting
the time-resolved spectra to Band functions.

Briggs et al. (1999) showed that the time-integrated prompt emission spectrum of the bright
GRB 990123 which was simultaneously observed with BATSE as well as the three other γ-ray
detectors on board CGRO viz. the Oriented Scintillation Spectrometer Experiment (OSSE; John-
son et al. 1993), the Compton Telescope (COMPTEL; Ryan 1989) and the Energetic Gamma-ray
Experiment Telescope (EGRET; Nolan et al. 1992), could be well fit with a single Band function
across a large energy range from a few tens of keV to about 100 MeV (see Fig. 8). González
et al. (2003) on the other hand reported a deviation from the Band function at high energies for
one GRB 941017, that was detected with both BATSE and EGRET. The γ-ray emission excess
over the Band function was adequately fit with an additional high energy power law. A time re-
solved spectral analysis showed that the additional power law component stayed constant across
the burst while the Band function evolved as expected, with a global decrease of the emission
intensity together with a softening of the spectrum. This high energy power law component was
found to be inconsistent with the synchrotron shock model.

Delayed high energy γ-ray emission with respect to the main part of the prompt emission
was reported in several cases (Sommer et al. 1994; Hurley et al. 1994). A classic example was
the case of GRB 940217 when, among others, an 18 GeV photon was detected by EGRET, 90
min after the BATSE trigger time.
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Figure 8. GRB prompt emission spectra in the BATSE Era were usually considered to be adequately
fit with the empirical Band function even on large energy range in the γ-ray regime. Here is the case
of the famous GRB 990123 that was simultaneously observed with the 4 instruments on-board CGRO
(i.e. BATSE, OSSE, Comptel and EGRET) up to several tens of MeV. The top panel shows the spec-
trum of this GRB in photon flux units, while the bottom one corresponds to the νFν (i.e. E2Ne) spec-
trum. This bright GRB has a high Epeak around 1 MeV compared to average GRBs observed with CGRO
(Kulkarni et al. 1999).

In general BATSE bursts exhibited non-thermal spectra in their prompt emission. However,
the fireball model predicts and requires a photospheric emission simultaneously with the prompt
emission (Rees & Mészáros 2005; Mészáros & Rees 2000). The existence of such a thermal
emission component was claimed at least in some of the BATSE bursts (Ghirlanda, Celotti &
Ghisellini 2003; Ryde 2004, 2005a; Ryde et al. 2010). While Ghirlanda, Celotti & Ghisellini
(2003) tried to fit only a Planck function to the data, others were using a combination of a black
body component and a power law (Ryde 2004, 2005a).
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4. Observational status: Fermi era

4.1 Fermi Gamma-ray Space Telescope

The Fermi Gamma-ray Space Telescope (or Fermi for short) – formerly Gamma-ray Large Area
Space Telescope (GLAST) – is a space based γ-ray observatory launched on 2008 June 11 to
explore the gamma-ray sky. Fermi consists of two instruments on board viz. the Large Area
Telescope (LAT) and the Gamma-ray Burst Monitor (GBM).

The LAT is an imaging high-energy γ-ray telescope covering the energy range from ∼ 20
MeV to more than 300 GeV2. The LAT is a pair-conversion telescope with a precision tracker
and a hodoscopic calorimeter consisting of 16 modules in the form of a 4 × 4 matrix and a
segmented anti-coincidence detector that covers the tracker array. Each tracker module has a
vertical stack of 18 x, y tracking planes, consisting two layers (x and y) of single-sided silicon
strip detectors. The 16 planes at the top of the tracker are inter-leaved with high-Z converter
material (Tungsten). Every calorimeter module has 96 CsI(Tl) crystals, arranged in an 8 layer
hodoscopic configuration with a total depth of 8.6 radiation lengths. The aspect ratio of the
tracker (height/width) is 0.4 allowing a large field-of-view (2.4 sr). LAT has a programmable
GRB trigger and data acquisition system. The vital specifications of LAT in comparison to those
of EGRET are summarised in Table 2 (Atwood et al. 2009).

The GBM comprises 12 uncollimated Sodium Iodide (NaI(Tl)) detectors operating over the
8 keV to 1 MeV range, and 2 Bismuth Germanate (Bi4Ge3O12 or BGO for short) detectors op-
erating over the 150 keV to 40 MeV range. The axes of the NaI detectors are oriented such that
they have the uniform view of the entire unocculted sky and the positions of GRBs can be derived
from the measured relative counting rates, a technique previously employed by BATSE. Although
GBM is smaller and slightly less sensitive than its predecessor BATSE, its extended energy range,
from 8 keV to 40 MeV, combined with an improved data format, makes it an unprecedented all-
sky instrument for time-integrated and fine-time resolved spectroscopy of transient sources like
GRBs, Terrestrial Gamma-ray Flashes (TGFs), Soft Gamma Repeaters (SGRs), Solar Flares etc.
The GBM flight software triggers on a GRB (or any fast transient) with a peak flux above 0.75
photons cm−2s−1 and locates it in the sky within an error of ∼ 15◦ and transmits the information
through Gamma-ray Coordinates Network (GCN3) within the first 8 seconds of a trigger to initiate
follow-up observations with other instruments. Updates on location with an accuracy of ∼ 5◦ are
sent within next couple of seconds. More details on GBM detectors and data types may be found
in Meegan et al. (2009). GBM also provides near real-time on-board burst-localisation to the
Fermi spacecraft to repoint the LAT in direction of the source in order to increase its sensitivity
to the burst and to detect possible high energy delayed emission from the source.

2So far spectroscopy only above 100 MeV is possible while new techniques are in the process of validation to decrease
this threshold at least for spectroscopy of transient sources.

3http://gcn.gsfc.nasa.gov/
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Table 2. LAT Specifications and Performance Compared with EGRET.

Quantity LAT (Minimum Spec.) EGRET
Energy Range 20 MeV – 300 GeV 20 MeV – 30 GeV
Peak Effective Areaa > 8000 cm2 1500 cm2

Field of View > 2 sr 0.5 sr
Angular Resolutionb < 3.5◦ (100 MeV) 5.8◦ (100 MeV)

< 0.15◦ (> 10 GeV)
Energy Resolutionc < 10% 10%
Dead-time per Event < 100 µs 100 ms
Source Location Determinationd < 0.5′ 15′

Point Source Sensitivitye < 6 × 10−9 cm−2s−1 ∼ 10−7 cm−2s−1

Notes: (a) after background rejection; (b) single photon, 68% containment, on-axis (c) 1-σ,
on-axis; (d) 1-σ radius, flux 10−7 cm−2s−1 (> 100 MeV); (e) > 100 MeV, at high |b|, for
exposure of one-year all sky survey, photon spectral index −2.

4.2 Synergy between Fermi and the other instruments

Currently, GBM is the best instrument to study GRB prompt emission in the keV–MeV energy
range where the prompt emission is the most intense. With the LAT, our knowledge of the prompt
emission at high energy is extended up to several tens of GeV. Even though Fermi is an outstand-
ing observatory for studying the prompt emission, the poor location capabilities of GBM (several
degrees) is a handicap for follow-up observations. To perform spectral analysis with GBM, de-
tector response matrices must be generated based on the source location. Using an inaccurate
localisation can lead to wrong responses if, for instance, a part of the spacecraft, such as a radia-
tor, blocks one or more GBM detectors from the source. Accurate localisation is also necessary to
repoint the ground based optical and VHE γ-ray telescopes (see §6.1 for details) that have narrow
field of view. Without an accurate localisation of the source, we cannot get counter part signature
at other wavelengths, nor host galaxy detection, nor redshifts. These observations are crucial to
understand GRBs. Hence a good synergy of Fermi with other instruments is required. Obviously,
the LAT can locate a GRB accurately enough to perform follow up observations with other in-
struments, but only a few GRBs (about 18) have been detected by the LAT (during first 2 years of
operation) over a total ∼ 500 GBM bursts, and the locations were obtained from ground analysis
several hours after the burst trigger, which is late to initiate a successful follow-up observations.

IPN and Swift can provide good localisations. The IPN location is too delayed to be useful
for follow-up observations as mentioned before. Swift detected ∼ 14% of GBM GRBs during the
first 2 years of operation, of which ∼ 12% triggered the Swift BAT and the rest were discovered
after ground analysis of BAT data. ∼ 1% were located by the Swift XRT based on trigger from
another instrument (Paciesas et al. 2011).

Detection of GBM GRBs with other gamma-ray instruments is also important to inter-calibr-
ate the detectors. Table 3 lists the fraction of GBM GRBs detected simultaneously with other
γ-ray instruments during the first 2 years operation.
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Table 3. Fraction of GBM GRBs also detected with other gamma-ray instruments during the first 2 years
till July 15, 2010.

# of Observed GRBs Fraction of
Instrument simultaneously with GBM GBM GRBs (%)
Konus (WIND) 146 ∼ 30
Integral (Burst Alert System) 6 ∼ 1
Integral (SPI-ACS) 213 ∼ 43
Swift 68 ∼ 14
Super AGILE 5 ∼ 1
Fermi (LAT) 18 ∼ 4
RHESSI 33 ∼ 7
MAXI 4 ∼ 1
Suzaku (WAM) 200 ∼ 41

4.3 GRB temporal results

4.3.1 Energy dependence of burst durations

The observer frame GRB durations (as described in §3.1) measured are expected to suffer from
relativistic effects. It was realised that the burst intensity could add unknown systematic errors
in the estimation of durations as well (Bonnell et al. 1997). Often weaker GRBs have large
errors on their estimated durations. See the recently published GBM 2-year burst catalog for a
comprehensive summary of GBM GRB durations and fluences (Paciesas et al. 2011). Gruber
et al. (2011) studied the GRB rest frame distributions of 32 GBM GRBs with known redshifts.
They find that the T90 distribution in the GRB rest frame peaks at ≈ 10 s. Another important
parameter that affects the estimation of T90 is the energy range (Richardson et al. 1996; Bissaldi
et al. 2011). It has been found that on the average the burst durations fall with increasing energy
as a power law with an exponent of ∼ 0.4. However for a given burst the duration could evolve
differently with energy. The T90 and T50 values for the GBM detected burst GRB 080916C are
estimated in different energy bands using the GRB light curves summed over 4 bright NaI and 2
BGO detectors separately. The T90(T50) are plotted as a function of average energy and shown in
Fig. 9. The BGO points are shown in purple. The slopes of the power law fits to the durations
are also indicated in green. The values of the slopes (shown on the top right) are much shallower
than −0.4.

4.3.2 GRB spectral lags

Temporal delays in the arrival of low-energy photons relative to that of high-energy photons,
called spectral lags, are well known in GRBs. A general convention is positive spectral lag
corresponds to an earlier arrival time of the higher energy photons. Spectral lags are traditionally
measured between a pair of light curves of a GRB in 2 energy bands (25–50 and 100–300 keV
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Figure 9. The upper plot shows the variation of T90 as a function of mean energy of the γ-rays. The straight
line shows a power law fit to the data and the slope is indicated. Similarly the lower plot corresponds to
T50 values of the same burst. The T90 and T50 values evolve differently and not consistent with the average
behaviour.

for BATSE bursts). The standard method adapted is to compute the cross-correlation function
(CCF) between the two light curves. The time lag at which the CCF peaks is defined as spectral
lag. Generally the spectral lags of long GRBs are positive, a small fraction of them have been
shown to exhibit zero or negative lags (Gupta, Das Gupta & Bhat 2002; Chen et al. 2005). One
of the proposed explanations for the observed spectral lag is the spectral evolution during the
prompt phase of the GRB (Dermer 1998; Kocevski & Liang 2003; Ryde 2005b). Due to cooling
effects, Epeak moves to a lower energy channel after some characteristic time. When the Epeak
moves from a higher energy band to a lower energy band, the temporal peak of the light curve
also moves from a higher energy band to a lower one, which results in the observed spectral lag.
In a recent study Peng et al. (2011) suggest that spectral evolution can be invoked to explain
both positive and negative spectral lags. Hard-to-soft evolution of the spectrum produces positive
spectral lags while soft-to-hard evolution would lead to negative lags.

Regardless of its physical origin, the spectral lags show some interesting correlations with
other measured parameters. Based on six GRBs with known redshifts, Norris, Marani & Bonnell
(2000) found an anti-correlation between the spectral lag and the isotropic peak luminosity (Liso).
Further evidence for this correlation was provided by many others (Norris 2002; Gehrels et al.
2006; Schaefer 2007; Hakkila et al. 2008). More recently Ukwatta et al. (2011) using 43 Swift
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long bursts with known redshifts showed that spectral lag and Liso exhibit a higher degree of
correlation in the GRB source frame. Many authors have provided possible explanations of the
physical cause of lag luminosity relation. Observed spectral lags, as well as peak luminosity,
naturally have a strong dependence on the Doppler factor of the outflow (a function of the Lorentz
factor and the direction of motion with respect to the observer). If indeed the Doppler factor is
the dominant parameter among GRBs, then a relation between spectral lags or variability and
luminosity is expected (Salmonson & Galama 2002). Salmonson (2000) on the other hand argues
that the anti-correlation is due to the variations in the line-of-sight velocity of various GRBs. Ioka
& Nakamura (2001) suggest that the relation is a result of variations of the off-axis angle when
viewing a narrow jet. Alternatively, Schaefer (2004) invokes a rapid radiation cooling effect to
explain the correlation.

It has been shown that short GRBs have either small or negligible lags (Norris & Bonnell
2006; Zhang et al. 2006). The average spectral lag as measured for 32 short duration GRBs de-
tected by GBM lies in the range ±32 ms (Foley et al. 2011). According to the lag–Liso relation,
these small lag values imply that short bursts are highly luminous. However, based on the redshift
measurements of their host galaxies it has been shown that short GRBs are generally less lumi-
nous than long bursts. Hence short bursts seem to not follow the lag-luminosity relation (Gehrels
et al. 2006). The spectral lag has often been used to identify a short burst from the long ones.

An anti-correlation has also been derived between the GRB spectral lag and the jet opening
angle (Salmonson & Galama 2002). This relation, when coupled with the above relation between
spectral lag and Liso is another manifestation of the anti-correlation between the isotropic lumi-
nosity and the jet opening angle, which is the direct consequence of the standard energy reservoir
relation (Frail et al. 2001).

Since the GBM has a large energy bandwidth between the NaI and the BGO detectors (8 keV–
40 MeV) it has been possible to study the evolution of GRB spectral lags with energy. Such a
study led to new discovery that in some GRBs the spectral lag changed sign at higher energies.
For example, GRB 090510 shows no significant spectral lag measured between lowest energy
light curve (8–20 keV) and higher energy bands up to an average energy of about an MeV and
shows a negative lag at a few MeV and beyond. It saturated at constant value of about 250 ms and
remained constant there after (Guiriec et al. 2010; Foley et al. 2011). This could be interpreted as
due to the differences in the production processes of low and higher energy γ-rays (see Fig. 10).

4.3.3 GRB light curve decomposition studies

Most GRB light curves are highly variable with variability time scale significantly smaller than
their overall duration. According to the internal shock model (Ricker et al. 2003), the central
engine generates relativistic shells with highly non-uniform distribution of Lorentz factors and
the pulses are formed by the collision between a rapidly moving shell with a slower shell as
mentioned before. Thus in principle the variability of the GRB light curves may directly cor-
respond to the activity of their central engines (Daigne & Mochkovitch 2003; Nakar & Piran
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Figure 10. A plot of the spectral lag for the short burst GRB 090510 as a function of mean γ-ray energy.
The light curves in the range 8–1000 keV are from the GBM NaI detectors while those in the energy range
1–40 MeV are from the BGO detectors and from the Large Area Telescope (LAT) for the higher energy light
curves.

2002). Hence the studies of pulse properties are important to determine whether GRB sources
require engines that are long lasting or impulsive (Dermer 2004). Their temporal deconvolution
can reveal potential differences in the properties of the central engines in the two populations of
GRBs which are believed to originate from the deaths of massive stars (long) and from mergers
of compact objects (short). Several authors have studied the deconvolution of GRB light curves
into their constituents, and have shown that in general, these are discrete, often overlapping pulses
with durations ranging from a few milliseconds to several seconds and almost always asymmetric
shapes, with faster rises than decays (Norris et al. 1996; Gupta, Das Gupta & Bhat 2000; Bhat
et al. 2011; Hakkila & Preece 2011). These highly varied GRB temporal profiles are suggestive
of a stochastic process origin.

In recent years, pulse properties have provided increasingly valuable constraints on the physics
responsible for GRB prompt emission. These properties have included (1) temporal asymmetry
characterised by longer decay than rise times, (2) hard-to-soft spectral evolution, (3) broadening
at lower energies and (4) decreasing pulse height with time since trigger for those GRBs which
show hard-to-soft spectral evolution (Norris et al. 1996; Gupta, Das Gupta & Bhat 2002).

Using pulse data contained in individual energy channels, it has been demonstrated that not
only the pulses have longer durations at lower energies, but also peak later at the lower energies
(Hakkila & Cumbee 2009; Hakkila et al. 2008).
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Figure 11. Sample fits to the light curves of 3 short (left column) and 3 long GRBs detected by GBM. Also
indicated on the top right of each panel a number equivalent to χ2 showing the goodness of fit in each case.

Fig. 11 shows a sample of 3 short bursts (left column) and 3 long bursts (right column) whose
light curves are deconvolved by fitting log-normal shapes (shown in green at the bottom of each
plot) to each pulse in the light curve and then superposed over a quadratic background (shown as
dashed line). The resulting fit shown as continuous line in red fits the actual light curve (black
histogram) very well. Also shown are the reduced χ2 values on top right corner in each plot. Bhat
et al. (2011) also find fundamental differences in the pulse properties of long and short duration
bursts. Fig. 12 (left) shows the distribution of pulse widths and (right) interval between successive
pulses for long and short bursts. It is found that both the pulse widths and pulse intervals follow
log-normal functions as shown by the fits separately for long and short bursts. The observed
separation of the distributions for the two classes of bursts demonstrates that the short burst light
curves consist of more closely packed narrower pulses while long burst light curves consist of
broader pulses with larger separations between them. These conclusions support internal shock
model for GRBs.

4.3.4 GRB timescales

According to the internal shock model, the GRB pulses are formed by the collisions among
relativistic shells ejected by the central engine with a distribution of Lorentz factors (Γ). A GRB
pulse shape depends on three time scales. The hydrodynamic time scale, tdyn (that determines the
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Figure 12. (left) Distributions of the pulse widths (FWHM) for long (histogram shown in black) and short
bursts (histogram shown in red). A log-normal function is fitted to each of the distributions. The mean
values of FWHM (from the fit) for long and short bursts are 0.89 s and 0.055 s and the standard deviations
are 5.2 s and 4.6 s respectively. The vertical dashed lines are the median values of FWHM for each class
of GRBs. (right) Distributions of the time intervals between successive pulses (∆t) for long (histogram
shown in black) and short (histogram shown in red) bursts. A log-normal function is fitted to each of the
distributions. The mean values of ∆t (from the fit) for long and short bursts are 1.53 s and 0.076 s and the
standard deviations are 3.6 and 5.1 respectively. The vertical dashed lines indicate the median values of the
time intervals between successive pulses for each class of GRBs.

pulse rise time), the angular spreading time scale, tang (that determines the pulse decay time), and
the cooling time scale, trad (which is usually much shorter than the other two and can be ignored)
(Kobayashi, Piran & Sari 1997; Katz 1997; Fenimore, Madras & Nayakshin 1996).

In Fig. 13, a spherical shell of width ∆ is expanding with a relativistic Lorentz Factor Γ � 1
and emits a photon at radius r = 0 from A, at the time of explosion and at r = R from points B, C
and D. The time interval between two photons emitted by the shell from points A and B is called
the line of sight time, tlos and is given by:

tlos =
R

2cΓ2 .

Similarly the angular time scale, tang, i.e. the interval between the two photons emitted by the
shell from points B and C also happens to be equal to tlos. Similarly the time interval between the
two photons emitted from D and B is given by (Sari & Piran 1997)

trad =
∆

2cΓ2 .

In the internal dissipation models the burst duration is related to the duration of the engine ac-
tivity whereas the variability time scale ∆t could reflect either the variability of the flow or the
irregularities in the radial structure of the shell. The irregularities that it encounters will be spread
on a time tang. So ∆t ≥ tang. If the thickness of the shell is ∆ in the source rest frame, the rest
frame duration of the burst must be longer than ∆/c. In the case of external dissipation models of
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Figure 13. A cartoon of a spherical relativistic shell of width ∆ expanding with a Lorentz factor Γ Four
photons are emitted as indicated. These photons set three typical time scales. Photon ‘A’ is emitted from the
origin at the time of the explosion. Photons ‘B’,‘C’ and ‘D’ are all emitted when the shell front is at radius
R. ‘B’ is emitted from the front of the relativistic shell on the line-of-sight. ‘C’ is emitted from the front of
the shell at an angle θ. ‘D’ is emitted from the rear of the shell on the line-of-sight.

baryonic outflow energy can be released on an engine dynamical time scale. The duration of the
burst in this model is Rγ/10cΓ2 where Rγ is the radius at which blast wave associated with the
fireball becomes radiative (Mitra 1998). The variability time scale in this case is determined by
the size of the density fluctuations in the external medium.

Variability time scale is an important parameter which is related to the characteristic timescales
of emission process mentioned above. The FWHM of the pulses in a deconvolved light curve
may be considered as a measure of variability time scale at any time during the prompt emission.
Hence this technique of deconvolving the GRB light curve into pulses enables one to trace the
evolution of emission time scale during the prompt emission while a median or a mean FWHM
may be considered as a typical variability time scale for a GRB.

The radius in the source frame at which prompt emission takes place can be estimated from
the variability time scale as follows:

Re ≈
2γ2

ectvar

1 + z

where tvar is the GRB light curve variability time scale (Dermer 2004). Using the range of pulse
widths required to deconvolve the light curve one can estimate the range of radii where the inter-
nal shocks are operating resulting in the observed emission.
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4.4 GRB spectral analysis results

In the Fermi Era, GRB prompt emission spectra observed with GBM are still usually adequately
fit with the Band function from 8 keV to 40 MeV (Goldstein et al. 2011; Bissaldi et al. 2011) with
spectral parameters mostly consistent with what was reported from BATSE data (Goldstein et al.,
in preparation). However, due to the superior sensitivity of the LAT compared to EGRET, more
GRBs have been observed at high energy above 100 MeV. At the current date, GBM detected 800
GRBs (Paciesas et al. 2011) and the LAT detected 28 GRBs (Abdo et al., in preparation). 20 of
the LAT GRBs have a significant emission above 100 MeV. The others have a low significance
above this energy threshold, but they exhibit a clear signal below (in the 20–100 MeV range).

While in some GRBs, the low energy emission observed in GBM and the high energy emis-
sion detected by the LAT start simultaneously, in others the emission onset above 100 MeV is
delayed compared to the low energy observed in GBM. However, when started, the structures of
the >100 MeV light curves match with the ones observed at lower energy with GBM (see §4.4.1
for more details).

While some joint GBM and LAT spectral fits are consistent with a Band function (Abdo et al.
2009a,b; Abdo et al. 2010a, Abdo et al., in preparation), some exhibit strong deviations, which
are well fit with an additional power law in addition to the Band function as reported in González
et al. (2003) from CGRO data. Such deviation have been reported several times in both, long
(Abdo et al. 2009c; Ackermann et al. 2011) and short Fermi GRBs (Ackermann et al. 2010),
and the additional power law usually overpowers the Band function below few tens of keV and
above few tens of MeV as seen in figures 14 and 15. This additional power law, with an index
value, which usually ranges from −1.5 to −1.9 (harder than the β parameter of the Band function)
challenges both leptonic and hadronic models (Asano, Guiriec & Mészáros 2009). For instance,
leptonic models such as inverse-Compton (IC) or synchrotron self Compton (SSC) emission can
naturally explain the high energy power law. However, they do not support the delayed onset of
high energy component nor the low energy power law excess. Hadronic models, through pair
cascade or proton synchrotron models (Asano, Guiriec & Mészáros 2009; Razzaque, Mena &
Dermer 2009) have difficulties to reproduce the correlated variability at low and high energies.
In addition, proton synchrotron emission requires very large magnetic fields. However, they
can explain the delayed onset of high energy emission since the time to accelerate protons or to
develop cascades is longer than that for electrons. In hadronic models, synchrotron emission from
secondary electron-positron pairs produced via photon hadron interactions can naturally explain
the power law at low energy. Kumar & Barniol Duran (2009); Ghirlanda, Ghisellini & Nava
(2010) also suggested that the additional power law and the delayed high energy emission could
originate from an early afterglow and produce by electron-positron synchrotron emission from
the external shock. However, the short variability time scale remains a problem.

In some cases, the additional power law does not extend at high energy but can still be fit
in addition to the Band function from GBM data alone (Guiriec et al. 2010). For GRB 090926A
(Ackermann et al. 2011), a cutoff was required around 1.4 GeV in the additional power law, and
this additional component was clearly associated with a very bright peak in the prompt emission
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Figure 14. νFν spectrum of GRB 090902B as observed with the two instruments on-board Fermi, GBM
and LAT. The Band function is insufficient to fit the prompt emission spectrum which requires an additional
power law. The additional power law is more intense than the Band function below few tens of keV and
above several MeV. The thin dashed lines represents the two components used to fit the spectrum (i.e. Band
function and power law), and the thick solid one corresponds to the sum of the two components. The gray
butterfly represents the 1 sigma confidence contour taking into account the covariance matrix resulting from
the fit.

light curve which dominates the rest of the emission in all energy bands from 8 keV to few tens
of MeV (see Fig. 15). Ryde et al. (2011, 2010) reported the fit of bright Fermi GRBs with a
combination of a modified black body, called multi colour black body, and an additional power
law using fine time interval. More recently, Guiriec et al. (2011) reported for the first time a
significant improvement when fitting the time integrated spectrum of GR 100724B with a about
30 keV black body component in addition to the standard Band function (see Fig. 16). The
evolution of the thermal and the non thermal components were also followed across the prompt
emission using time-resolved spectroscopy and the black body component was consistent with
a possible cooling. The simultaneous identification of a thermal component in addition to the
traditional non thermal one, is a major step to validate such a result. This black body component
was interpreted as the jet photospheric emission, and its characteristics implied that the prompt
emission energy released by the central engine could not be of pure internal origin, but that the
outflow had to be highly magnetised close to the source. Prompt emission spectra best fit with a
combination of a Band function, a black body component and an additional power law have been
observed in several Fermi GRBs (Guiriec et al., in preparation).
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Figure 15. Top panel: νFν time integrated spectrum of GRB 090926A. As for GRB 090902B (see Fig. 14),
an additional power law is required together with the traditional Band function. However, in this case, a
break can be measured in the additional power law around tens of MeV. Bottom panel: Time resolved νFν

spectra of GRB 090926A. Initially, the prompt emission spectrum is well fit with a single Band function.
After few second, the additional power law kicks off. In both the panels, the thin dashed lines represent the
two components used to fit the spectrum (i.e. Band or Band function and power law), and the thick solid
lines correspond to the sum of the components. The butterflies represent the 1 sigma confidence contour
taking into account the covariance matrix resulting from the fits.

Guiriec et al. (2010) reported that the light curves observed at low and high energies in
the GBM data where not matching, the highest energy ones exhibiting more numerous sharper
structures with Epeak tracking these high energy light curves. This suggests the existence of
multiple spectral components which are dominating in different region of the spectrum. The high
energy emission observed in the LAT lasts usually longer than the prompt emission detected in
GBM, and a long lasting high energy emission observed above 100 MeV has been detected up to
several ks in some cases (Abdo et al., in preparation).

Estimation of the number of GRBs that the LAT should detect based on extrapolation of the
high energy power law when fitting the keV–MeV emission with a Band function are usually
too optimistic compared to the real observations. This suggests that the additional power law
do not exist in all GRBs, and that the Band function is a too simplistic model to describe the
prompt emission spectral shape. Whether a cut off is required around few tens of MeV (Abdo et
al., in preparation), which could be explained by emission process or pair creation opacity, or as
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Figure 16. Time-integrated νFν spectrum of GRB 100724B as observed with GBM and fit with a Band
function and an additional black body component. The thin dashed lines represented the two components
used to fit the spectrum (i.e. Band function and black body), and the solid line corresponds to the sum of the
two components. The points plotted on the top panel are model dependent and results from the fit of the real
count spectrum with a Band function and a black body component. Bottom Panel: residual of the fit when
the real count spectrum is fit with a Band function and an additional black body component. A significant
black body component is detected, in addition to the traditional Band function. The detection of such a
component reinforced the fireball model which predict such a photospheric emission which has never been
clearly detected before. The relatively low intensity of the black body component compared to the Band
function and the temperature of this component (around ∼ 30 keV), imply that the energy reservoir cannot
be of purely internal origin, but the outflow has to be highly magnetised close to the source.

reported in Guiriec et al. (2011), the addition of an other component such as a black body to the
Band function modify the parameters of the latest making β steeper and more compatible with the
number of GRB detected by the LAT. Moreover, the black body component reported in Guiriec
et al. (2011) also makes α steeper, and thus, more compatible with synchrotron models.

4.4.1 Delayed high energy emission

In the long, bright and hard GRB 080825C triggered by GBM and seen by LAT, high-energy γ ray
emission detected by the LAT starts later and persist longer than the lower energy γ ray photons.
This is also seen subsequently in the long GRB 080916C, as well as short bursts, GRB 081024B
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and GRB 090510C (see LAT catalog). Therefore they appear to be a common feature of bright
and hard GRBs seen by both GBM and LAT. The delayed onset of the GRB 080916C LAT pulse,
which coincides with the rise of the second peak in the GBM light curve (see Fig. 17), suggests
a common origin in a region spatially separated from the first GBM pulse. In the framework of
the internal-shock model for the prompt emission of GRBs where intermittent relativistic shells
of plasma are ejected by a newly formed black hole and collide to form shocks and accelerate
particles, the two emission regions could arise from two different pairs of colliding shells, with
variations in physical conditions leading to non-thermal electrons with different spectral hard-
nesses (Piran 1999; Mészáros 2002). Model based on the proton synchrotron radiation in the
prompt phase where the delay is due to acceleration of protons, also is consistent with the high
energy spectrum of GRB 080916C (Razzaque, Dermer & Finke 2010).

An alternative explanation for the delayed onset of the LAT emission is that a volume be-
comes filled with radiation that attenuates the high-energy photons until a later time when the
emitting region expands and becomes optically thin (Granot, Cohen-Tanugi & do Couto e Silva
2008). Razzaque, Mészáros & Zhang (2005) have predicted that γ-ray photons typically above

Figure 17. Energy dependent optical depth for γ-rays from the GRBs.
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Figure 18. Energy-dependent optical depth to pair production, for the two scenarios. Solid line, Explosion
into ISM; dashed line, explosion into a wind.

10–100 GeV will be trapped inside the fireball due to a high opacity of electron-positron pair
production with other photons. High energy photons escaping the fireball may interact with cos-
mic background radiation and provide delayed γ-ray emission. Fig. 18 shows the photon energy
dependence of the optical depth inside the fireball (Pe’er & Waxman 2005). A γγ pair-production
opacity effect would, however, produce a high-energy spectral softening or cutoff, whereas in all
cases the combined GBM/LAT data are well fit with simple models by using the Band parame-
terisation.

For GRB 090510 an electron synchrotron radiation model in the early afterglow has been
invoked (Kumar & Barniol Duran 2009; Ghirlanda, Ghisellini & Nava 2010).

5. Inferred results

5.1 Standard candle

During their rather short live time, GRBs are radiating more energy than all the rest of the Uni-
verse and could therefore be the farthest objects, which could be possible to detected if they can
actually be produced by the first generation of stars and if there is not too much absorption along
the line of sight. Similar to type Ia supernovae, if GRBs are standard-like candles, they could sup-
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plement the former sample and could be the deepest probes of the cosmos. Lots of efforts have
been put into testing hardness-intensity relations in GRB prompt emission. First proposed by
Amati et al. (2002) from the BeppoSAX data, the so-called ‘Amati relation’ relates the observed
Epeak to the total isotropic energy release. Hence this raised lots of discussion in the community.
This relation suggests a correlation between the parameter Epeak of the Band function and the
total energy radiated during the prompt phase (when corrected for the redshift).

Epeak ∝ E(0.52±0.06)
iso .

The caution on the validity of this relation is the possible instrumental and selection effects. Since
the first proposition in 2002, many other derived results have been proposed. Among them the so
called Ghirlanda relation is particularly interesting. It states that the collimation-corrected total
energy of the bursts, Eγ is well correlated with the source frame Epeak as follows:

Eobs
peak(1 + z) ∝ E0.7

γ .

The physics of GRBs is far from understood, these relations are purely empirical but sur-
vive from one generation of instrument to the other (Amati 2003; Sakamoto et al. 2006). More
recently, Goldstein et al. (2010) re-analyzed the full sample of BATSE GRBs, and showed that
most of the GRBs violate the limits imposed by the Amati relation, but are consistent with the
Ghirlanda relation (Ghirlanda, Ghisellini & Lazzati 2004). Kocevski (2011) very recently showed
through the use of a population synthesis code to model the prompt gamma-ray emission from
GRBs that a combination of instrumental sensitivity and the cosmological nature of an astrophys-
ical population can artificially produce a strong correlation between observed parameters like the
Amati relation.

5.2 Extra-galactic background light

The Extra-galactic Background Light (EBL) is a cosmic diffuse Infra-red (IR)-Optical-Ultra-
violet (UV) radiation field produced by the first generation of stars and its reprocessing by the
dust in the interstellar medium. The EBL is difficult to study directly because of the intense
foreground and galactic emission. However, it is possible to constrain indirectly the EBL by
studying its effect on high energy gamma ray emission. In fact, photons with energy above
∼ 10 GeV can interact with such a low energy photon field via electron–positron pair production
during their propagation from sources at cosmological distances. This will result in a spectral
break in the observed spectrum from high energy sources like the Blazars and GRBs which are
ideal candidates to study EBL. Thus it is possible to test the density of the EBL photon field by
studying its opacity to high energy photons. Study of EBL as a function of the redshift could lead
to information on galaxy evolution and star formation in the early Universe. The highest energy
photons observed with Fermi, such as the 33.4 GeV photon from GRB 090902B at a redshift of
z = 1.82, do not support the ‘fast evolution’ and the ‘baseline’ models because they predict optical
depths of τγγ = 7.7 and 5.8 respectively which is too thick to support the observation (Stecker,
Malkan & Scully 2006). Similarly EBL models predicting a greater opacity of the Universe to
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high energy γ-rays, in the GeV–TeV, energy range are in disagreement with the observations of
Blazars (Stecker, Malkan & Scully 2006, 2007). Results on the measurement of the opacity of
the Universe with Fermi are reported in Abdo et al. (2009c, 2010b).

5.3 Lorentz invariance violation

While special relativity assumes that there is no fundamental length-scale associated with Lorentz
invariance, some quantum gravity models predict a fundamental length scale (called the Planck
scale lPlanck ≈ 1.62×10−33 cm or EPlanck ≈ MPlanckc2 ≈ 1.22×1019 GeV) at which quantum effects
are expected to strongly affect the nature of space-time. This implies that the Lorentz invariance
may break at or near the Planck scale. Some quantum gravity models predict a possible test
of such a violation is to measure an energy-dependence of the speed of light. To detect such
an effect, photons have to propagate very large distances to make possible the measurement of
any time delay between photons of various energies emitted at the same time from the source.
GRBs are explosive events at cosmological distances, emitting photons over a very large energy
range. Although the emission mechanisms involved in GRBs are still not completely understood,
it is generally accepted that low and high energy photons are emitted simultaneously from the
same emission region and that no known delay can be attributed to any source related emission
effects, which is a strong hypothesis that could impact the validity of the results. Any delay
between low and high energy photons in the observer frame could then be attributed to photon
propagation effects. Most of the models predicting a Lorentz invariance violation conclude that
the high energy photons should be delayed with respect to low energy photons, but the opposite
could happen as well. The arrival time delay (i.e. lag), ∆t, between low and high energy photons,
El and Eh respectively, emitted simultaneously and at the same location, is given by (Amelino-
Camelia et al. 1998)

∆t = ξ

(
Eh − El

MPlanckc2

)
L
c

(using only linear terms in the dispersion relation) where ξ is a model-dependent factor of the
order of unity and L the distance to the source.

All quantum gravity models do not agree on the degree of possible violation. With Fermi,
due to its unprecedented energy bandwidth, first order and possibly second order effect could
be measured. Abdo et al. (2009a) using GRB 090510 determined lower limits on the quantum
gravity mass scale. The technique described previously was applied assuming standard cosmol-
ogy of a flat expanding Universe with the following parameters ΩM = 0.27, ΩΛ = 0.73 and
H0 = 71 km s−1Mpc−1. Very conservative constraints were provided considering the lag as the
duration between the onset of the burst at low energy and the arrival time of the highest energy
photons. In the case of the long GRB 080916C, the highest energy photon is a 13 GeV arriving
16.5 s after the GRB onset and for the short GRB 090510, a 31 GeV photon was observed by the
LAT 0.83 s after the GBM trigger time. The strongest constraint was obtained for GRB 090510
with ELIV ≥ 1.19EPlanck. Even stronger constraints were obtained using less conservative but
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still reasonable assumptions, by associating after-trigger low energy pulses with the high energy
photons.

Until now, no significant energy dependence of the speed of light was reported from the
Fermi data, which currently provides the best lower limits. This strongly disfavours the quantum
gravity models predicting that the granularity of the space-time at Planck scale should lead to a
linear dependence of the speed of light with the energy.

6. Future prospects

6.1 VHE and UHE Gamma-rays from GRB Sources

The terrestrial atmosphere provides nearly 28 radiation lengths of shielding to celestial γ-rays.
Ground based telescopes like the Imaging Atmospheric Čerenkov Telescopes (IACTs) for very
high energy (VHE) γ-ray astronomy and the Extensive Air Shower (EAS) arrays for PeV γ-ray
astronomy use the atmosphere itself as the detector of γ-rays. These experiments exploit the
characteristics of the secondaries of the electromagnetic cascade initiated by the γ-rays.

IACTs such as MAGIC, VERITAS and HESS, which are still operational and water Čerenkov
detectors such as MILAGRO, whose activity stopped in 2008, looked for and are still looking for
a possible VHE γ ray signal in the GeV/TeV regime coming from GRBs. More recently MAGIC
(Garczarczyk et al. 2010), VERITAS (Galante et al. 2009) and HESS (Aharonian et al. 2009)
come online. Until now, only upper limits have been reported for a few tens of GRBs. MAGIC,
with a low energy threshold (∼ 25 GeV) and the fastest repointing capabilities is currently the
most powerful of these instruments for a quick follow up of the VHE counterpart in GRBs in
response to alerts from other instruments provided through GCN. However, MAGIC cannot re-
point faster than a few tens of seconds, which is usually too long to catch the prompt emission
from the burst. While IACTs suffer from a handicap of low duty cycles and limited field of
views, water Čerenkov detectors or the EAS arrays have a full sky coverage and can operate dur-
ing day and night with no limitation with the Moon’s phase. MILAGRITO, a prototype version
of MILAGRO, reported a possible VHE γ ray signal in coincidence with GRB 970417A, which
triggered BATSE (Atkins et al. 2000). However, MILAGRO, a much more sensitive instrument,
unfortunately did not find such a detection (Atkins et al. 2005).

Even though IACTs and water Čerenkov detectors have not succeeded in detecting a VHE
γ-ray signal from the GRBs they were only a small number of GRBs. MAGIC energy threshold
overlaps with the LAT energy band and hence could have detected the 33 GeV photon observed
by the LAT during the prompt emission of GRB090902B (Abdo et al. 2009c). In addition, this
photon was detected about 80 s after the GBM trigger time, which is encouraging since MAGIC
could have repointed to the burst location during this time. If this burst were to have triggered
Swift or LAT and provided a precise location through the GCN system the chances could have
been still higher. Future generation IACTs, like the Čerenkov Telescope Array (CTA) (Bou-
vier et al. 2011), and the future water Čerenkov detector like the High-Altitude Water Čerenkov
Observatory (HAWC), if operating simultaneously with Fermi, should be able to undertake the
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challenge of detecting VHE γ-ray emission from GRBs. Such a detection will have a major im-
pact on GRB physics. The high energy cutoff, if any, could tell us about the emission process
operating at the GRB sources, the acceleration mechanism of the radiating particles, the out-
flow Lorentz factor as well as the Extra-galactic Background Light (EBL) responsible for VHE
extinction (Abdo et al. 2010b).

6.2 Radio emission from GRB sources

A conducting fireball expanding at relativistic speed into an ambient magnetic field generates
a rapidly changing electric current which emits coherent electromagnetic radiation at radio fre-
quencies. The critical frequency (upper limit of the emission) strongly depends on the Lorentz
factor of the expansion. The radio detection will enable us to estimate the density and structure of
the circumstellar material and, by inference, the evolution of the presupernova stellar wind, and
reveal the last stages of stellar evolution before explosion. The radio emission can best be ex-
plained as the interaction of a mildly relativistic (Γ ∼ 1.6) shock with a dense pre-explosion stellar
wind-established circumstellar medium that is highly structured both azimuthally, in clumps or
filaments, and radially, with observed density enhancements.

Over the past several years the afterglow of γ-ray bursters has occasionally been detected in
the radio (see Chandra & Frail 2011 (this issue) for a comprehensive review on radio afterglow
observations from GRBs), as well in other wavelengths. It is possible to model the gross prop-
erties of the radio and optical/infrared emission from the half-dozen GRBs with extensive radio
observations. From this it is concluded that at least some members of the ‘slow-soft’ class of
GRBs can be attributed to the explosion of a massive star in a dense, highly structured circum-
stellar medium that was presumably established by the pre-explosion stellar system.

The coherent radio emission is practically simultaneous with the GRB except for the reduced
propagation speed of the radio waves by interstellar dispersion. However delayed radio emissions
have been detected in the case of GRB 990123 (Kulkarni et al. 1999) which has been interpreted
as due to reverse shock. The source of this radio emission could be attributed to incoherent
synchrotron radiation of shockwave produced electrons (Paczynski & Rhoads 1993).

Ideally an all sky monitor in the radio frequency range would be an ideal instrument since
unknown delays due to dispersion measure as well as intrinsic delays due to the emission process.
One such possible detector would be the upcoming LOw Frequency ARray (LOFAR) array which
has a sensitivity at low frequencies (≤ 250 MHz) better than the currently operating radio tele-
scopes like the Very Large Array (VLA), Westerbork Synthesis Radio Telescope (WSRT) and
Giant Meterwave Radio Telescope (GMRT) array, by more than an order of magnitude.

In addition the Square Kilometer Array (SKA) will be a revolutionary radio telescope with
about one square kilometre of collecting area, giving 50 times the sensitivity and 10,000 times
the survey speed of the best current day telescopes with a wide bandwidth of frequency range
from 70 MHz to 10 GHz. It is expected to become fully operational by 2024. We would certainly
expect breakthroughs when these future projects become fully operational.
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6.3 Neutrinos from GRBs

Detection of high energy neutrinos from GRBs would test the shock acceleration mechanism and
the suggestion that GRBs are the sources of ultra-high energy protons, since ≥ 1014 eV neutrino
production requires 1016 eV protons. The dependence of even higher energy neutrino (1017 eV)
flux on the fireball environment implies that the detection of high energy neutrinos would also
provide constraints on the GRB progenitors. Furthermore, it has recently been pointed out that
if GRBs originate from core-collapse of massive stars, then a burst of ≥ 5 TeV neutrinos may
be produced by photo-meson interaction while the jet propagates through the envelope with TeV
fluence implying 0.1–10 neutrino events per individual collapse in a 1 km3 neutrino telescope. It
is argued that GRBs have the potential to produce the particle energies (up to 1021 eV) and the
energy budget (1044 erg yr−1Mpc−3) to accommodate the spectrum of the highest energy cosmic
rays (see §2.8 for more details). Detection of neutrinos is the only unambiguous way to establish
that GRBs accelerate protons.

Detection of neutrinos from GRBs could be used to test the simultaneity of neutrino and
photon arrival to an accuracy of ∼ 1 s checking the assumption of special relativity that photons
and neutrinos have the same limiting speed, especially in view of the recent results from the
OPERA experiment at Gran Sasso (Adam et al. 2011).

Hence it is important to search for neutrino emission from GRBs. Is the predicted flux de-
tectable by the existing neutrino telescopes? Waxman & Bachall (1997) show that a large fraction,
≥ 10% of the fireball energy is expected to be converted by photo-meson production to a burst
of ∼ 1014 eV neutrinos. As a result we would expect to see several tens of events in a year in
a typical neutrino detector of area 2 km2. This rate is comparable to the background expected
from atmospheric neutrinos. However one could easily detect a burst of neutrinos temporally and
directionally coincident with the γ-rays from the GRB. The predicted neutrino flux also implies
a detection of ∼ 10 neutrino induced muon events per year in a planned 1 km3 Čerenkov neutrino
detectors, correlated in time and direction with GRBs. There are several systematic searches for
neutrino emission strongly time correlated with GRB signals (Alvarez-Muniz, Halzen & Hooper
2000) produced in a Waxman–Bachall fireball (Waxman & Bachall 1997) as well as model in-
dependent searches for neutrinos in a range of energies and emission times with no apparent
success (Blaufuss, Meagher & Whitehorn 2011; Presani 2011; Vieregg et al. 2011). Perhaps
this lack of success may be understandable if the neutrinos travel with super-luminal velocities
(Autiero, Migliozzi & Russo 2011).

The future neutrino detector has the potential to answer some of these critical questions.

6.4 Gravitational waves from GRBs

As predicted in Einstein’s General Theory of Relativity, gravitational waves are disturbances in
the curvature of spacetime caused by the motions of matter. A promising source of gravitational
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waves is the coalescence of compact binary systems, events which are now believed to be the ori-
gin of short GRBs because such mergers are asymmetric. In addition, short GRBs are generally
closer than long GRBs. Further GRBs provide a convenient time stamp to identify coincident sig-
nals from the gravitational wave detectors which are not directional. Sensitivities of some of the
upcoming gravitational wave detectors mentioned below are sufficient to allow some possibility
for the detection of astrophysical sources, including gravitational wave signals associated with
GRBs and SGRs. Propagating at (or near) the speed of light, gravitational waves pass straight
through matter, their strength weakens proportionally to the distance travelled from the source.
A gravitational wave arriving on Earth will alternately stretch and shrink distances, though on an
incredibly small scale – by a factor of 10−21 for very strong sources. Gravitational wave astron-
omy could expand our knowledge of the cosmos dramatically. For example, gravitational waves,
though weakening with distance, are thought to be unchanged by any material they pass through
and, therefore, should carry signals unaltered across the vast reaches of space. By comparison,
electromagnetic radiation tends to be modified by intervening matter. The remarkable thing about
a black hole when simulated on a computer is that no matter how it forms or is perturbed, whether
by infalling matter, by gravitational waves, or via a collision with another object (including a sec-
ond black hole), it will ‘ring’ with a unique frequency known as its natural mode of vibration.
It’s this unique wave signature that will allow scientists to know if they’ve really detected a black
hole. The signal will tell how big the black hole is and how fast it’s spinning. The γ-rays and
the afterglow emission of GRBs are thought to be produced at distances from the central engine
where the plasma has become optically thin, r ≥ 1013 cm, which is much larger than the Schwarz-
schild radius of a stellar mass black hole (or of a neutron star). Hence we have only very indirect
information about the inner parts of the central engine where the energy is generated. However,
in any stellar progenitor model of GRB one expects that gravitational waves should be emitted
from the immediate neighbourhood of the central engine which is known to house a black hole.
Gravitational waves emitted from the progenitor itself, would carry more direct information on
the properties of the central engine. Therefore, it is of interest to study the gravitational wave
emission from GRB associated with specific progenitors.

Existence of a shallow decay phase in the early X-ray afterglows of γ-ray bursts is a common
feature. It is possible that this is connected to the formation of a highly magnetised millisecond
pulsar, pumping energy into the fireball on timescales longer than the prompt emission. In this
scenario, the nascent neutron star could undergo a secular bar-mode instability, leading to grav-
itational wave losses which would affect the neutron star spin-down. In this case, nearby γ-ray
bursts with isotropic energies of the order of 1050 erg would produce a detectable gravitational
wave signal emitted in association with an observed X-ray light-curve plateau, over relatively
long timescales of minutes to about an hour. The peak amplitude of the gravitational wave signal
would be delayed with respect to the γ-ray burst trigger, offering gravitational wave interferome-
ters such as the advanced LIGO and Virgo the challenging possibility of catching its signature on
the fly (Corsi & Mészáros 2009).

Gravitational waves if detected from well-localised, spiralling in compact-object binaries,
like the progenitors of short GRBs, can measure absolute source distances with high accuracy.
When coupled with an independent determination of redshift through an electromagnetic counter-
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part, these standard sirens can provide an excellent probe of the expansion history of the Universe
and eventually the dark energy equation of state parameter w (Dalal et al. 2006).

Hence the ground based gravitation wave detector network consisting of Laser Interferome-
ter Gravitational-Wave Observatory (LIGO), LIGO-II (a planned upgrade of LIGO with tenfold
increase in sensitivity), Virgo (Italian and French collaboration for the realization of an interfero-
metric gravitational wave detector which is about to be fully commissioned), and AIGO are vital
to realize some the potentials of this technique. LIGO–VIRGO network will become operational
in 2015 at the completion of the latest upgrades. Prime candidates for generating detectable ra-
diation are binary black holes whose constituents each have masses of 10–50 M�. In addition
there are several gravitational wave detector arrays planned for the future. Australian Consortium
for Interferometric Gravitational wave Astronomy (ACIGA), plans at undertaking research and
development aimed at improving the performance of present laser interferometric gravitational
wave detectors through advanced designs to ultimate limits set by mechanics, quantum mechan-
ics, lasers and optics. The Einstein Telescope (ET) aims at realization of the conceptual design
of a future European third generation gravitational wave detector. In fact the evolution of the cur-
rent (first generation) gravitational wave detectors is well defined: after the current upgrade to the
so-called enhanced level, the detectors will evolve toward their second generation: the advanced
Virgo and LIGO detectors.

There are several searches conducted already for gravitational wave signal coincident with
GRBs with no clear success (Abbott et al. 2008; Acernese et al. 2008; Alexander 2008). With the
commissioning of more advanced detectors there is potential for achieving breakthroughs in the
field of Gravitational Wave Astronomy (see Dhurandhar 2011).
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