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Abstract

Gamma-ray bursts are the most luminous explosions in the Universe, and their origin and
mechanism are the focus of intense research and debate. More than three decades after their
discovery, and after pioneering breakthroughs from space and ground experiments, their study
is entering a new phase with the recently launched Swift satellite. The interplay between
these observations and theoretical models of the prompt gamma-ray burst and its afterglow is
reviewed.
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1. Introduction

Gamma-ray bursts (GRB) are brief events occurring at an average rate of a few per day
throughout the universe, which for a brief period of seconds completely flood with their
radiation an otherwise almost dark gamma-ray sky. While they are on, they outshine every other
source of gamma-rays in the sky, including the Sun. In fact, they are the most concentrated
and brightest electromagnetic explosions in the Universe. Until recently, they were undetected
at any wavelengths other than gamma-rays, which provided poor directional information and
hence there were no direct clues about their site of origin.

This changed in early 1997 when the Beppo-SAX satellite succeeded in detecting them
in x-rays, which after a delay of some hours yielded sufficiently accurate positions for large
ground-based telescope follow-up observations. These proved that they were at cosmological
distances, comparable to those of the most distant galaxies and quasars known in the Universe.
Since even at these extreme distances (up to Gigaparsecs, or ~10%8 cm) they outshine galaxies
and quasars by a very large factor, albeit briefly, their energy needs must be far greater. Their
electromagnetic energy output during tens of seconds is comparable to that of the Sun over
~few x 10'° years, the approximate age of the universe or to that of our entire Milky Way over
afew years. The current interpretation of how this prodigious energy release is produced is that
a correspondingly large amount of gravitational energy (roughly a solar rest mass) is released
in a very short time (seconds or less) in a very small region (tens of kilometres or so) by a
cataclysmic stellar event (the collapse of the core of a massive star or the subsequent mergers
of two remnant compact cores). Most of the energy would escape in the first few seconds as
thermal neutrinos, while another substantial fraction may be emitted as gravitational waves.
This sudden energy liberation would result in a very high temperature fireball expanding at
highly relativistic speeds, which undergoes internal dissipation leading to gamma-rays, and it
would later develop into a blast wave as it decelerates against the external medium, producing
an afterglow which gets progressively weaker. The resulting electromagnetic energy emitted
appears to be of the order of a per cent or less of the total energy output, but even this
photon output (in y-rays) is comparable to the total kinetic energy output leading to optical
photons by a supernova over weeks. The remarkable thing about this theoretical scenario is
that it successfully predicts many of the observed properties of the bursts. This fireball shock
scenario and the blast wave model of the ensuing afterglow have been extensively tested against
observations and have become the leading paradigms for the current understanding of GRB.

Historically, GRBs were first discovered in 1967 by the Vela satellites, although they were
not publicly announced until 1973 [233]. These spacecrafts, carrying omnidirectional gamma-
ray detectors, were flown by the US Department of Defense to monitor nuclear explosions
which might violate the Nuclear Test Ban Treaty. When these mysterious gamma-ray flashes
were first detected, and it was determined that they did not come from the Earth’s direction,
the first suspicion (quickly abandoned) was that they might be the product of an advanced
extraterrestrial civilization. Soon, however, it was realized that this was a new and extremely
puzzling cosmic phenomenon [233]. For the next 25 years, only these brief gamma-ray flashes
were observed, which could be only roughly localized and which vanished too soon, leaving
no traces, or so it seemed. Gamma-rays are notoriously hard to focus, so no sharp gamma-
ray ‘images’ exist to this day: they are just diffuse pin-pricks of gamma-ray light. This
mysterious phenomenon led to a huge interest and to numerous conferences and publications
on the subject, as well as to a proliferation of theories. In one famous review paper at the
1975 Texas Symposium on Relativistic Astrophysics, no fewer than 100 different possible
theoretical models of GRB were listed [428], most of which could not be ruled out by the
observations then available.
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The first significant steps in understanding GRBs started with the 1991 launch of the
Compton Gamma-Ray Observatory, whose results were summarized in [132]. The all-sky
survey from the BATSE instrument showed that bursts were isotropically distributed, strongly
suggesting a cosmological or possibly an extended galactic halo distribution, with essentially
zero dipole and quadrupole components [124]. At cosmological distances the observed GRB
fluxes imply enormous energies, which, from the fast time variability, must arise in a small
volume in a very short time. This leads to the formation of an e* — y fireball [173,353,457],
which expands relativistically. The main difficulty with this scenario was that a smoothly
expanding fireball would convert most of its energy into kinetic energy of accelerated baryons
(rather than into photon energy) and would produce a quasi-thermal spectrum, while the typical
timescales would not explain events much longer than milliseconds. This difficulty was
addressed by the ‘fireball shock scenario’ [309, 416], based on the realization that shocks
are likely to arise, e.g. when the fireball ejecta runs into the external medium, after the fireball
has become optically thin, thus reconverting the expansion kinetic energy into non-thermal
radiation. The complicated light curves can also be understood, e.g. in terms of internal
shocks [236,417,450] in the outflow itself, before it runs into the external medium, caused by
velocity variations in the outflow from the source.

The next major developments came after 1997, when the Italian—Dutch satellite Beppo-
SAX succeeded in detecting fading x-ray images which, after a delay of 4-6 h of processing, led
to positions [76], allowing follow-ups at optical and other wavelengths, e.g. [484]. This paved
the way for the measurement of redshift distances, the identification of candidate host galaxies
and the confirmation that they were indeed at cosmological distances [104, 249, 252,304].
The detection of other GRB afterglows followed in rapid succession, sometimes extending to
radio [137,139] and over timescales of many months [483], and in a number of cases resulted
in the identification of candidate host galaxies, e.g. [50,351,441]. The study of afterglows
has provided strong confirmation for the generic fireball shock model of GRB. This model
led to a correct prediction [313], in advance of the observations, of the quantitative nature of
afterglows at wavelengths longer than y-rays, which were in substantial agreement with the
data [411,475,496,509,530].

A consolidation of the progress made by Beppo-SAX was made possible through the
HETE-2 satellite [203], after the demise of CGRO and Beppo-SAX. It provided a continuing
stream of comparable quality afterglow positions, after typical delays of hours, and contributed
to the characterization of a new class of sources called x-ray flashes or XRF [202] resembling
softer GRBs, which had been earlier identified with Beppo-SAX. It also localized GRB 030329,
which resulted in the first unambiguous association with a supernova (SN2003dh) [204,467].

The third wave of significant advances in the field is due to the Swift multi-wavelength
afterglow satellite, launched in November 2004, which achieved the long-awaited goal of
accurately localized afterglows starting a minute or so after the burst trigger, at gamma-ray,
x-ray and optical wavelengths [162,472]. This revealed the hitherto unexplored afterglow
behaviour between minutes and hours, enabling a study of the transition from the prompt
emission and the subsequent long term afterglow and revealing a rich range of x-ray early
behaviour. It also achieved the long-awaited discovery of the afterglows of ‘short” gamma-ray
bursts (whose hard gamma-ray emission is briefer than 25s). It furthermore broke through
the symbolic redshift z = 6 barrier, beyond which very few objects of any kind have been
measured.

On the theoretical side, a major issue raised by the large redshifts, e.g. [249,253], is
that the measured y-ray fluences (the flux integrated over time) imply a total energy of the
order of a solar rest mass, M@c2 ~ 2 x 10 ergs, if it is emitted isotropically. In contrast,
the total radiant (and the associated kinetic expansion energy) of supernovae (SN), which
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is detected over timescales of weeks to months, is of the order of a thousandth of a solar
rest mass, 10°! ergs. A GRB emission which is concentrated in a jet, rather than isotropically,
significantly alleviates the energy requirements. There is now extensive observational evidence
for such collimated emission from GRBs, provided by breaks in the optical/IR light curves
of their afterglows [65, 145,253]. The inferred total amount of radiant and kinetic energy
involved in the explosion is in this case comparable to that of supernovae (except that in GRBs
the energy is mostly emitted in a jet in y-rays over tens of seconds, whereas in supernovae
it is emitted isotropically in the optical over weeks). While the luminous (electromagnetic)
energy output of a GRB is thus ‘only’ of the same order of magnitude as that of supernovae, the
explosion is much more concentrated, both in time and in direction, so its specific brightness
for an observer aligned with the jet is many orders of magnitude more intense and appears
at much higher characteristic photon energies. Including the collimation correction, the
GRB electromagnetic emission is energetically quite compatible with an origin in, say, either
compact mergers of neutron star-neutron star (NS-NS) or black hole-neutron star (BH-NS)
binaries [109, 341, 353, 320] or with a core collapse (hypernova or collapsar) model of a
massive stellar progenitor [292, 356,389,528, 529], which would be related to but much rarer
than core-collapse supernovae. While in both cases the outcome could be, at least temporarily,
a massive fast-rotating ultra-high magnetic field neutron star (a magnetar), the high mass
involved is expected to inevitably lead to the formation of a central black hole, fed through a
brief accretion episode from the surrounding disrupted core stellar matter, which provides the
energy source for the ejection of relativistic matter responsible for the radiation.

A stellar origin of GRB leads to two predictions which are similar to those for core-collapse
supernovae, albeit in so far unobserved aspects. In both GRB (whether from compact mergers
or from collapsar scenarios) and in core-collapse SN, the central material is compressed to
nuclear densities and heated to virial temperatures characteristically in the multi-MeV range,
leading to 5-30 MeV thermal neutrinos. And in both cases, the merging or collapsing core
material acquires a time-varying quadrupole mass moment (which may be smaller in the SN
not related to GRB), which leads to gravitational wave emission. In both GRB and supernovae,
the total neutrino emission is of the order of a fraction of a solar rest mass, ~several x 103 ergs.
The gravitational wave emission is of the same order for compact mergers, probably less than
that for collapsars, and much less in normal core collapse SNe. Experiments currently planned
or under construction will be able to probe these new channels.

2. Observational progress up to 2005

Before reviewing, in the next section, the latest observational advances achieved with Swift,
the observational progress made up to that time is briefly surveyed. More extensive discussion
and references on observations previous to 2004 are, for example, in [132,385,483,541].

The y-ray phenomenology of GRB was extensively studied and characterized by the
BATSE instrument on the Compton GRO satellite [132]. The y-ray spectra are non-thermal,
typically fitted in the MeV range by broken power laws whose energy per decade peak is in
the range 50-500 KeV [20], sometimes extending to GeV energies [213]. GRB appeared to
leave no detectable traces at other wavelengths, except in some cases briefly in x-rays. The
gamma-ray durations range from 1073 s to about 10° s, with a roughly bimodal distribution
of long bursts of 7, = 2 and short bursts of #, < 2 [246], and substructure sometimes
down to milliseconds. The gamma-ray light curves range from smooth, fast-rise and quasi-
exponential decay (FREDs), through curves with several peaks, to highly variable curves with
many peaks [132,247] (figure 1). The pulse distribution is complex [377], and the time histories
can provide clues for the geometry of the emitting regions [126, 127].
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Figure 1. Diversity of gamma-ray light curves observed by BATSE [132].

GRB were conclusively shown to be at cosmological distances following Beppo-SAX
localizations of their x-ray afterglows in 1997 [76], followed by optical host galaxy
identification and redshift determinations [484]. The afterglows decay as a power law in
time in a manner predicted by pre-existing models [313], softening in time from x-rays to
optical to radio (e.g. figure 2). The energy needed to explain the total (mainly gamma-
ray) energy fluence can be as large as 1054(S2y /4m) ergs, where AQ, is the solid angle
into which the gamma-rays are beamed. This is for the highest fluences seen in some
of the most distant bursts, although for many bursts the energy budget problem is not as
extreme. If the emission is assumed to be emitted isotropic (isotropic equivalent luminosity
or energy) this energy ranges up to a solar rest mass in gamma-rays. This would strain
a stellar origin interpretation, since from basic principles and experience it is known that,
even for the most efficient radiation conversion schemes, a dominant fraction of the energy
should escape in the form of thermal neutrinos and gravitational waves. The energy
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Figure 2. The afterglow light curves of GRB 970228 [530].

requirements are, however, much less severe in the case when the emission is collimated
(section 2.2).

GRB afterglow light curves such as those shown in figure 2 have been followed up starting
several hours after the trigger in x-rays by Beppo-SAX and subsequently by HETE-2, and in the
optical/IR from ground-based telescopes (or in some cases with HST), and have been explained
in terms of forward shock emission (for discussions of the pre-Swift data interpretation
see, e.g. [307,385,483,541]). Afterglows have been followed up at radio wavelengths in
some cases over months, and the analysis and interpretation of the radio spectra and light
curves [40, 141, 482] provides important clues for the calorimetry and the multi-waveband
model fits discussed in section 5.1.

2.1. Progenitor candidates

There is now strong observational evidence [483] that GRB result from a small fraction
(~ 107%) of stars which undergo a catastrophic energy release event towards the end of their
evolution. For the class of long GRB the candidates are massive stars whose core collapses
[146,356,529] to a black hole, either directly or after a brief accretion episode, possibly in the
course of merging with a companion. This scenario is referred to as the collapsar or hypernova
scenario, which received strong support through the secure spectroscopic detection in some
cases of an associated supernova event (e.g. [156,204,467]; also see sections 2.4 and 8.2). For
short bursts the most widely speculated candidates are mergers of neutron star (NS) binaries
or neutron star-black hole (BH) binaries [109, 173, 314,353, 320,267,427, 268], which lose
orbital angular momentum by gravitational wave radiation and undergo a merger. This second
progenitor scenario has only now begun to be tested thanks to the Swift detection of short burst
afterglows (see sections 3 and 7). Both of these progenitor types are expected to have as an end
result the formation of a few solar mass black holes, surrounded by a temporary debris torus
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whose accretion can provide a sudden release of gravitational energy, sufficient to power a
burst. An important point is that the overall energetics from these various progenitors need not
differ by more than about one order of magnitude [317]. The duration of the burst in this model
is related to the fall-back time of matter to form an accretion torus around the BH [146,389] or
the accretion time of the torus [342]. Other related scenarios include the formation of a fast-
rotating ultra-high magnetic field neutron star from a stellar collapse [429,465,477,480,523].

2.2. Light curve breaks and jets

An important subsequent development was the observation, in many of the well-sampled
afterglows, of a break or steepening of the x-ray and optical light curves [140,253], which can
be interpreted as being due to the outflow being jet-like and the break occurs when the edge
of the jet becomes visible, as the jet slows down [315,413,414,453]. The typical (long burst)
inferred jet opening angles are §; ~ 5°-20°, which reduces the total energy requirements from
10°3-10%* erg to ~10°" ergs [140,362], with a dispersion of a factor ~ 10. The details are
dependent on assumptions about the jet geometry and whether one addresses the gamma-ray
energy [140] or the jet kinetic energy [362], with a somewhat larger dispersion in the latter.
Variable optical linear polarization is expected at the time of a jet break [171,425,446], which
can provide additional constraints, also on the jet structure. Light curve break determinations
continued through the Beppo-SAX and HETE-2 afterglow observation periods, mainly in the
optical. Break observations in the Swift era are discussed in section 5.5.

2.3. Optical flashes

Prompt optical flashes (starting within tens of seconds after the gamma-ray trigger) have been
reported from ground-based small robotic telescopes in a few bursts [4, 10]. These arise
much earlier, are initially brighter and decay more steeply than more ubiquitous long-term,
slow decaying optical afterglows generally detected since 1997. They are also rare: between
1999 and 2004 only a handful of prompt optical flashes were detected with robotic ground
telescopes [10]. Since the Swift launch, more than twenty prompt UVOT (or ground-based
robotic) optical flashes have been seen, mostly at times starting several hundreds of seconds
after the trigger. None have been as bright as the first one detected in GRB 990123, except for
the most notable distant GRB 050904, whose optical brightness is comparable to that of GRB
990123 [57]. This is futher discussed further in section 6.5.

2.4. Association with supernovae

At least some long GRBs are associated with supernova explosions. The first reported example
was the GRB980425/SN1998bw association [156,250,485]. SN 1998bw was a peculiar and
energetic Type Ib/c supernova. Using it as a template, other possible associations have been
claimed through identifying a so-called red supernova bump on the optical afterglow light
curves of GRB 980326 [51], GRB 970228 [157,412], GRB 000911 [263], GRB 991208 [66],
GRB 990712 [442], GRB 011121 [52], GRB 020405 [391] and GRB 031203 [72,289]. The
first unambiguous supernova signature (SN 2003dh) was detected in the z = 0.168 GRB
030329, firmly establishing the GRB-SN associations [204,467]. Another GRB/SN event,
GRBO060218/SN2006aj, is discussed in section 3, and the supernova connection is further
discussed in section 8.2.
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2.5. X-ray flashes

X-ray flashes (XRFs) are a class of bursts whose light curves and spectra resemble typical GRB,
except for the fact that their spectra are much softer, their spectral peaks Ep being typically
tens of keV or less [202,232]. XRFs were first identified with the Beppo-SAX satellite and
have been studied in greater detail and numbers with the HETE-2 satellite [26, 259]. Their
fluxes and isotropic equivalent luminosities tend to be smaller than for GRB, which makes
the afterglow searches more difficult. Nonetheless, several afterglows have been detected, and
redshifts have been measured in some of them ( [458], also sections 3 and 6).

2.6. Empirical correlations and distance estimators

The collimation-corrected total burst energy clustering around 10°! ergs, while making a stellar
origin quite plausible, is unfortunately not sufficiently well defined to use as standard luminosity
candles, whose apparent brightness would provide a distance determination. There are other
possible distance measures, based on empirical correlations between burst observables. One of
these is an apparent gamma-ray light curve variability correlation with the isotropic equivalent
luminosity [125,410]. Another is the time lag (between higher energy versus lower energy)
gamma-rays and the isotropic luminosity [22,346,347]. Attempts at modelling the spectral
lags have relied on observer-angle dependences of the Doppler boost [331,443]. In these
correlations the isotropic equivalent luminosity was used, in the absence of jet signatures, and
they must be considered tentative for now. However, if confirmed, they could be invaluable
for independently estimating GRB redshifts. A third one is a correlation between the spectral
properties and the isotropic luminosity [7, 16, 59, 284]. These measures can be effectively
calibrated only for light curves or spectra obtained with the same instrument and when redshifts
are available. For the above methods the calibration set typically consists of a dozen bursts,
which is insufficient to be considered reliable. The data set is now rapidly increasing with new
Swift redshift determinations, but the Swift spectra are less well constrained at energies above
150 keV than with Beppo-SAX.

In recent years, attention has been drawn to a correlation between the photon spectral
peak energy Ep and the apparent isotropic energy Ejg, or the isotropic luminosity Lis, [8] of
the form Ep o Eilsf)z. For GRB, this correlation has been calibrated on a sample consisting of
around ten bursts. While strongly suggestive, the sample is relatively small and the dispersion
is large, so its usefulness as a distance measure is precarious. Another suggestive result is
that for some x-ray flashes whose redshift has been measured the correlation continues to
hold [259], even though the peak energy is ~1.5 and the Ej,, is ~3 orders of magnitude lower
than for GRB.

An interesting development of the Ep—Ej, correlation is the proposal of a relationship
between the collimation-corrected total energy (E; and the photon spectral peak). Modelling
the jet break under the assumption that the jet expands into a uniform density external medium,
this has the form Epx Ejo'7 for a jet assumed to propagate in a homogeneous medium
[86,165-167], and the relation appears to be tighter than the previously discussed Ep, o Eilséz
(Amati) relation. This requires both an observed redshift and a light curve break for calibration.
If it holds up for a larger calibration sample than the current (~18 bursts so far), it could be
of promise as a cosmological tool [168,260]. There are however problems to resolve before
this becomes competitive with SNIa as a cosmological tool [144]. The main ones are the
presence of outliers [335], the lack of a large low redshift sample for calibration (since using
a high redshift sample requires assumptions about the cosmology which it is supposed to
test), an evaluation of observational biases and selection effects and the dependence of the
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results on model assumptions about the external medium and jet properties. The latter may be
circumvented by relying only on observables, e.g. Epe.x fluence (or peak flux) and the break
time fy [276,340]. The dispersion, however, remains so far about 1.5-2 times larger than
for SNla.

3. Recent results from Swift and follow-up observations

Compared with previous missions, the swift results represent a significant advance on two
main accounts. First, the sensitivity of the burst alert detector (BAT, in the range 20-150keV)
is somewhat higher than that of the corresponding instruments in CGRO-BATSE, BeppoSAX
and HETE-2 [21]. Second, Swift can slew in less then 100 s in the direction determined by the
BAT instrument, positioning its much higher angular resolution x-ray (XRT) and UV-Optical
(UVOT) detectors on the burst [162].

As of December 2005, at an average rate of 2 bursts detected per week, over 100 bursts had
been detected by BAT in about a year (compared with 300/year by BATSE; note the BAT field
of view is 2 sr versus 47 in BATSE). Of these ~100 bursts, 90% were detected and followed
with the XRT within 350 s from the trigger and about half within 100 s [61], while ~30% were
detected also with the UVOT [423]. Of the total, over 23 resulted in redshift determinations.
Included in this total sum are nine short GRB, of which five had detected x-ray afterglows,
three had optical and one had a radio afterglow, with five host galaxy detections and redshift
determinations. These were the first ever short GRB afterglows detected and followed.

The new observations show increase in the total redshift determinations to over 50 since
1997, when BeppoSAX enabled the first one. The median redshift of the Swift bursts
is z 2 2, which is a factor ~2 higher than the median of the BeppoSAX and HETE-2
redshifts [42]. This is a statistically significant difference between the Beppo-SAX and Swift
redshift samples [17,221]. This may in part be ascribed to the better sensitivity of the BAT
detector but mostly to the prompt and accurate positions from XRT and UVOT, making ground-
based detection at a stage when the afterglow is much brighter possible by a larger number
of robotic and other telescopes. As of January 2006 the highest Swift-enabled redshift is that
of GRB 050904, obtained with the Subaru telescope, z = 6.29 [229], and the second highest
is GRB 050814 at z = 5.3, whereas the previous Beppo-SAX era record was z = 4.5. The
relative paucity of UVOT detections versus XRT detections may be ascribed in part to this
higher median redshift and in part to the higher dust extinction at the implied shorter rest-
frame wavelenghts for a given observed frequency [423], although additional effects may be
at work too.

In some of the bursts, both of the ‘long’ (#, 2 2s) and ‘short’ (#, < 2s) categories as
defined by BATSE, the Swift BAT results, show faint soft gamma-ray extensions or tails, which
extend the duration by a substantial factor beyond what BATSE would have detected [162]. A
rich trove of information on the burst and afterglow physics has come from detailed XRT light
curves, starting on average 100 s after the trigger, together with the corresponding BAT light
curves and spectra. This suggests a canonical x-ray afterglow picture [348] which includes
one or more of the following: (1) an initial steep decay Fy o t~% with a temporal index
3 < a; < 5 and an energy spectrum F, o< v~# with energy spectral index 1 < g; < 2
(or photon number index 2 < «a +1 < 3), extending up to a time 300s < 7, < 500s,
(2) a flatter decay portion Fx o< t~*2 with temporal index 0.2 < a, < 0.8 and energy
index 0.7 < B> < 1.2, at times 10%s < £ < 10%s, (3) a ‘normal’ decay Fy oc ¢~ with
1.1 £ a3 < 1.7and 0.7 £ B35 < 1.2 (generally unchanged the previous stage), up to a
time 73 ~ 107 s or in some cases longer, (4) in some cases, a steeper decay Fx o t~* with
2 < ay < 3, after 14 ~ 10° s and (5) in about half the afterglows, one or more x-ray flares

~
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Figure 3. Schematic features seen in early x-ray afterglows detected with the Swift XRT instrument
(e.g. [348,544] (see text).

are observed, sometimes starting as early as 100s after trigger and sometimes as late as 10° s.
The energy in these flares ranges from a per cent up to a value comparable to the prompt
emission (in GRB 050502b). The rise and decay times of these flares is unusually steep,
depending on the reference time #y, behaving as (t — #)*" with 3 < ag < 6, and energy
indices which can be also steeper (e.g. Bg < 1.5) than during the smooth decay portions. The
flux level after the flare usually decays to the value extrapolated from the value before the
flare rise (see figure 3). The above characteristics are derived mainly from long bursts, but,
interestingly, at least one of the short bursts shows similar features. However, the evidence
for late time activity is more sketchy in short bursts, so the analogy must be considered with
caution.

An exciting result from Swift was the detection of the long burst GRB 050904, which
broke through the astrophysically and psychologically significant redshift barrier of z ~ 6,
which is thought to mark the approximate end of the ‘dark ages’, when re-ionization of the
intergalactic medium by the first generation of light sources approaches completion. This
burst was very bright, both in its prompt y-ray emission (Ey s, ~ 103 erg) and in its x-ray
afterglow. Prompt ground-based optical/IR upper limits and a J-band detection suggested a
photometric redshift z > 6 [195], and spectroscopic confirmation soon followed with the 8.2 m
Subaru telescope, giving z = 6.29 [229]. There are several striking features to this burst. One
is the enormous x-ray brightness, exceeding for a full day the x-ray brightness of the most
distant x-ray quasar known to date, SDSS J0130 + 0524, by up to a factor 10° in the first
minute [505]. The implications as a tool for probing the intergalactic medium are thought
provoking. Another feature is the extremely variable x-ray light curve, showing many large
amplitude flares extending up to at least a day. A third exciting feature is the report of a brief,
very bright, IR flash [57], comparable in brightness to the famous my ~ 9 optical flash in
GRB 990123.

A third major advance from Swift was the discovery and localization of short GRB
afterglows. As of December 2005 nine short bursts had been localized by Swift, while in
the same period HETE-2 discovered two, and one was identified with the IPN network. In
five of the short bursts, GRB 050509b, 050709, 050724 and 051221a an x-ray afterglow was
measured and followed up, with GRB 050709, 050724 and 051221a also showing an optical
afterglow and 050724 a radio afterglow, while 040924 had an optical afterglow but not an
x-ray one [136]. These are the first afterglows detected for short bursts. Also, for the first
time, host galaxies were identified for these short bursts, which in a number of cases are early
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type (ellipticals) and in other cases are irregular galaxies (e.g. [392]. The redshifts of four of
them are in the range z ~ 0.15-0.5, while another one was determined to be z = 0.8 (and
less securely, it has been argued that this latter may instead be z >~ 1.8 [41]). The median z is
<1/3-1/2 that of the long bursts. There is no evidence for significant star formation in these
host environments (except for GRB 050709 [135,392]), which is compatible with what one
expects for an old population, such as neutron star mergers or neutron star-black hole mergers,
the most often discussed progenitor candidates (although it would also be compatible with other
progenitors involving old compact stars). While the evidence for a neutron star or black merger
is suggestive, the evidence is not unequivocal. For example, the observations suggest a typical
time delay of at least several Gyr between the start formation epoch and the explosion of short
GRBs [338,547]. There are a number of unresolved issues related to this (see section 7). The
first short burst afterglow followed up by Swift, GRB 050509b, was a rather brief (~30 ms),
moderate luminosity (Lis, ~ 10%° erg s~1) but low fluence (Ejso ~ 2 x 10*® erg) burst with
a simple power-law x-ray afterglow which could only be followed for several hundreds of
seconds [161]. The third one, GRB 050724, was brighter, Ejs, ~ 3 X 100 erg, and could be
followed in x-rays with Swift for at least 10° s [28] and with Chandra up to 2 x 10%s [163].
The remarkable thing about this burst’s x-ray afterglow is that it shows some similarities to the
typical x-ray light curves described above for long GRB—except for the lack of a slow-decay
phase and for the short prompt emission which places it in the category of short bursts, as well
as the elliptical host galaxy candidate. It also has bumps in the x-ray light curve at 100 s and
at 3 x 10*s, which resemble some of the long burst x-ray flares and whose origin is unclear.
The first bump or flare has the same fluence as the prompt emission, while the later one has
~ 10% of that. The interpretation of these pose interesting challenges, as discussed below and
in section 7,

A fourth exciting result from Swift was the detection of a long burst, GRB 060218, which
was also seen with the XRT and UVOT instruments [64] and which is associated with SN
2006aj [71,326,327,466]. The redshift is z = 0.033, and the contributions to the optical light
curve as well as the spectrum are similar to those of the Ic type SN1998bw. The result is so
exciting is that it is the first time that a GRB/SN has been observed minutes after the y-ray
trigger at x-ray and UV/optical wavelengths. This is discussed further in section 8.2.

4. Theoretical framework

4.1. The relativistic fireball model

As discussed in the introduction, the ultimate energy source of GRB is convincingly associated
with a catastrophic energy release in stellar mass objects. For long bursts, this is almost
certainly associated with the late stages of the evolution of a massive star, namely the collapse
of its core [356,529], which at least in some cases is associated with a detectable supernova.
For short bursts, it has long been assumed [109, 353] that they were associated with compact
binary mergers (NS—NS or NS-BH), a view which is gaining observational support [37, 135],
although the issue cannot be considered settled yet. In both cases, the central compact object
is likely to be a black hole of several solar masses (although it might, temporarily, be a fast
rotating high-mass neutron star, which must eventually collapse to a black hole). In any case,
the gravitational energy liberated in the collapse or merger involves the order of a few solar
masses, which is converted into free energy on timescales of milliseconds inside a volume of
the order of tens of kilometres cubed. This prompt energy is then augmented by a comparable
amount of energy release in a similar or slightly larger volume over a longer timescale of
seconds to hundreds of seconds, by the continued infall or accretion of gas onto the central
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object, either from the central parts of the massive progenitor star or from the debris of the
disrupted compact stars which was temporarily held up by its rotation.

The principal result of the sudden release of this large gravitational energy (of the order
of a solar rest mass) in this compact volume is the conversion of a fraction of that energy
into neutrinos, initially in thermal equilibrium, and gravitational waves (which are not in
thermal equilibrium), while a significantly smaller fraction (1072~10~%) goes into a high
temperature fireball (k7 > MeV) consisting of e*, y-rays and baryons. The fireball is
transparent to the gravitational waves and, beyond several interaction lengths, also to the
neutrinos. This leads to the prompt emission (on timescales of a few seconds) of roughly
comparable energy amounts (several x 103 ergs) of thermal v, b, with typical energies 10—
30MeV and of gravitational waves mainly near 10°-10° Hz. These two, by far most
dominant, energy forms are so far undetected and are further discussed in section 9. A
smaller fraction of the liberated energy, or of order 10°°—10°2 ergs, remains trapped in an
e*, y-ray and baryon fireball, which can also contain a comparable (or in some scenarios
a larger) amount of magnetic field energy. This amount of energy is observed, mainly
as non-thermal gamma-rays. While being smaller than the predicted thermal neutrino and
gravitational wave fluence, this is nonetheless a formidable electromagnetic energy output,
much more intense than any other explosive event in the universe. While the total energy is
comparable to the electromagnetic and kinetic energy of supernovae, the difference is that in
supernovae the energy is doled out over months, mainly at optical wavelengths, while in GRB
most of the electromagnetic energy is spilled out in a matter of seconds and mainly at y-ray
wavelengths.

The leading model for the electromagnetic radiation observed from GRBs is based on the
relativistic fireball created in the core collapse or merger. The photon luminosity inferred from
the energies and timescales discussed and from the observations is many orders of magnitude
larger than the Eddington luminosity Lg = 47 GMmpc/or = 1.25 x 10% (M/My)ergs™!,
above which radiation pressure exceeds self-gravity, so the fireball expands. The first (thermal)
fireball models were assumed to reach relativistic expansion velocities [67, 173, 353, 457].
However, the ultimate expansion velocity depends on the baryon load of the fireball [354]. If the
fireball energy involved all the baryons in the core (solar masses) the expansion would be sub-
relativistic. However, near the black hole the density is reduced due to accretion and centrifugal
forces, it is likely that baryons are much depleted in the region where the fireball forms, with
a tendency to form high entropy (high energy/mass ratio) radiation bubbles. Dynamically
dominant magnetic fields would also tend to involve fewer baryons. A phenomenological
argument shows that the expansion must, indeed, be highly relativistic. This is based on the
fact that most of the GRB spectral energy is observed above 0.5 MeV, so that the mean free
path for the yy — e® process in an isotropic plasma (an assumption appropriate for a sub-
relativistically expanding fireball) would be very short. This leads to a contradiction, since
many bursts show spectra extending above 1 GeV, so the flow must be able to avoid degrading
these via photon—photon interactions to energies below the threshold m.c? = 0.511 MeV [199].
To avoid this, it seems inescapable that the flow must be expanding with a very high Lorentz
factor T, since then the relative angle at which the photons collide is less than I'~! and the
threshold for the pair production is then diminished. This condition is

T > 10%[(¢,/10GeV)(e,/MeV)]"/? (D)
in order for photons €, to escape annihilation against target photons of energy ¢ ~ 1Mev

[199,306]. That is, a relativistically expanding fireball is expected, with bulk Lorentz factors
[ =100T, = 1.
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Figure 4. Illustration of the emission from spherical relativistic shells in the source frame and the
relativistic time delay leading to the relation between source frame time and observer time.

4.2. Reference frames and timescales in relativistic flows

The emitting gas moves relativistically with velocity 8 = v/c = (1 — 1/T'?)!/? relative to
a laboratory frame K, which may be taken to be the origin of the explosion or stellar frame
(which, aside from a cosmological Doppler or redshift factor, is the same as the Earth frame
K of an observer). The lengths, times, thermodynamic and radiation quantities of the gas are
best evaluated in the gas rest frame (the comoving frame) K’ and are obtained in the stellar/lab
frame through Lorentz transformations. Thus, a proper length dr’ in the comoving frame has
a stellar/lab frame length dr, = dr’/ " (if both ends r,; and r,, of the length dr, = ry; — 1y
in K, are measured at the same time so dz, = 0 in K, i.e. the usual Fitz-Gerald contraction).
Similarly, a proper time interval d¢’ in the comoving frame has a duration dz, = d#'T" in K,
(provided the times ¢, and t,, of dt, = t,; — t4, in K, are measured at same positions x,; and
X4 in K, so dx, = 0, the usual time-dilation effect). The time needed in the stellar/lab frame
K, for the gas to move from x, to x,; is the usual dt, = t,; — t,o = dr,/Bc ~ dr,/c.

When it comes to observations at Earth of radiation emitted from the relativistically moving
gas, even though the Earth frame K is essentially the same as the K, stellar/lab frame, in
addition to the above Lorentz transformations one has to also consider the classical light travel
time delay (Doppler) effect, e.g. [435]. In the observer frame K one can use the same spatial
coordinates r = r, and dr = dr, as in K, but the actual time of arrival of signals as measured
by an observer, which is for brevity denoted just ¢, differs from #, by the above Doppler effect,
t # t,. Since this observed time 7 is the actual observable, it is customary to describe GRB
problems in terms of # (remembering it is # t,) and r (which is =r,). Considering a gas which
expands radially in a direction at an angle cos @ = p with respect to the observer line of sight,
if a first photon is emitted when the gas is at the radius r,; = r; (which is at a distance d from
the observer) at #,;, this photon arrives at the observer at an observer time #;, = t,; — d/c.
A second photon emitted from a radius r,, = r; at time #,, will arrive at an observer time
t)y = ty + (d/c — Budt,), where dt, = t,; — t,2. This is illustrated in the source frame in
figure 4. For an observer close to the line of sight the observed time difference between the
arrival of the two photons is

dr = dr,(1 — Bu) ~ dr,(1/22 +62/2) ~ dr/@2T%c)(1 + T20%) ~ dr/(2I"%¢c) , 2)

where we assumed I" > 1 for an approaching gas (u = cosf > 0) along a radial direction
well inside the light cone § <« '
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Figure 5. For a distant observer (located to the right) viewing a shell which expands spherically

from S with I' = /1 — (v/c)? > 1, the locus of the points from which radiation reaches it at
a later time ¢ appears as a spheroid (equal arrival time surface). Most of the radiation arrives
from the forward (right) hemisphere, which is strongly Doppler-boosted inside the light cone 1/T"
(after [415]). The apparent transverse radius of the ellipsoid is r; =~ I'ct and its semi-major axis
is r >~ 2I"ct, where ¢ is observer time.

While both dt and dz, are in the same reference frame, K = K,, the difference is that dz,
is the time difference between the emission of the two photons and d¢ is the time difference
between the reception of the two photons. The general relation between the observer frame
and comoving frame quantities is given through the Doppler factor D,

D=[I(-Bwl", 3)

where D ~ 2T for an approaching gas with ' > 1, u — 1 and & < I'"! (blueshift) or
D ~ 1/2T for a receding gas with © — —1 (redshift). Thus, the relation between the
comoving frame d¢’ and the observer frame time dr is

dt = D 'df' = I'(1 — Bu)dt’ ~dr' /2T, )

where an approaching gas is assumed with & < I'"! (while dz, = d¢'T"). This is illustrated
in terms of observer-frame quantities in figure 5. Note that in all the above transformations
we have neglected cosmological effects, which would result in multiplying any reception or
observer-frame times by an additional factor (1 + z) for signals emanating from a source at
redshift z.

The relation between the source frame and observer frame frequency, solid angle, specific
intensity, temperature, volume, specific emissivity, specific absorption coefficient and radial
width are obtained in terms of the Doppler factor using relativistic invariants [435], v = DV/,
dQ = DA, I,(v) = DI, (), T(v) = DT'(V), dV = DdV’, j,(v) = D?j,(V)),
wy(v) = D!, (v'), 8r = DSr'. Here u, = no, (in cm™!, where n is density and o, is
absorption cross section), so both v, and the optical depth dt = w,.d(8r) are invariants.

4.3. Relativistic dynamics

From general considerations, an outflow arising from an initial energy E( imparted to a mass
My < Egy/c? within a radius r( will lead to an expansion, which due to the initial high optical
depth can be considered adiabatic. The pressure will be dominated by radiation, so the adiabatic
index is y, = 4/3, and the comoving temperature 7’ (or comoving random Lorentz factor per
particle y’) evolves with comoving volume V'as T o< V’'~%. With a comoving volume
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V' o« r* (equation (8)) this means T’ o« y’ o »~!. By conservation of energy, this decrease
in internal energy per particle is balanced by an increase in its expansion-related energy, i.e.
the bulk kinetic energy per particle or bulk Lorentz factor I', so that yI" = constant, hence
I o r. This expansion occurs at the expense of the comoving frame internal energy. Since
the bulk Lorentz factor per particle cannot increase beyond the initial value of random internal
energy per particle, yo = n = Eo/Myc?, the bulk Lorentz factor only grows until it reaches
Fmax ~ n = Eo/ Myc?, which is achieved at a radius r/ro ~ 1. Beyond this radius the flow
begins to coast, with I' ~ n ~ constant [173,353,355,457],

L'(r) N{

which defines a saturation radius s ~ ron beyond which the Lorentz factor is saturated.
Another way to understand the initial acceleration [308] is that initially, at » = ry, the gas
particles have a bulk Lorentz factor I' ~ 1 and have an isotropical distribution of velocities
with random Lorentz factors y ~ n = Eq/Moyc?. As the particles expand outwards, when they
have reached a radius r their velocity vectors will be confined inside an angle (r/ry)~' of the
radial direction. A transformation to a comoving frame moving radially with a bulk Lorentz
factor I'(r) ~ r/ry is needed for the velocity distribution to be isotropic in the comoving
frame, as it should be.

As particles initially contained inside ry move outwards with velocity vectors which are
increasingly radial, they form a radially expanding shell whose lab-frame width is initially
8r ~ 8rg ~ ro. The radial velocity spread is (c —v)/c = 1 — B ~ I'"2, which causes a gradual
spread of the lab-frame radial width 8r/r ~ 8v/v ~ I'"2. For typical values of ry ~ 10°—
107 cm and n < 107 this is negligible until well beyond the saturation radius, and a noticeable
departure from the approximately constant width §r ~ r¢ starts to become appreciable only
for radii in excess of a spreading radius 5 where 8r ~ rév/c ~ rsn~% > ry. The laboratory
frame width is therefore [308]

(r/ro), forr/ro<m, r <
n, forr/ro 2 n, r 2 rs,

&)

dro for r < rs,
r/T% forr 2 rs,

&r ~ max[érg, r/ Fz] ~ { (6)

where the spreading radius rs ~ 8rg n? is a factor 7 larger than the saturation radius rs ~ §rgn.
The comoving radial width &7’ is related to the lab width 8r through 87" = §rD ~ 6rT.
Hence
droU' ~r forr <y,
8’ ~ {8ron forrs <r <, (7)
r/n for r 2 rs.
Since the dimensions transverse to the motion are invariant, the comoving volume is
V' o r28r’, which behaves as [308]

473 for r < rs,
V' ~ dxr?sr’ ~ {4andror® forr, <r <rs, )
drn~'r3 forr >,

and the comoving particle density n’ oc V'~!. For an adiabatic expansion (valid for the high
initial optical depths) and a relativistic gas polytropic index 4/3 (valid as long as the pressure
is dominated by radiation), one has

Vo 13 (8ro/r) forr < rq,

(—/) ~ 3 (8ro/rs)(rs /1) =13 Gry/r)?3 forry < r < s, )
v Bro/r)(rs/rs)* (rs/r) = 0P @Bro/r)  forr > rs,

where E', T', p’, V' are comoving internal energy, temperature, density and volume.

E/_T/_
Eo To



2276 P Mészaros

The above equations refer to the release of an energy Ey and mass M, corresponding to
n = Ey/Myc?, originating inside a region of dimensions 8y ~ ro. This mass and energy
leaves the original region in a lab-frame (or observer frame) light-crossing time §fy ~ 8rg/c.
For typical core collapse or compact merger stellar scenarios, the energy release volume is of
the order of several Schwarzschild radii of the ensuing black hole (BH), few times 2G Mpy/ c?
with Mgy = 2 Mg, say ro ~ 107m;cm, where m; = Mpgy/10My, with a light-crossing
timescale fy ~ ro/c ~ 3 X 10~*m, s. This is of the order of the dynamical (Kepler) timescale
near the last stable circular orbit in a temporary accretion disc feeding the newly formed black
hole (or near the light cylinder of an initial fast-rotating magnetar or neutron star, before it
collapses to a black hole).

4.4. Optical depth and photosphere

As shown by [173,353,457] a relativistically expanding fireball initially has e* pairs in
equilibrium which dominate the scattering optical depth, but the pairs fall out of equilibrium
and recombine below a comoving temperature 7° ~ 17keV, and thereafter only a residual
freeze-out density of pairs remains, which for 5 not too large (in practice n < 10°, i.e. baryon
loads not too small) is much less than the density of ‘baryonic’ electrons associated with the
protons, n. = n,. For a typical burst conditions the initial black-body temperature 7} at
ro ~ 107 cm is a few MeV, and pair recombination occurs at radii below the saturation radius.
The scattering optical depth of a minishell (and of the whole outflow) is still large at this
radius, due to the baryonic electrons. For a minishell of initial width §r( the optical depth
varies as [308]

o = (Moot /47r’my) = 19(870/7)?, (10)

where 1y = (EOJT/4nr§mpczn), fordrg < r/T?orr < rs. Assuming aburst with total energy
Ey = 10°2Es, and total duration torp, divided into minishells of duration §#g = 3 x 10~*s, each
of energy 10*7 E47 5 erg, these becomes optically thin at

ro=10"ro =3 x 10" m (Egr5/12)"/* cm, (11

where henceforth the notation Q, (where x is a number) indicates for the quantity Q in units
of 10* times its c.g.s. units.

For bursts of some substantial duration, e.g. an outflow duration #5, = 10's as above, atany
instant different parts of the flow have different densities and are above or below the saturation
radius, so a continuous outflow picture is more appropriate [354]. In this ‘wind’ regime one
defines the dimensionless entropy as n = L/Mc?, and instead of integral conservation laws
one uses the relativistic fluid differential equations. The Lorentz factor again grows linearly
and saturates at the same radius s = ron (equation (5)), where ry = J&rp is the minimum
variability radius, and the adiabatic behaviour of equation (9) is the same for the temperature,
and so on. The particle density follows from the mass conservation equation

ny = (M /4mr’mycl) = (L/4mr’mycnl) (12)

and the optical depth is 7r(r) = [ nlot[(1 — B)/(1 + B)]"/2dr’ ~ n_or(r/2T") which yields
for the global photosphere [354]

ron = (Mot /8wmycl?) = (Lot /8mmpc’nT?) =~ 6 x 10" Ls;n,>em.  (13)

The comoving temperature of the flow behaves as 77 oc »~!', r~2/3 and the observer-frame

temperature T = T'Tis T ~ Ty, T ~ T()(r/rs)’z/3 forr < rs, r > rs (equation (9)).
The radiation escaping from a radius r (e.g. the photospheric radius r,,) which is released
at the same stellar frame time #, would arrive at the observer only from within the angles inside
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the light cone, # < I'"!. The observer-frame time delay between light coming from central
line of sight and the edges of the light cone (the so-called angular time [173]) is

ang =1 = (r/)(1 — ) ~ r/2cT? . (14)

This is because the ‘edge’ of the light cone corresponds to an angle of 1/ I" from the line of sight
and therefore ctyyg ~ r(1 —cos@) ~r(1 — ) ~ r/2I2, since at @ = 1/ T, cos@ ~ B. This
time is the same as the observer-frame time of equation (2). Note that if the outflow duration
forp 18 shorter than #,,, of equation (14), the latter is the observed duration of the photospheric
radiation (due to the angular time delay). Otherwise, for g1, > fung, the photospheric radiation
is expected for a lab-frame duration Zg.

4.5. Thermal versus dissipative fireballs and shocks

The spectrum of the photosphere would be expected to be ablack body [173,353,457], modified
at most by comptonization at the higher energy part of the spectrum. However, the observed
y-ray spectrum observed is generally a broken power law, i.e. highly non-thermal. In addition,
a greater problem is that the expansion would lead to a conversion of internal energy into
kinetic energy of expansion, so even after the fireball becomes optically thin, it would be
highly inefficient, most of the energy being in the kinetic energy of the associated protons,
rather than in photons. For a photosphere occurring at r < rg, which requires high values
of 5, the radiative luminosity in the observer frame is undiminished, since E;ad o ! but
T o r 80 Erq ~ constant or Lph o r2I'2T'"* « constant, since T’ o r~'. However, for the
more moderate values of 1 the photosphere occurs above the saturation radius, and whereas
the kinetic energy of the baryons is constant, Eyi, ~ Ey ~ constant, the radiation energy drops
as Epq o< (r/rs)~?/3 or Lpn ~ Lo(rph/rs)’z/3 [309,318].

A natural way to achieve a non-thermal spectrum in an energetically efficient manner is
by having the kinetic energy of the flow re-converted into random energy via shocks, after the
flow has become optically thin [226,308,309,416,417,449]. Such shocks will be collisionless,
i.e. mediated by chaotic electric and magnetic fields rather than by binary particle interactions,
as known from interplanetary experiments and as inferred in supernova remnants and in active
galactic nuclei (AGN) jets . As in these well-studied sources, these shocks can be expected
to accelerate particles via the Fermi process to ultra-relativistic energies [2,45,112,273,462],
and the relativistic electron component can produce non-thermal radiation via the synchrotron
and inverse Compton (IC) processes. A shock is essentially unavoidable as the fireball runs
into the external medium, producing a blast wave. The external medium may be the interstellar
medium (ISM) or the pre-ejected stellar wind from the progenitor before the collapse. For an
outflow of total energy E( and terminal coasting bulk Lorentz factor I'y = n expanding in an
external medium of average particle density n¢y, the external shock becomes important at a
deceleration radius rgec for which Eq = (47/3)r;, -nomyc’n® [416],

Face ~ (3Eo /47 nexumpc®n®)'? ~ 5.5 x 10°E ng P 2 em. (15)

At this radius the initial bulk Lorentz factor decreases to approximately half its original value,
as the fireball ejecta is decelerated by the swept-up external matter. The amount of external
matter swept at this time is a fraction n~! of the ejecta mass My, My ~ Mo/n (in contrast to
the sub-relativistic supernova expansion, where deceleration occurs when this fraction is ~1).

The light travel time difference between a photon originating from r = 0 and a
photon originating from matter which has moved to a radius » with a Lorentz factor I" is
At ~ (r/c)(1 — B) ~ r/2cTI"? [415], and the emission from a photosphere or from a shock
emission region at radius » moving at constant I" is also received from within the causal light
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cone angle I'"! on an observer angular timescale ¢t ~ r/2cI"? [416,309]. For an explosion

which is impulsive (i.e. essentially instantaneous as far as observed relativistic time delays) a
similarity solution of the relativistic flow equations shows that the bulk of the ejected matter
at a radius r is mainly concentrated inside a region of width Ar ~ r/2I'? [46,47]. The time
delay between radiations along the central line of sight originating from the back and front
edges of this shell also arrives with a similar time delay ¢t ~ »/2¢I". Thus, the timescale over
which the deceleration is observed to occur is generally

faee ~ Faee/ (2¢T'2) ~ 10(Es3/no) 0557 s, (16)

and this is the observer timescale over which the external shock radiation is detected. This is
provided that the explosion can be taken to be impulsive, which can be defined as the outflow
having a source-frame (and observer frame) duration fg, < f4.c (however, see section 4.6).
Variability on timescales shorter than 74, may occur on the cooling timescale or on the dynamic
timescale for inhomogeneities in the external medium but is not ideal for reproducing highly
variable profiles [450], and may therefore be applicable to the class of long, smooth bursts.
However, it can reproduce bursts with several peaks [365], and if the external medium is
extremely lumpy (Ang/ng > 10° — 10°) it might also describe spiky GRB light curves [103].

Before the ejecta runs into the external medium, ‘internal shocks’ can also occur as faster
portions of the ejecta overtake slower ones, leading to pp collisions and 7° decay gamma-
rays [399] and to fast time-varying MeV gamma-rays [417]. The latter can be interpreted as
the main burst itself. If the outflow is described by an energy outflow rate Ly and a mass
loss rate Mo = dM,/dt starting at a lower radius r;, maintained over a time 7', then the
dimensionless entropy is 7 = Lo/Moyc?, and the behaviour is similar to that in the impulsive
case, I' o« r and comoving temperature T’ o< r~!, followed by saturation [y ~ 7 at the
radius r/rg ~ n [354]. For variations of the output energy or mass loss of order unity, the
ejected shells of different Lorentz factors An ~ n are initially separated by ct, (where t, < T
are the typical variations in the energy at r7), and they catch up with each other at an internal
shock (or dissipation) radius

Tdis ™~ ctvr/2 ~3x 1014%,0’7% cm. (17

The time variability should reflect the variability of the central engine, which might be expected,
e.g. from accretion disc intermittency and flares [341]. The radiation from the disc or flares,
however, cannot be observed directly, since it occurs well below the scattering photosphere
of the outflow and the variability of the photons below it is washed out [417]. The comoving
Thomson optical depth is 7t = n_orr/ T, and above the saturation radius r; = ryn where
[" = 7, the radius of the photosphere (zr = 1), is given from equation (13) as

1.2 x 10" Ls;n;* em for r > r,

1

- n 18
1.2 x 1010L5{3r§7/3n2 Vem  forr < rs. (18)

T'ph
The location of this baryonic photosphere defines a critical dimensionless entropy 7, =
562(Ls;/ ro7)'/* above (below) which the photosphere occurs below (above) the saturation
radius [318]. For internal shocks to occur above the wind photosphere and above the saturation
radius (so that most of the energy does not come out in the photospheric quasi-thermal radiation
component) one needs to have 3.3 x 10 (Ls179.7/t,.0)'° < < 5.62 x 10*(Ls; /r0,7)'/*. The
radial variation of the bulk Lorentz factor and the location of the various characteristic radii
discussed above is shown in figure 6.
Such internal shock models have the advantage [417] that they allow an arbitrarily
complicated light curve, the shortest variation timescale f, ni, > 107*s being limited only

~

by the dynamic timescale at 7o ~ ctymin ~ 107797 cm, where the energy input may be
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y,X, O,R

Figure 6. Jet Lorentz factor schematic behaviour and examples of nominal locations of the
saturation radius rs, photospheric radius rph, internal shock (or magnetic dissipation) radius ris
and external shock res. The photosphere produces thermal y-rays, the internal shock/dissipation
region produces the non-thermal y-rays and the external shock region produces the afterglow.

expected to vary chaotically, while the total duration is g, > t,. Such internal shocks have
been shown to explicitly reproduce (and be required by) some of the more complicated light
curves [236, 368, 450] (however, see [103,438]). The gamma-ray emission of GRB from
internal shocks radiating via a synchrotron and/or inverse Compton mechanism reproduces
the general features of the gamma-ray observations [143,463]. However, questions remain
concerning the low energy (20-50 ke V) spectral slopes for some bursts (see section spectrum).
Alternatively, the main y-ray bursts could be (at least in part) due to the early part of the
external shock [103,416]. Issues arise with the radiation efficiency, which for internal shocks
is estimated to be moderate in the bolometric sense (5-20%), higher values (<30-50%) being
obtained if the shells have widely differing Lorentz factors [33,242,463], although in this case
one might expect large variations in the spectral peak energy Epcax between spikes in the same
burst, which is problematic. The total efficiency is substantially affected by inverse Compton
losses [372,382]. The efficiency for emitting in the BATSE range is typically low ~1-5%,
both when the MeV break is due to synchrotron [192,254,463] and when it is due to inverse
Compton [364].

4.6. Duration, reverse shocks, thin and thick shells

In the following discussion we assume for simplicity a uniform external medium. For a
baryonic outflow such as we have been considering, the timescale 7y ~ ry/c ~ ms represents a
minimum variability timescale in the energy-mass outflow. (Note, however, if the gamma-ray
emission arises from local dissipation events, such as magnetic reconnection in a Poynting flux
dominated outflow, the minimum timescales could be smaller than the timescales of the central
source variations). On the other hand, the total duration s, of the outflow, during which the
central engine keeps pouring out energy and matter, is likely to be substantially longer than
the minimum variability timescale #y. The temporary accretion disc must have an outer radius
larger than 7 and a total accretion (or jet energization) time fy, >> fo (or the magnetar has a
spin-down time fg, 3> fo). Thus, in general the total lab-frame width of the outflow ejecta will
be A =~ cty, which may be viewed as composed of many radial minishells whose individual
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widths are §r ~ cdty or larger. While the saturation radius is still g ~ §rgn where dry ~ rg
corresponds to the shortest variability time (and the smallest minishells coast after this 7;), the
entirety of the ejecta reaches coasting speed only after its leading edge has moved to a larger
radius r¢ ~ An and the ejecta as a whole starts to spread at a larger radius 7o ~ An? (even
though individual minishells of initial width ér < A start to spread individually at the smaller
radius r5 ~ 8r n?).

In general, whatever the duration #yy, of the outflow, one expects the external shock to
have both a forward shock (blast wave) component propagating into the external medium and
a reverse shock propagating back into the ejecta [309]. The forward shock and the reverse
shock start forming as soon as the outflow starts, although their radiation is initially weak
and increases progressively. The forward shock is highly relativistic, I' ~ n from the very
beginning, but the reverse shock starts initially as a sub-relativistic sound wave (relative to the
contact discontinuity or shock frame) and becomes progressively stronger as more external
matter is swept up. (This describes the more frequently encountered ‘thin shell’ case, see
below; the reverse shock becomes stronger with time only if the external density profile is
shallower than r~2, whereas the reverse shock strength is constant for an =2 profile at 7 < r;).

For an impulsive regime outflow, where #5, < #gec, i.6. when the outflow time is shorter
than the time-delayed duration of the external shock when it starts to decelerate, equation
(16), this deceleration time can be taken to be the observable duration of the peak emission
from the external shock. Thereafter the expansion goes into a self-similar expansion with
I o r=3/2 [46,416]. In this case, #4. is also the observer time at which the reverse shock
finishes crossing the ejecta, and at that time the reverse shock Lorentz factor T, relative to the
contact discontinuity frame has become marginally relativistic, [, ~ 1, while relative to the
external gas or the observer, the reverse shocked gas is still moving at almost the same speed
as the forward shocked gas [309,312]. One consequence of this is that while the forward-
shocked protons have highly relativistic random Lorentz factors, those in the reverse shock are
marginally relativistic, and consequently the electrons in the forward shock are much more
relativistic than those in the reverse shock, leading to a much softer (optical) spectrum of the
reverse shocks [310,313] (see section 5.2)

However, when the outflow time #4, exceeds the deceleration time #4. of equation (16),
the eternal shock dynamics is different [449]. In this case there is an initial intermediate regime
I'" oc =72 (obtained for a constant external density p and a constant kinetic luminosity L at
! < lg from the momentum balance in the shock frame L/(r*T'* o« pI'?), and the transition
to a self-similar expansion " oc r=¥/2 [46,444] occurs at the observer time fy, instead of at
t4ec- Thus, the observer time for the transition to the self-similar expansion is

T = max[tgp, 10(Es3/no) >, 3 s1. (19)

This defines a critical initial Lorentz factor I'y ~ 1 of the burst by setting 7' = #4y, in place of
t4ec 1n equation (16),

Tem =~ 300(Es3/no)/8(T/10s)~%/8. (20)

Forn < I'gm, T = t4ec We have the usual ‘thin shell’ case, where deceleration and transition to
the self-similar expansion occur at the usual g, f4ec, and at this time the reverse shock crosses
the ejecta and is marginally relativistic. For n > I'gy we have a ‘thick shell’ case, where
deceleration and transition to the self-similar regime occur at T = tyy, and gy ~ 2cTF§M,
when I' ~ I'gy. In this > T'gv case, the reverse shock becomes relativistic, and by the
time it has crossed the ejecta (at time T = fyy) the reverse shock Lorentz factor in the contact
discontinuity frame is I', ~ 1/2I'gy > 1 and the forward shock Lorentz factor at this time is
I >~ FBM-
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4.7. Spectrum of the prompt GRB emission

The prompt emission observed from classical GRB (as opposed to XRFs or SGRs) has
most of its energy concentrated in the gamma-ray energy range 0.1-2MeV. The generic
phenomenological photon spectrum is a broken power law [20] with a break energy in the
above range, and power law extensions down into the x-ray, and up into the 100 MeV to GeV
ranges (although a substantial fraction of GRB have soft x-ray excesses above this, and some
are classified as x-ray rich (XRR) [390], a classification intermediate between XRF and GRB).
For classical GRB the photon energy flux Fg o« E~# has typical indices below and above
the typical observed break energy Ey. ~ 0.2MeV of 8 ~ 0 and 8, ~ 1 [20]. (Pre-BATSE
analyses sometimes approximated this as a bremsstrahlung-like spectrum with an exponential
cutoff at Ey,, but BATSE showed that generally the extension above the break is a power law.)
A synchrotron interpretation is thus natural, as has been argued, e.g. since the earliest external
shock synchrotron models were formulated.

The simplest synchrotron shock model starts from the conditions behind the relativistic
forward shock or blast wave [416,309]. The post-shock particle and internal energy density
follow from the relativistic strong shock transition relations [46],

ny, = (4F21 +3)I’l1 ~ A4’y ny,

ey = (T — l)nzmpc2 ~ 1"21ngmpc2 ~ 4F§1n1mpc2, 2n

where it is assumed that the upstream material is cold. Here n is number density and e is internal
energy density, both measured in the comoving frames of the fluids, I'y; >~ I' is the relative
Lorentz factor between the fluids 2 (shocked, downstream) and 1 (unshocked, upstream) and
the Lorentz factor of the shock front itself is I'y, = ﬁrzl, valid for I';; > 1. For internal
shocks the jump conditions can be taken to be approximately the same but replacing I';; by a
lower relative Lorentz factor I', ~ 1.

The typical proton crossing a strong shock front with a relative bulk Lorentz factor I'y;
acquires (in the comoving frame) an internal energy characterized by a random (comoving)
Lorentz factor y,,, ~ I' [309]. The comoving magnetic field behind the shock can
build up due to turbulent dynamo effects behind the shocks [309, 310] (as also inferred in
supernova remnant shocks). More recently, the Weibel instability has been studied in this
context [300,303, 345,464]. While the efficiency of this process remains under debate, one
can parametrize the resulting magnetic field as having an energy density behind the shock
which is a fraction €5 of the equipartition value relative to the proton random energy density
behind the shock, B’ ~ [32me Bnex(yp’ — l)mpcz]l/ 2T, where the post-shock proton comoving
internal energy is ()/p/ — l)mpc2 ~ 1 (or ~ TI') for internal (external) shocks [309, 417].
Scattering of electrons (and protons) by magnetic irregularities upstream and downstream
can lead to a Fermi acceleration process resulting in a relativistic power law distribution of
energies N(y) o y~P with p > 2. It should be stressed that although the essential features of
this process are thought to be largely correct, and it is widely used for explaining supernova
remnant, AGN and other non-thermal source radiation spectra, the details are only sketchily
understood, [2,45,112,230,273,462]. (Possible difficulties with the simplest version of Fermi
acceleration and alternative possibilities were discussed, e.g. in [24,200,422].) The starting
minimum (comoving) Lorentz factor of the thermal electrons injected into the acceleration
process, Y..m, would in principle be the same as for the protons, I', (they experience the same
velocity difference); hence, both before and after acceleration they would have ~ (m/m)
less energy than the protons. However, the shocks being collisionless, i.e. mediated by chaotic
electric and magnetic fields, they can redistribute the proton energy between the electrons and
protons, up to some fraction €, of the thermal energy equipartition value with the protons, so
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Yen ~ €c(mp/me)I" [310,312]. If only a fraction ¢, < 1 of all the shocked thermal electrons is
able to achieve this ¢, initial equipartition value to be injected into the acceleration process then
the initial minimum electron random comoving Lorentz factor is y,, ~ (€./¢.)(mp/me)T" [63],
where henceforth we ignore the subscript e in y, ,. More accurately, integrating over the
power law distribution, one has y,, = g(p)(mp/me)(e./s)T ~ 310[g(p)/(1/6)1(€. /LT,
where g(p) = (p — 2)/(p — 1). The observer frame synchrotron spectral peak is

v ~ T'(3/87)(eB’/mec)y? ~ 2 x 10°B'y T" Hz, (22)
and the optically thin synchrotron spectrum is [435]

P pl/3 for v < vy,
1o
Y v=@=D/2 forv > vy,

assuming that the radiative losses are small (adiabatic regime). For the forward external shock
at deceleration, typical values are, e.g. B’ ~ 30(63$_1nex)1/2n2,5 G T ~n~ 3x10?%
VYim ™~ 105(66’_1/4'@7_1)7’]25 and v, ~ 2 X 1020(66’_1/é‘e,_l)2(63’_11’16,()1/27’]3.5 Hz, while for
internal shocks typical values are, e.g. B’ ~ 3 X 105(63,,1;1/13)1/21'}61,0 G, I'ieg ~ 1Ter 0,
Ym ~ 3% 10%(€0,—1/Ce.~1)Tret,0 and vy ~ 2 x 10" (€, 1 /zeta, _1)*(e,—1n'13)'/°T2 inp.5 Hz.
For the prompt emission, the high energy slope 8, = (p — 1)/2 is close to the mean high
energy slope of the band fit, while the low energy slope can easily approach 8; ~ 0 considering
observations from, for example, a range of B’ values (a similar explanation as for the flattening
of the low energy synchrotron slope in flat spectrum radio-quasars). The basic synchrotron
spectrum is modified at low energies by synchrotron self-absorption [184, 226, 310, 312],
where it makes the spectrum steeper (F, ~ v? for an absorption frequency v, < vp). It is
also modified at high energies, due to inverse Compton effects [99,310,312,417,447,539],
extending into the GeV range.

The synchrotron interpretation of the GRB radiation is the most straightforward. However,
a number of effects can modify the simple synchrotron spectrum. One is that the cooling
could be rapid, i.e. when the comoving synchrotron cooling time ts/y = 9m3c’/4e* B?y,) ~

(23)

7 x 103/By, s is less than the comoving dynamic time téyn ~ r/2cT, the electrons cool
down to y. = 6nmec/oTB/2téyn and the spectrum above v, ~ I'(3/87)(eB’/mec)y? is
F, o« v™Y2[170,451]. Also, the distribution of observed low energy spectral indices B,
(where F, oc v#1 below the spectral peak) has a mean value 8; ~ 0, but for a fraction of bursts
this slope reaches positive values §; > 1/3 which are incompatible with a simple synchrotron
interpretation [390]. Possible explanations include synchrotron self-absorption in the x-
ray [185] or in the optical range up-scattered to x-rays [364], low-pitch angle scattering or jitter
radiation [301, 302], observational selection biases [282] and/or time-dependent acceleration
and radiation [283], where low-pitch angle diffusion can also explain high energy indices
steeper than predicted by isotropic scattering. Other models invoke a photospheric component
and pair formation [318], see below.

There has been extensive work indicating that the apparent clustering of the break energy of
prompt GRB spectrain the 50-500 keV range may be real [390], rather than due to observational
selection effects [383]. That is, if this is a real clustering, what is the physical reason for it.
(Note, however, that if x-ray flashes or XRF, discussed below, form a continuum with GRB
then this clustering stretches out to much lower energies; at the moment, however, the number
of XRFs with known break energies is small.) Since the synchrotron peak frequency seen
by the observer is directly dependent on the bulk Lorentz factor, which may be random, the
question arises whether this peak is indeed due to synchrotron or due to some other effect. An
alternative is to attribute a preferred peak to a black body at the comoving pair recombination
temperature in the fireball photosphere [110]. In this case a steep low energy spectral slope
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is due to the Rayleigh—Jeans part of the photosphere, and the high energy power law spectra
and GeV emission require a separate explanation. For such photospheres to occur at the
pair recombination temperature in the accelerating regime requires an extremely low baryon
load. For very large baryon loads, a related explanation has been invoked [477], considering
scattering of photospheric photons off MHD turbulence in the coasting portion of the outflow,
which up-scatters the adiabatically cooled photons up to the observed break energy.

Pair formation can become important [372,382,417] in internal shocks or dissipation
regions occurring at small radii, since a high comoving luminosity implies a large comoving
compactness parameter

¢ = nl orres/ T ~ (Lot /4mrggmec®T?) 2 1, (24)

where @ < 1 is the luminosity fraction above the electron rest mass. Pair-breakdown may
cause a continuous rather then an abrupt heating and lead to a self-regulating moderate optical
thickness pair plasma at sub-relativistic temperature, suggesting acomptonized spectrum [170].
Copious pair formation in internal shocks may in fact extend the photosphere beyond the
baryonic photosphere value (18). A generic model has been proposed [318,322,436,404,437,
402] which includes the emission of a thermal photosphere as well as a non-thermal component
from internal shocks outside of it, subject to pair breakdown, which can produce both steep
low energy spectra, preferred breaks and a power law at high energies. A moderate to high
scattering depth can lead to a Compton equilibrium which gives spectral peaks in the right
energy range [397,398]. An important aspect is that Compton equilibrium of internal shock
electrons or pairs with photospheric photons lead to a high radiative efficiency, as well as to
spectra with a break at the right preferred energy and steep low energy slopes [374,375,419].
It also leads to possible physical explanations for the Amati [8] or Ghirlanda [166] relations
between spectral peak energy and burst fluence [419,476].

4.8. Alternative prompt emission models

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 y -ray burst emission to
arise from magnetic reconnection or dissipation processes, if the ejecta is highly magnetized
or Poynting-dominated [106,287,312,314,476,477,480]. The central engine could also in
principle be a temporary highly magnetized neutron star or magnetar [523]. These scenarios
would lead to alternative dissipation radii, instead of equation (17), where reconnection leads
to particle acceleration, and a high radiative efficiency is in principle conceivable due to the
very high magnetic field. An external shock would follow after this, whose radius in the ‘thin
shell’ limit would be again given by equation (15), with a standard forward blast wave but no
(or a weaker) reverse shock [312,313], due to the very high Alfvén speed in the ejecta. For
a long duration outflow, however, the dynamics and the deceleration radius would be similar
to the ‘thick shell’ case of section 4.6, i.e. the case with a relativistic reverse shock [287].
Following the claim of an observed high gamma-ray polarization in the burst GRB 021206 [74],
there was increased attention on such models for some time (e.g. [287]) and on whether the
usual baryonic (i.e. sub-dominant magnetization) jets might be also able to produce such high
polarization [91, 111,176, 178,264,288,332,513]. The issue may remain unresolved, as the
observational analysis appears to be inconclusive [73,434,526].

Other alternative models include different central energy sources such as strange stars
([35,68,105,358]) and charged black hole electric discharges [432], while retaining essentially
similar fireball-shock scenarios. A model unifying SGR, XRF and GRB [120,121] postulates a
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very thin (10~* rad) precessing, long-lived magnetized jet. This requires a separate explanation
for the light curve (‘jet’) breaks, and the interaction during precession with the massive
progenitor is unclear. Another speculative radiation scenario considers non-fluid ejecta in
the form of discrete ‘bullets’ [201] or ‘cannon-balls’ ejected at relativistic velocities, which
assume no collective interactions (i.e. no collisionless shocks) and instead rely on particle—
particle interactions and produce prompt emission by blue-shifted bremsstrahlung and also
produce afterglows by IC scattering progenitor or ambient photons [79,91]. The predictions
are similar to those of the standard fluid jet with shocks or dissipation. However, the basic ansatz
of coherent bullet formation, acceleration to relativistic velocities and their survival against
plasma instabilities is an unanswered issue in this model. It is also farther from astrophysical
experience, whereas other well-observed systems such as AGN jets, which are known to be
fluid (as is almost everything else in astrophysics at high energy per particle values), involve
dynamical and radiation physics concepts which are quite plausibly extended to the GRB
context. Fluid or plasma GRB outflow and jet models are supported better by theoretical
work and simulations and are so far not only compatible with observations but have produced
predictions borne out by observations. Nonetheless, even in this standard scenario, the models
remain largely phenomenological. The detailed nature of the underlying central engine and
progenitor are poorly known, and the micro-physics of particle acceleration, magnetic field
amplification in shocks and/or reconnection or dissipation is not well understood, and the
radiation mechanisms are, at least for the prompt emission, the subject of discussion.

5. Afterglow radiation models

5.1. The standard model

The external shock starts to develop as soon as the ejecta expands into the external medium. As
the ejecta plows ahead, it sweeps up an increasing amount of external matter, and the bolometric
luminosity of the shock increases as L o< t? (equating in the contact discontinuity frame the
kinetic flux L/4wr*TI"? to the external ram pressure Pext 2 while I' ~ Ty = 5 ~ constant,
r o< 2I"%¢ct o t [416]). The luminosity peaks after I" has dropped to about half its initial value,
at a radius rgec at an observer time #qec given by equations (15) and (16). Thereafter, as more
matter is swept up, the bulk Lorentz factor and the radius vary as [416,366]

32 3/8

r o t'/4 (adiabatic),
r o t'7 (radiative), (25)

Xt
3/7

I'xr™
Focr 3ot

orin general T" oc r =8 oc t=8/(1+28) p o t1/0+28) with g = (3, 3/2) for the radiative (adiabatic)
regime. In the adiabatic case the radiative cooling time, e.g. synchrotron, is longer than
the observer-frame dynamical time ¢ ~ r/2cI'2, so the energy is approximately conserved
E = (47/3)r*nom,c*T'? ~ constant (cf equation (15)), while in the radiative case the cooling
time is shorter than the dynamic time and momentum is conserved (as in the snow-plow phase
of supernova remnants), nor>I" ~ constant. Thus, after the external shock luminosity peaks,
one expects the bolometric luminosity to decay as L oc ¢~! in the adiabatic regime [416] or
steeper in the radiative regime, in a gradual fading. The observed time-radius relation is more
generally t ~ r/KcT'?, where K = 2 in the constant I' regime and K = 4 in the self-similar
(BM) regime [444,511].

The spectrum of radiation is likely to be due to synchrotron radiation, whose peak
frequency in the observer frame is vy, o y B'y?, and both the comoving field B’ and electron
Lorentz factor y, are likely to be proportional to y [309]. This implies that as y decreases,
so will vy, and the radiation will move to longer wavelengths. Consequences of this are the
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expectations that the burst would leave a radio remnant [357] after some weeks and before
that an optical [227] transient. The observation of linear polarization at the few per cent
level observed in a number of optical or IR afterglows (e.g. [483]) supports the paradigm of
synchrotron emission as the dominant emission mechanism in the afterglow.

The first self-consistent afterglow calculations [313] took into account both the dynamical
evolution and its interplay with the relativistic particle acceleration and a specific relativistically
beamed radiation mechanism resulted in quantitative predictions for the entire spectral
evolution, going through the x-ray, optical and radio range. For a spherical fireball advancing
into an approximately smooth external environment, the bulk Lorentz factor decreases as in
inverse power of the time (asymptotically =3/% in the adiabatic limit), and the accelerated
electron minimum random Lorentz factor and the turbulent magnetic field also decreases as
inverse power laws in time. The synchrotron peak energy corresponding to the time-dependent
minimum Lorentz factor and magnetic field then moves to softer energies as ¢ ~/2. These can
be generalized in a straightforward manner when in the radiative regime or in the presence
of density gradients, and so on. The radio spectrum is initially expected to be self-absorbed
and becomes optically thin after ~ hours. For times beyond ~10 min, the dominant radiation
is from the forward shock, for which the flux at a given frequency and the synchrotron peak
frequency decay as [313]

F, oct™G2F, U o7 (26)

as long as the expansion is relativistic. This is referred to as the ‘standard’ (adiabatic) model,
where g =3/2in " o« r~8 and B = dlog F),/dlog v is the photon spectral energy flux slope.
More generally [315] the relativistic forward shock flux and frequency peak are given by

F, x t[3*28(1*2ﬂ)]/(1+28) and Vi X t*4g/(1+28)’ (27)

where g = (3/2, 3) for the adiabatic (radiative) regime. The transition to the non-relativistic
expansion regime has been discussed, e.g. by [83,281,530]. A reverse shock component is
also expected [310,313,315,452], with high initial optical brightness (but much faster decay
rate than the forward shock, see section 5.2). Remarkably, the simple ‘standard’ model where
reverse shock effects are ignored is a good approximation for modelling observations starting
a few hours after the trigger, as during 1997-1998.

The afterglow spectrum at a given instant of time depends on the flux observed at different
frequencies from electrons with (comoving) energy y.m.c* and bulk Lorentz factor I', whose
observed peak frequency is v = I‘yez(eB’ /2mme.). Three critical frequencies are defined
by the three characteristic electron energies. These are vy, (the ‘peak’ or injection frequency
corresponding to y,,), v, (the cooling frequency) and vy (the maximum synchrotron frequency).
There is one more frequency, v,, corresponding to the synchrotron self-absorption at lower
frequencies. For a given behaviour of I' with r or ¢ (e.g. adiabatic, I' oc »~¥/?) and values of
the isotropic equivalent kinetic energy of the explosion, of the electron index (e.g. p = 2.2)
and the efficiency factors €., ¢, €g, one can obtain the time dependence of the characteristic
observer-frame frequencies, also including a cosmological redshift factor z [541]

vm = (6 x 10" Hz) (1+2)"2g(p)*(ec/¢) ey "Es’ 1%, (28)
ve = (9 x 102 Hz) (1 +2) 2> n~ E5, 2112, (29)
v = 2 x 10°Hz)(1 +2) (e, /2) ey ¥ EL, (30)
Fymax = Q0mly)(1 +2)e*n'? Espd; %, (31)

where t; = (t/day) and g(p) = (p — 2)/(p — 1). The final GRB afterglow synchrotron
spectrum is a four-segment broken power law [187,316,451, 541] separated by the typical
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Figure 7. Fast cooling and slow cooling synchrotron spectra [451].

frequencies v,, vy, and v, (figure 7). Depending on the order between v, and v, there are two
types of spectra [451]. For vy, < v, called the ‘slow cooling case’, the spectrum is

(Va/Vm)l/S(V/Va)2 V < Vy,
/vm)'? Va <V < Un,
F,=F 32
v v, max (V/Vm)_(p_])/2 v <V < Vg, ( )
(‘)C/Vm)i(pil)/z("’/1)0)7[’/2 Ve <V < WM.
For vy, > v, called the ‘fast cooling case’, the spectrum is
(0a/V) P (v/vy)? V< vy,
(/ve)'/? Va SV < v,
F,=F, 33
I KO/ Ve <V < Vi, 59
(‘)m/‘)c)71/2(‘)/Vm)ip/2 Vm SV < VM.

A useful tabulation of the temporal indices « and spectral indices S is given in table 1
of [541], corresponding to the various forward shock spectral regimes of equations (32) and
(33), for a homogeneous or a wind external medium. In the above, the normalization F), max
is obtained by multiplying the total number of radiating electrons 4 3n/3 by the peak flux
from a single electron [451], which is only a function of B and is independent of the energy
(y.) of the electron [451,525]. There are more complicated regimes for various cases of self-
absorption [185], e.g. there can also be an intermediate fast cooling optically thick power law
segment of the synchrotron spectrum where F, oc v!!/3,



Table 1. Temporal exponents of the peak frequency vp, the maximum flux F,, the cooling frequency v, and the flux in a given bandwidth F,, for the forward (f) and
reverse (r) shocks, calculated both in the adiabatic regime vy, < v < v (F, o« F,, (vm/ )P o =B where B = (p — 1) /2) and in the cooling regime v; < vy < Vv
(Fy o (ve/vm)?(vm /)P o t=*v=F, where 8 = p/2). For s = 1 this gives the usual (i.e. without ‘refreshment’) forward and reverse shock behaviour [418,448].

Vm Fo, Ve Foivm <v < Fy:v > max(ve, vy)
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The predictions of the fireball shock afterglow model [313] were made in advance of
the first x-ray detections by Beppo-SAX [76] allowing subsequent follow-ups [138,304,484]
over different wavelengths, which showed a good agreement with the standard model, e.g.
[411,475,496,509,510,530]. The comparison of increasingly sophisticated versions of this
theoretical model (e.g. [98, 99, 187,384,451, 525]) against an increasingly detailed array of
observations (e.g. as summarized in [483]) has provided confirmation of this generic fireball
shock model of GRB afterglows.

A snapshot spectrum of the standard model at any given time consists generally of a three
or four segment power law with two or three breaks, such as those shown in figure 7. (More
rarely, a five segment power law spectrum may also be expected [185]). The observations
(e.g. [483]) are compatible with an electron spectral index p ~ 2.2-2.5, which is typical of
shock acceleration, e.g. [451,509, 525], etc. As the remnant expands the photon spectrum
moves to lower frequencies, and the flux in a given band decays as a power law in time,
whose index can change as the characteristic frequencies move through it. Snapshot spectra
have been deduced by extrapolating measurements at different wavelengths and times, and
assuming spherical symmetry and using the model time dependences [510, 525], fits were
obtained for the different physical parameters of the burst and environment, e.g. the total
energy E, the magnetic and electron—proton coupling parameters €z and €, and the external
density n9. These lead to typical values ng ~ 1072=10cm™>, €3 ~ 1072, ¢, ~ 0.1-0.5 and
E ~ 10%2-10°* ergs (if spherical; but see section 5.5).

5.2. Prompt flashes and reverse shocks

An interesting development was the observation [4] of a prompt and extremely bright (m, ~ 9)
optical flash in the burst GRB 990123, the first data point for which was at 15 s after the GRB
started (while the gamma-rays were still going on). This observation was followed by a small
number of other prompt optical flashes, generally not as bright. A prompt multi-wavelength
flash, contemporaneous with the y-ray emission and reaching such optical magnitude levels
is an expected consequence of the reverse component of external shocks [310,313,315,452].
Generally the reverse shock can be expected to be mildly relativistic (thin shell case; see,
however, below). In this case the thermal Lorentz factor of the reverse electrons is roughly
Ve ~ €.mp/m. whereas in the forward shock, the thermal Lorentz factor of the electrons is

yef ~ €,I'my/me.. In this case the reverse electrons radiate a much softer radiation than the
forward shock electrons. This follows also from the fact that the reverse shock has a similar
total energy as the forward shock but consists of I' times more electrons, hence the energy per
electron is 1/I" times smaller [313]. In general, since the pressure (and hence the magnetic
energy density) is the same in the forward and reverse shocked regions, one has the following
relations between forward and reverse shock radiation properties [448]: (1) The peak flux
of the reverse shock, at any time, is larger by a factor of I' than that of the forward shock,
F)oax = FFJf max; (2) The typical frequency of the minimal electron in the reverse shock is
smaller by a factor of I'2, v/ = v,ﬁ /T'2; (3) The cooling frequency of the reverse and forward
shock are equal, v. = vg = V. (under the assumption that €z is the same in the forward and
reverse shocked gas; this might not be true if the ejecta carries a significant magnetic field
from the source); (4) Generally (also in refreshed shocks) vi/ < v/ and v/ < v.. The
self-absorption frequency of the reverse shock is larger than that of the forward shock. The
characteristic frequencies and flux temporal slopes for a standard afterglow are given by the
case (r) with s = 0 in table 1 below.

The prompt optical flashes, starting with GRB 990123, have been generally interpreted
[315,337,452] as the radiation from a reverse (external) shock, although a prompt optical flash
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could be expected from either an internal shock or the reverse part of the external shock or
both [313]. The decay rate of the optical flux from reverse shocks is much faster (and that of
internal shocks is faster still) than that of forward shocks, so the emission of the latter dominates
after tens of minutes [175]. Such bright prompt flashes, however, appear to be relatively rare.
Other early optical flashes, e.g. in GRB 021004, GRB 021211, GRB 041219a, GRB 050904 are
also consistent with the reverse shock interpretation [116, 133, 134,243,521,522,542]. After
the launch of Swift, new prompt optical observations with robotic telescopes have greatly
added to the phenomenology of prompt flashes (see section 3).

5.3. Dependence on external density, injection variability and anisotropy

If the external medium is inhomogeneous, e.g. ne o ¥ %, the energy conservation condition
is 12737 ~ constant, so I" oc t1/@0 o t=G~0/B=20) which changes the temporal decay
rates [316]. This might occur if the external medium is a stellar wind from the evolved
progenitor star of a long burst, e.g. ne, o r~2, such light curves fitting some bursts better with
this hypothesis [69,275].

Another departure from a simple injection approximation is one where Ey (or Lj) and
[y are not a simple delta function or top hat functions. An example is if the mass and
energy injected during the burst duration fy, (say tens of seconds) obeys M (> y) o« y~°,
E(> y) o y'7*, i.e. more energy emitted with lower Lorentz factors at later times but still
shorter than the gamma-ray pulse duration [418,448]. The ejecta dynamics becomes

F(V) x r—(3—k)/(l+.f) o t—(3—k)/(7+s—2k)’ r o l(1+.r)/(7+s—2k). (34)

This can drastically change the temporal decay rate, extending the afterglow lifetime in the
relativistic regime. It can provide an explanation for shallower decay rates, if the progressively
slower ejecta arrives continuously, re-energizing the external shocks (‘refreshed’ shocks) on
timescales comparable to the afterglow timescale [84, 256,418, 448]. While observational
motivations for this were already present in the Beppo-SAX era, as discussed in the above
references, this mechanism has been invoked more recently in order to explain the Swift prompt
x-ray afterglow shallow decays (see section 6.2). When the distribution of I" is discontinuous,
it can also explain a sudden increase in the flux, leading to bumps in the light curve. After
the onset, the non-standard decay rates for the forward and reverse shock are tabulated for
different cases [448] in table 1.

Other types of non-standard decay can occur if the outflow has a transverse 6 dependent
gradient in the energy or Lorentz factor, e.g. as some power law E o 67¢, T' o« 67" [316].
Expressions for the temporal decay index « (8, s, d, a, b, ..) in F,, o t are given by [316,448],
which now depend alsoon s, d, a, b, etc (and not just on § as in the standard relation of equation
(26). The result is that the decay can be flatter (or steeper, depending on s, d, etc)) than the
simple standard @ = (3/2)8. Such non-uniform outflows have been considered more recently
in the context of jet breaks based on structured jets (section 5.5).

Evidence for departures from the simple standard model was present even before the new
Swift observations, e.g. by sharp rises or humps in the light curves followed by a renewed decay,
as in GRB 970508 [373, 386] or shallower than usual light curve decays. Time-dependent
model fits [369] to the x-ray, optical and radio light curves of GRB 970228 and GRB 970508
indicated that in order to explain the humps, a non-uniform injection or an anisotropic outflow
is required. Another example is the well-studied wiggly optical light curve of GRB 030329,
for which refreshed shocks provide the likeliest explanation [182]. Other ways to get light
curve bumps which are not too steep after ~ hours to days is with micro-lensing [159, 186],
late injection [218,538] or inverse Compton effects [198,447,539]. The changes in the shock
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physics and dynamics in highly magnetized or Poynting dominated outflows were discussed,
e.g.in [177,182,287,314,477,480,543]. More examples and references to departures from
the standard model are discussed, e.g. in [483,541]. Departures from spherical symmetry and
jet effects are discussed in the next two subsections.

5.4. Equal arrival time surface and limb brightening effect

As illustrated in figure 5, for a distant observer the photons from a spherically expanding shell
are received from an equal-arrival time surface which is an ellipsoid (if I' = constant). The
photons arriving from the line of sight originated at larger radii than photons arriving from
the light-cone at & ~ I'. At smaller radii the outflow had a higher magnetic field and higher
density, so the radiation from the 1/T" edge is harder and more intense. Thus an interesting
effect, which arises even in spherical outflows, is that the effective emitting region seen by the
observer resembles a ring [174, 183,367,445,510]. This limb brightening effect is different in
the different power law segments of the spectrum. When one considers the change in I" due to
deceleration, the ellipsoid is changed into an egg shape, which is similarly limb-brightened.
This effect is thought to be implicated in giving rise to the radio diffractive scintillation pattern
seen in several afterglows, since this requires the emitting source to be of small dimensions
(the ring width), e.g. in GRB 970508 [512]. This provided an important observational check,
giving a direct confirmation of the relativistic source expansion and a direct determination of the
(expected) source size [228,512]. The above treatments were based on the simple asymptotic
scaling behaviour for the Lorentz factor I' ~ constant at r < rgec and I' oc 7732 (' o r—3)
at r 2 rqgec for the adiabatic (fully radiative) cases (section 4.5). More exact treatments
are possible [43,44] based on following analytically and numerically the detailed dynamical
evolution equations for the Lorentz factor through and beyond the transition between pre-
deceleration and post-deceleration. The shape of the equi-temporal surfaces is modified, and
the expected light curves will be correspondingly changed. The exact afterglow behaviour will
depend on the unknown external medium density and on whether and what kind of continued
energy injection into the shock occurs, which introduces an additional layer of parameters to
be fitted.

5.5. Jets

The spherical assumption is valid even when considering a relativistic outflow collimated
within some jet of solid angle €2; < 4, provided the observer line of sight is inside this angle
andT" 2> Q;l/ % [308], so the light-cone is inside the jet boundary (causally disconnected) and
the observer is unaware of what is outside the light cone. However, as the ejecta is decelerated,
the Lorentz factor eventually drops below this value, and a change is expected in the dynamics
and the light curves [413,414]. Itis thought that this is what gives rise to the achromatic optical
light curve breaks seen in many afterglows [140,252].

The jet opening angle can be obtained form the observer time # at which the flux F,
decay rate achromatically changes to a steeper value, assuming that this corresponds to the
causal (light-cone) angle I'(#)~! having become comparable to (and later larger than) the jet
half-angle 6; [413]. Assuming a standard adiabatic dynamics and a uniform external medium,
the jet opening half-angle is

0; ~ Sdeg £ 5y *nl{* (n,, /0.2) /8 (11 + 21/2) 7%, (35)

where Es3 is the isotropic equivalent gamma-ray energy in ergs, t; ¢ = tj/day and 7,, is radiative
efficiency [140]. The degree of steepening of the observed flux light curve can be estimated
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by considering that while the causal angle is smaller than the jet opening angle, the effective
transverse area from which radiation is received is A ~ r? ~ (r/T')? o t>I'?, whereas after
the causal angle becomes larger than the jet angle, the areais A ~ rzef. Thus the flux after the

break, for an adiabatic behaviour I' oc #~3/8 (valid if there is no sideways expansion) is steeper
by a factor o« T'> o« +~3/% [315], a value in broad agreement with observed breaks. After
this time, if the jet collimation is simply ballistic (i.e. not due to magnetic or other dynamical
effects) the jet can start expanding sideways at the comoving (relativistic) speed of sound,
leading to a different decay I" o t~12and F, oc t7P o< t72 [414].

A collimated outflow greatly alleviates the energy requirements of GRB. If the burst
energy were emitted isotropically, the energy required spreads over many orders of magnitude,
E, iso ~ 10°1-10% erg [252]. However, taking into account the jet interpretation of light curve
breaks in optical afterglows [140,362,363] the spread in the total y-ray energy is reduced to one
order of magnitude, around a less demanding mean value of E, 1o ~ 1.3 x 103! erg [53]. This
is not significantly larger than the kinetic energies in core-collapse supernovae, but the photons
are concentrated in the gamma-ray range, and the outflow is substantially more collimated than
in the SN case. Radiative inefficiencies and the additional energy which must be associated
with the proton and magnetic field components increase this value (e.g. the n,, factor in equation
(35)), but this energy is still well within the theoretical energetics <10°*°-10°* erg achievable
in either NS-NS, NS-BH mergers [314] or in collapsar models [356, 389, 529] using MHD
extraction of the spin energy of a disrupted torus and/or a central fast spinning BH. It is worth
noting that jets do not invalidate the usefulness of spherical snapshot spectral fits, since the
latter constrain only the energy per solid angle [317].

Equation (35) assumes a uniform external medium, which fits most afterglows, but in
some cases a wind-like external medium (neg o r72) is preferred [69, 275,361]. For an
external medium varying as n., = Ar~* one can show that the the Lorentz factor initially
evolves as I' o« (E/A)/?r=G=072 o (E/A)V/@20=G=0/B=20 " and the causality (or
jet break) condition I ~ 9;1 leads to a relation between the observed light curve break
time ¢ and the inferred collimation angle 6; which is different from equation (35), namely
0; o< (E/A)™YE20(1/[1 + z])CP/BE=20 o (E/A)~V4(t4/[1 + z])'/*, where the last part
is for k = 2. Another argument indicating that the medium in the vicinity of at least some
long-GRB afterglows is not stratified, e.g. as 72, is the observation of a sharp jet-break in
the optical afterglow light curves (as, e.g. in GRB 990510, 000301c, 990123). As pointed out
by [257], relativistic jets propagating in a wind-like external medium are expected to give rise
to a very gradual and shallow break in the afterglow light curve.

The discussion above also makes the simplifying assumption of a uniform jet (uniform
energy and Lorentz factor inside the jet opening angle or top-hat jet model). In this case the
correlation between the inverse beaming factor f};1 = (9} /2)~! (or observationally, the jet
break time from which 6; is derived) and the isotropic equivalent energy or fluence E,, i, is
interpreted as being due to a distribution of jet angles, larger angles leading to lower E,, i,
according to E, jso 91._2. There is, however, an equally plausible interpretation for this
correlation, namely that one could have a universal jet profile such that the energy per unit solid
angle is dE,, /d2 o 672, where 6 is the angle measured from the axis of symmetry [424, 540].
(To avoid a singularity, one can assume this law to be valid outside some small core solid
angle.) This model also explains the [140,362] correlation; the different Ej5, would be due to
the observer being at different angles relative to the jet axis. This hypothesis has been tested
in a variety of ways [188, 193,258, 334]. Attempts to extend the universal 2 jet structure
to include x-ray flashes (section 2.5), together with the use of the Amati relation between the
spectral peak energy Epea and E,, i, (section 2.6), leads to the conclusion that a top-hat model
is preferred over a universal 62 jet model [259]. Uniform jets seen off-axis have also been
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considered as models for XRF in a unified scheme, e.g. [533, 180]. On the other hand, another
type of universal jet profile with a Gaussian shape [87,537] appears to satisfy both the jet
break-E,, iso and Epe—E,, iso correlations for both GRB and XRFs. More extensive discussion
of this is given in [541].

The uniform and structured jets are expected to produce achromatic breaks in the light
curves, at least for wavebands not too widely separated. However, in some bursts there have
been indications of different light curve break times for widely separated wavebands, e.g.
GRB 030329, suggesting different beam opening angles for the optical/x-ray and the radio
components [39]. Such two-component jets could arise naturally in the collapsar model, e.g.
with a narrow, high Lorentz factor central jet producing y, x-ray and optical radiation and
a wider slower outflow, e.g. involving more baryon-rich portions of the envelope producing
radio radiation [403]. A wider component may also be connected to a neutron-rich part of the
outflow [378]. More recent discussions of possible chromatic breaks are given in [118,371].

6. Current theoretical issues in afterglow models

The afterglow is generally assumed to become important after the time when the self-similar
I' oc r=3/2 behaviour starts. From equation (19) for the deceleration time fgec ~ (rgec/2¢T?)
and taking into account the gradual transition to the self-similar regime [244], this is
approximately

tag ~ T ~ Max[tgn(1 +2), 15(Es3/n0)" 0,5 1(1 +2)/2] 5], (36)

where f,, is the duration of the outflow, i.e. an upper limit for the duration of the prompt y -ray
emission and a cosmological time dilation factor is included. (Note that in some bursts the
y-rays could continue in the self-similar phase). The afterglow emission from the forward and
the reverse shock emission starts immediately after the ejecta starts to sweep up matter, but it
does not peak (and become dominant over the prompt emission or its decaying tail) until the
time ~t,,, marking the beginning of the self-similar blast wave regime.

Denoting the frequency and time dependence of the afterglow spectral energy flux as
F,(t) o« v Pt~ the late x-ray afterglow phases (3) and (4) of section 3 seen by Swift are
similar to those known previously from Beppo-SAX (the theoretical understanding of which
is discussed in section 5 and in [541]). The ‘normal’ decay phase (3), with temporal decay
indices @ ~ 1.1-1.5 and spectral energy indices 8 ~ 0.7-1.0, is what is generally expected
from the evolution of the forward shock in the Blandford—McKee self-similar late time regime,
under the assumption of synchrotron emission.

6.1. Early steep decay

Among the new afterglow features detected by Swift (see figure 3), the steep initial decay
phase F, o< t~3 — ¢~ in x-rays of the long GRB afterglows is one of the most striking. There
are several possible mechanisms which could cause this. The most obvious first guess would
be to attribute it to the cooling following cessation of the prompt emission (internal shocks or
dissipation). If the comoving magnetic field in the emission region is random [or transverse],
the flux per unit frequency along the line of sight in a given energy band, as a function of the
electron energy index p, decays as F, « t=* witha = —2p [(1 — 3 p)/2] in the slow cooling
regime, where 8 = (p — 1)/2, and it decays as @« = —2(1 + p), [—(2 — 3p)/2] in the fast
cooling regime, where 8 = p/2, i.e. for the standard p = 2.5 this would be « = —5, [—3.25]
in the slow cooling or « = —7, [—2.75] in the fast cooling regime, for random [transverse]
fields [315]. In some bursts this may be the explanation, but in others the time and spectral
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indices do not correspond well. In addition, if the flux along the line of sight decays as steeply
as above, the observed flux would be dominated by the so-called high latitude emission, which
is discussed next.

At present, the most widely considered explanation for the fast decay, both of the initial
phase (1) and of the steep flares, attributes it to the off-axis emission from regions at > I'~!
(the curvature effect or high latitude emission [235]. In this case, after the line of sight gamma-
rays have ceased, the off-axis emission observed from # > I'"! is (I'9)~® smaller than that
from the line of sight. Integrating over the equal arrival time region, this flux ratio becomes
o(I'9)~*. Since the emission from 6 arrives (I'9)? later than that from 8 = 0, the observer
sees the flux falling as F, oc =2, if the flux were frequency independent. For a source-frame
flux o< v'~#, the observed flux per unit frequency varies then as

F, o (t —t9)>7F, (37)

ie. o = 2+ B. This ‘high latitude’ radiation, which for observers outside the line cone at
6 > I'"! would appear as prompt y-ray emission from dissipation at radius r, appears to
observers along the line of sight (inside the light cone) to arrive delayed by ¢ ~ (r6%/2c)
relative to the trigger time, and its spectrum is softened by the Doppler factor o ¢~ into the
x-ray observer band. For the initial prompt decay, the onset of the afterglow (e.g. phases 2 or
3), which also comes from the line of sight, may overlap in time with the delayed high latitude
emission. In equation (37) #; can be taken as the trigger time or some value comparable or less
than equation (36). This can be used to constrain the prompt emission radius [266]. When
teee < T, the emission can have an admixture of high latitude and afterglow, and this can
lead to decay rates intermediate between the two [350]. Values of #; closer to the onset of
the decay also lead to steeper slopes. It is possible to identify for various bursts values of
tp near the rising part of the last spike in the prompt emission which satisfy the subsequent
steep decay slope [278]. Structured jets, when viewed on-beam produce essentially the same
slopes as homogeneous jets, while off-beam observing can lead to shallower slopes [107]. For
the flares, if their origin is assumed to be internal (e.g. some form of late internal shock or
dissipation) the value of #; is just before the flare, e.g the observer time at which the internal
dissipation starts to be observable [536]. This interpretation appears, so far, compatible with
most of the Swift afterglows [348,370, 544].

Alternatively, the initial fast decay may be due to the emission of a cocoon of exhaust
gas [376], where the temporal and spectral index are explained through an approximately
power-law behaviour of escape times and spectral modification of multiply scattered photons.
The fast decay may also be due to the reverse shock emission, if inverse Compton up-scatters
primarily synchrotron optical photons into the x-ray range. The decay starts after the reverse
shock has crossed the ejecta and electrons are no longer accelerated, and may have both a line
of sight and an off-axis component [241]. This poses strong constraints on the Compton-y
parameter and cannot explain decays much steeper than « = —2 or —2 — g if the off-axis con-
tribution dominates. Models involving bullets, whose origin, acceleration and survivability is
unexplained, could give aprompt decay index o« ~ —3to —5 [81], with abremsstrahlung energy
index B ~ 0 which is not observed in the fast decay; switching to a synchrotron or IC mecha-
nisms requires additional parameters. Finally, a patchy shell model, where the Lorentz factor
is highly variable in angle, would produce emission with @ ~ —2.5. Thus, such mechanisms
may explain the more gradual decays but not the more extreme @ = —5, —7 values encountered
in some cases. It should be noted, however, that the Swift x-ray observations suggest that the
steep decay is a direct continuation of the prompt emission [350], which in turn suggests that
the prompt and the fast decaying emission both arise from the same physical region, posing a
problem for the models in this paragraph (but not for the high latitude emission model).
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6.2. Shallow decay

The slow decay portion of the x-ray light curves (o« ~ —0.3 — 0.7), ubiquitously detected by
Swift, is not entirely new, having been detected in a few cases by BeppoSAX. This, as well
as the appearance of wiggles and flares in the x-ray light curves after several hours, was the
motivation for the ‘refreshed shock’ scenario [418,448] (section 5.3). Refreshed shocks can
flatten the afterglow light curve for hours or days, even if the ejecta is all emitted promptly at
t =T S t, but with a range of Lorentz factors, say M (I") o« I'™*, where the lower I shells
arrive much later to the foremost fast shells which have already been decelerated. Thus, for an
external medium of density p o< » % and a prompt injection where the Lorentz factor spread
relative to ejecta mass and energy is M(I") oc '™, E(I") o« I'™**!, the forward shock flux
temporal decay is given by [448]

a=[k—4)A+s)+B24—Tk+sk)]/[2(7T+s — 2k)], (38)

(for more details, see table 1). It needs to be emphasized that in this model all the ejection can
be prompt (e.g. over the duration ~T of the gamma-ray emission) but the low I' portions arrive
at (and refresh) the forward shock at late times, which can range from hours to days, i.e. it is
not the central engine which is active late, but its effects are seen late. Fits of such refreshed
shocks to observed shallow decay phases in Swift bursts [181] lead to a I" distribution which
is a broken power law, extending above and below a peak around ~45.

There is a different version of refreshed shocks, which does envisage central engine activity
extending for long periods of time, e.g. < day (in contrast to the < minutes engine activity
in the model above). Such long-lived activity may be due to continued fall-back into the
central black hole [528] or a magnetar wind [85,348,538]. One characteristic of both types of
refreshed models is that after the refreshed shocks stop and the usual decay resumes, the flux
level shows a step-up relative to the previous level, since new energy has been injected.

From current analyses, the refreshed shock model is generally able to explain the flatter
temporal x-ray slopes seen by Swift, both when it is seen to join smoothly on the prompt
emission (i.e. without an initial steep decay phase) or when seen after an initial steep decay.
Questions remain concerning the interpretation of the fluence ratio in the shallow x-ray
afterglow and the prompt gamma-ray emission, which can reach <1 [350]. This requires
a higher radiative efficiency in the prompt gamma-ray emission than in the x-ray afterglow.
One might speculate that this might be achieved if the prompt outflow is Poynting-dominated
or if a more efficient afterglow hides more of its energy in other bands, e.g. in GeV or IR.
Alternatively [179,219], a previous mass ejection might have emptied a cavity into which the
ejecta moves, leading to greater efficiency at later times (although this would not work above
the cooling frequency, which from the spectrum appears to be required in about half the cases)
or otherwise the energy fraction going into the electrons increases o< ¢'/2. Other possible ways
of addressing this include the afterglow coming from off-axis directions [108] and exploring
plausible reasons for having underestimated in previous studies the energy of the ejecta [179].

6.3. X-ray flares

Refreshed shocks can also explain some of the x-ray flares whose rise and decay slopes are
not too steep. However, this model encounters difficulties with the very steep flares with rise
or decay indices o« ~ %5, £7, such as inferred from the giant flare of GRB 0500502b [60]
around 300 s after the trigger. Also, the flux level increase in this flare is a factor ~ 500 above
the smooth afterglow before and after it, implying a comparable energy excess in the low
versus high I material. An explanation based on inverse Compton scattering in the reverse
shock [241] can explain a single flare at the beginning of the afterglow, with not too steep
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decay. For multiple flares, models invoking encountering a lumpy external medium have
generic difficulties explaining steep rises and decays [333, 544], although extremely dense,
sharp-edged lumps, if they exist, might satisfy the steepness [102].

Currently the more widely considered model for the flares ascribes them to late central
engine activity [348, 370, 544]. The strongest argument in favour of this is that the energy
budget is more easily satisfied, and the fast rise/decay is straightforward to explain. In such a
model the flare energy can be comparable to the prompt emission; the fast rise comes naturally
from the short time variability leading to internal shocks (or to rapid reconnection), while
the rapid decay may be due to the high latitude emission following the flare, with £, reset to
the beginning of each flare (see further discussion in [536]). However, some flares are well
modelled by refreshed forward shocks, while in others this is clearly ruled out and a central
engine origin is better suited [531]. Aside from the phenomenological desirability based on
energetics and timescales, a central engine origin is conceivable, within certain time ranges,
based on numerical models of the burst origin in long bursts. These are interpreted as being
due to core collapse of a massive stellar progenitor, where continued infall into fast rotating
cores can continue for a long time [528]. However, large flares with a fluence which is a
sizable fraction of the prompt emission occurring hours later remain difficult to understand. It
has been argued that gravitational instabilities in the infalling debris torus can lead to lumpy
accretion [379]. Alternatively, if the accreting debris torus is dominated by MHD effects,
magnetic instabilities can lead to extended, highly time variable accretion [393], which may
give rise to GRB x-ray flares [395].

6.4. Late steep decay and jet breaks

The late steep decay phase (4) of section 3 is seen in a modest fraction of the Swift bursts,
mainly in x-rays and mainly but not exclusively in long bursts. The natural interpretation
is that these are caused by the fact that the outflow is collimated into a jet break: when the
decrease of the ejecta Lorentz factor leads to the light-cone angle becoming larger than the
jet angular extent, I';(¢) 2 1/0; (e.g. section 5.5), the light curve steepens achromatically.
For the Swift bursts, it is noteworthy that this final steepening has been seen in less than
~ 10% of the afterglows followed and then with reasonable confidence mainly in x-rays. The
corresponding optical light curve breaks have been few and not well constrained. The UVOT
finds afterglows in only ~ 30% of the bursts, and ground-based optical/IR telescopes have
yielded few continued late time light curves monitored. This is unlike the case with the ~ 20
Beppo-SAX bursts, for which an achromatic break was reported in the optical [140], while in
rarer cases there was an x-ray or radio break reported, which in a few cases appeared to occur
at a different time than the optical break (e.g. [38]).

The relative paucity of optical breaks in Swift afterglows may be an observational selection
effect due to the larger median redshift, and hence fainter and redder optical afterglow at the
same observer epoch. At higher redshifts the break occurs later in the observer frame, which
compounds a possible reluctance to commit large telescope time on more frequently reported
bursts (roughly 2/week from Swift versus an earlier 2/month with Beppo-SAX). One can
speculate that the apparent scarcity of detected light curve breaks might indicate that at higher
redshifts the opening angle is intrinsically larger. However, continued monitoring of the x-ray
light curves with both Swift and Chandra is resulting in a growing number of bursts with high
quality late x-ray light curves showing in some cases a clear break and in others the absence of
a break up to weeks (also in short bursts, e.g. [62,190]). This is an evolving topic, with some
indications that light curve breaks may not (or not always) appear achromatic [118,371].
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Figure 8. The x-ray afterglow of the GRB 050094 at z = 6.29 [505], showing for comparison the
flux level of one of the most luminous x-ray quasars at a comparable redshift, SDSS J1030 + 524
(multiplied by 100). The inset shows the GRB variability in the 10-70ks timeframe.

6.5. Prompt optical flashes and high redshift afterglows

Optical/UV afterglows have been detected with the Swift UVOT telescope in roughly half the
bursts for which an x-ray afterglow was seen. For a more detailed discussion of the UVOT
afterglow observations see [423]. Of particular interest is the ongoing discussion on whether
‘dark GRB’ are really optically deficient or the result of observational bias [42]. Another puzzle
is the report of a bimodal intrinsic brightness distribution in the rest-frame R-band [277,343].
This suggests possibly the existence of two different classes of long bursts or at least two
different types of environments.

Compared with a few years ago, a much larger role is being played by ground-based
robotic optical follow-ups, due to the increased rate of several arc-second x-ray alerts from
XRT and the larger number of robotic telescopes brought on-line in the last years. For the most
part, these detections have yielded optical decays in the 2 few 100 s range, initial brightness
my ~ 14-17 and temporal decay slopes o ~ 1.1-1.7 previously associated with the evolution
of a forward shock [41, 136]. In a few cases, a prompt optical detection was achieved in the
first 12-25s [439,440,492].

The most exciting prompt robotic IR detection (and optical non-detection) is that of GRB
050904 [57,195]. This object, at the unprecedented high redshift of z = 6.29 [229], has an
x-ray brightness exceeding for a day that of the brightest x-ray quasars (see figure 8) [505]. Its
O/IR brightness in the first 500 s (observer time) was comparable to that of the extremely bright
(my ~ 9) optical flash in GRB 990123, with a similarly steep time-decay slope o ~ 3 [57].
Such prompt, bright and steeply decaying optical emission is expected from the reverse shock
as it crosses the ejecta, marking the start of the afterglow [313,315,452].

However, aside from the two glaring examples of 990123 and 050904, in the last six years
there have been less than a score of other prompt optical flashes, typically with more modest
initial brightnesses m, = 13. There are a number of possible reasons for this paucity of

~
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optically bright flashes, if ascribed to reverse shock emission. One is the absence or weakness
of a reverse shock, e.g. if the ejecta is highly magnetized [313]. A moderately magnetized
ejecta is in fact favoured for some prompt flashes [542]. Alternatively, the deceleration might
occur in the thick-shell regime (7" >> t4., see equation (36), which can result in the reverse
shock being relativistic, boosting the optical reverse shock spectrum into the UV [240] (in this
case a detection by UVOT might be expected, unless the decay is faster than the typical 100-
200 s for UVOT slewing and integration). Another possibility, for a high comoving luminosity,
is a copious pair formation in the ejecta, causing the reverse shock spectrum to peak in the
IR [322]. Since both GRB 990123 and GRB 050904 had Ej, ~ 10°* erg, among the top few
per cent of all bursts, the latter is a distinct possibility, compatible with the fact that the prompt
flash in GRB 050904 was bright in the IR I-band but not in the optical. On the other hand, the
redshift z = 6.29 of this burst and a Ly-« cutoff at ~800 nm would also ensure this (and GRB
990123, at z = 1.6, was detected in the V-band). However, the observations of optical flashes
in these two objects but not in lower Ej, objects appears compatible with having a relativistic
(thick shell) reverse shock with pair formation. Even in the absence of pairs, more accurate
calculations of the reverse shock [299,336] find the emission to be significantly weaker than
was estimated earlier. Another possibility is that the cooling frequency in reverse shock is
typically not much larger than the optical band frequency. In this case the optical emission
from the reverse shock drops to zero very rapidly soon after the reverse shock has crossed
the ejecta and the cooling frequency drops below the optical and there are no electrons left to
radiate in the optical band [299].

7. Short GRB in the Swift era

7.1. Short GRB observations

Swift, and in smaller numbers HETE-2, have provided the first bona fide short burst x-ray
afterglows followed up starting ~100 s after the trigger, leading to localizations and redshifts.
In the first of these, GRB 050509b [161], the extrapolation of the prompt BAT emission into the
x-ray range and the XRT light curve from 100 s to about 1000 s (after which only upper limits
exist, even with Chandra, due to the faintness of the burst) can be fitted with a single power law
of o ~ 1.2 (1.12 to 1.29 90% conf) or separately as agar = 1.34 (0.27 to 2.87 90% conf) and
axgrr = 1.1(0.57 to 2.36 90% conf). The x-ray coverage was sparse due to orbital constraints,
the number of x-ray photons being small, and no optical transient was identified, probably due
to the faintness of the source. An optical host was however identified, an elliptical galaxy [55].
The next one, discovered by HETE-2, was GRB 050709 [499]. Its host [135] is an irregular
galaxy at z = 0.16 (and the observations ruled out any supernova association). Even earlier,
HETE-2 reported the short GRB 040924 [481], with a soft gamma-ray prompt emission and a
faint broken power law optical afterglow [210]. A proposed host galaxy at z = 0.86 shows star
formation and evidence for an associated 1998bw-like SN contribution to the light curve [460],
which suggests this is perhaps the short end of the long burst or XRF distribution. The next
Swift short burst, GRB 050724, was relatively bright, and besides x-rays, it also yielded both
a decaying optical and a radio afterglow [37]. This burst, together with a significant part of
other short bursts, is associated with an elliptical host galaxy. It also had a low-luminosity
soft gamma-ray extension of the short hard gamma-ray component (which would have been
missed by BATSE), and it had an interesting x-ray afterglow extending beyond 10° s [28]
(figure 9). The soft gamma-ray extension, lasting up to 200 s, when extrapolated to the x-ray
range overlaps well with the beginning of the XRT afterglow, which between 100 and 300 s
has @ ~ —2, followed by a much steeper drop &« ~ —5 — 7 out to ~600s, then a more
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Figure 9. The afterglow of GRB 050724 [28], showing the Swift results on the prompt BAT
emission extrapolated to the x-ray range and the subsequent XRT emission, as well as the late
Chandra follow-up.

moderate decay o ~ —1. An unexpected feature is a strong flare peaking at 5 x 10*s, whose
energy is 10% of the prompt emission, while its amplitude is a 10 times increase over the
preceding slow decay. Among more recent Swift short bursts, GRB 050813 [421,454] had
an x-ray afterglow, a possible elliptical host, and was reported to be near a galaxy cluster at
z =1.7-1.9 [41]. GRB 051210 [262] had an x-ray power law afterglow, with bumps or flares,
and optical identifications are still under consideration. GRB 051221a had x-ray and optical
afterglows, and the host is a star forming galaxy at z = 0.55 [461].

7.2. Short GRB prompt and afterglow emission

The main challenges for an understanding of the mechanism of short bursts are the relatively
long, soft tail of the prompt emission and the strength and late occurrence of the x-ray bumps
or flares. A possible explanation for the extended long soft tails (~100s) may be that the
compact binary progenitor is a black hole—neutron star system [28], for which analytical and
numerical arguments ( [93], and references therein) suggest that the disruption and swallowing
by the black hole may lead to a complex and more extended accretion rate than for double
neutron stars (cf [325, 113]). The flares, for which the simplest interpretation might be to
ascribe them to refreshed shocks (compatible with a short engine duration T < ¢, ~ 2sand a
distribution of Lorentz factors), require the energy in the slow material to be at least ten times
as energetic as the fast material responsible for the prompt emission, for the GRB 050724
flare at 10*s. The rise and decay times are moderate enough for this interpretation within the
errors. On the other hand, if the decay slope is —2.8, this is steeper than expected for refreshed
shocks but consistent with the high-latitude —2 — 8 model; a time origin 7y can be determined
at the beginning of the flare, and late Chandra observations indicate that the decay after that
resumes where it had left off before the flare, which is more consistent with a late engine
activity interpretation [278], requiring a factor 10 less energy budget than the refreshed shock
interpretation. Another interpretation for such flares might be an accretion-induced collapse
of a white dwarf in a binary, leading to a flare when the fireball created by the collapse hits the
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companion [290], which might explain moderate energy one-time flares of duration <107 s.
However, for repeated, energetic flares, as also in the long bursts, the total energetics are easier
to satisfy if one postulates late central engine activity (lasting at least half a day), containing
~10% of the prompt fluence [28]. A possible way to produce this might be temporary choking
up of an MHD outflow [393] (cf [490]), which might also imply a linear polarization of the
x-ray flare [115]. Such MHD effects could plausibly also explain the initial ~100 s soft tail.
Another magnetic mechanism proposed for late x-ray flares in short bursts invokes a temporary
post-merger massive neutron star [88]. However, a justification for substantial >10° s features
remains so far on rather tentative grounds.

The similarity of the x-ray afterglow light curve with those of long bursts is, in itself, an
argument in favour of the prevalent view that the afterglows of both long and short bursts can
be described by the same paradigm, independently of any difference in the progenitors. This
impression is reinforced by the fact that the x-ray light curve temporal slope is, on average,
that expected from the usual forward shock afterglow model and that in GRB 050724 the x-ray
afterglow shows what appears like an initial steep decay, a normal decay and a significant
bump or flare. The identification of jet breaks in short bursts is still preliminary and the subject
of debate. In two short bursts (so far) evidence has been reported for a jet break [37,62,360].
(However, in GRB 050724 a late Chandra observation indicates no x-ray break [190].) Taking
these breaks as jet breaks, the average isotropic energy of these SHBs is a factor ~100 smaller,
while the average jet opening angle (based on the two breaks) is a factor ~2 larger than those of
typical long GRBs [136,360]. Using standard afterglow theory, the bulk Lorentz factor decay
can be expressed through I'(t;) = 6.5(n0/E50)1/8td_3/8, where t; = (t/day), n is the external
density in units of cm ™ and Ej is the isotropic equivalent energy in units of 10°° ergs. If the
jet break occurs at I'(t;) = 67!, for a single-sided jet, the jet opening angle and the total jet
energy Ej are

0; = 9°(no/ Eso)'/*t}1}. Ej=n02E ~10¥ny* (Esot;.0)* erg. (39

For the afterglows of GRB 050709 and GRB 050724, the standard afterglow expressions for
the flux level as a function of time before and after the break lead to fits [360] which are not
completely determined, allowing for GRB050709 either a very low or a moderately low external
density and for GRB050724 a moderately low to large external density. The main uncertainty is
in the jet break time, which is poorly sampled, and so far mainly in x-rays. A better determined
case of an x-ray light curve break is that of GRB 051221a, where combined Swift XRT and
Chandra observations indicate a late break at#; ~ 5 days, leading to an estimated 6; ~ 15° [62].
This is similar to jet angles calculated numerically for compact merger scenarios by [6,222].
It is worth noting, however, that there are some indications that light curve breaks may not
(or not always) be achromatic [118,371]. We note that chromatic breaks have been argued
for in some long bursts, e.g. GRB 030329, suggesting different beam opening angles for the
optical/x-ray and the radio components ( [39]; see also [378]), and independently of whether
this is the explanation, a similar phenomenon may be present in short bursts.

7.3. Short burst hosts and progenitors

The most dramatic impact of Swift concerning short GRB, after the discovery and charac-
terization of the afterglows, has been in providing the first significant identifications of host
galaxies, with the implications and constraints that this puts on the progenitor issue. Out of ten
short bursts detected until the end of 2005, four of the hosts (GRB 040924, 050509b, 050724
and 050813; [28,37,161]) are elliptical galaxies, one (GRB 050709, [135]) is a nearby irregular
galaxy and one (GRB 050906, [220]) is a star-forming galaxy. The number of elliptical hosts is
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of significant interest for the most frequently discussed progenitor of short GRB, the merger of
neutron star binaries [28, 109,269,353], which would be relatively much more plentiful in old
stellar population galaxies such as ellipticals. The argument partly depends on the expected
long binary merger times, which in early population synthesis and merger simulations [51] was
taken to be in excess of 10% years. More recent populations’ synthesis calculations [32] have
reduced this to the point where compact mergers could be expected in substantial numbers also
in young, e.g. star-forming galaxies, although statistically most mergers would be expected in
old galaxies. The preponderance of claimed elliptical hosts, where star formation is absent,
argues against alternative short burst origins such as short-lived outflows from massive stellar
collapses [489]. The lack of any observed supernova emission weeks after the burst [135,205]
also argues against a massive stellar collapse (where an Ib/c supernova could be expected)
and also against a gravitational collapse of C/O white dwarfs to neutron stars leading to a
supernova Ia [80].

An alternative interpretation of short bursts is that they may be the initial brief, hard spike
seen in giant flares of soft gamma repeaters or SGR [214,359]. SGRs must be young objects,
due to the fast field decay rate, and the total energy in giant SGR flares detected so far is at least
two orders of magnitude too small to explain the short burst fluxes detected at z = 0.2. The
lack of recent star formation activity in the four mentioned elliptical hosts also indicates that
at least some short bursts cannot be ascribed to SGRs. A statistical analysis indicates that the
fraction of short bursts which could be due to SGRs is less than 15% (or less than 40% at 95%
confidence level) [339]. It is interesting that a correlation analysis of short bursts with x-ray
selected galaxy clusters [169] gives a better than 2o angular cross-correlation with clusters
up to z = 0.1, which compared with model predictions would indicate that most short bursts
originate within ~270Mpc. Any connection between alternative candidates and a possible
third category of bursts, intermediate between short and long [207, 208,305, 330], remains so
far unexplored.

7.4. Short burst redshifts and progenitor lifetimes

With over a half dozen reasonably well-studied short bursts (as of end of 2005), their distribution
in redshift space and among host galaxy types, including both ellipticals and spiral/irregulars
[392], is similar to that of other old population objects and thus is compatible with neutron
star binaries or black hole-neutron star binaries [338]. This progenitor identification, however,
cannot be considered secure, so far. Nonetheless, the most striking thing about short hard
burst (or SHBs) hosts is that it includes a number of ellipticals, with low star formation rate
(SFR), e.g. 050909b, 050724; and even for those SHBs with star forming hosts, e.g. 050709,
051221a, the SFR is lower than the median SFR for the long GRB hosts [41]. This confirms that
they are a distinct population, as indicated also by their intrinsic spectral-temporal properties
versus those of long bursts [19,246,346]. Using the BATSE flux distribution and the observed
redshifts, the SHB local rates are inferred to be at least ~10 Gpc™ yr~! [194, 338] without
beaming corrections and larger including beaming. The progenitor lifetimes lead to interesting
constraints, e.g. the simple time delay distribution P(¢) oc ¢! expected from galactic double
neutron star systems appears in conflict with the low average redshift of SHBs [158, 338],
although it is not ruled out [194]. This has led to inferring a typical lifetime for the progenitors
of ~6 Gyr and the suggestion that they might be neutron star-black hole binaries, rather than
double neutron stars. However if the redshift z ~ 1.8 for GRB 050813 is correct, the lifetime
of the progenitor would be constrained to <10° Gyr [41]. On the other hand, consideration of
the star formation history of both early and late type galaxies suggests that at least half of the
SHB progenitors have lifetimes in excess of ~10 Gyr [547]. Population synthesis models of
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double compact binaries [31] indicate two populations, with short (1072-0.2 Myr) and long
(102-10* Myr) merger times, with NS—-NS and BH-NS binaries distributed roughly 1: 1 and
4:1 between these two merger time ranges, in apparent agreement with current SHB redshift
and host distributions between ellipticals and SFR galaxies. The origin of a fraction of double
neutron stars in globular clusters [189] would help to explain short bursts which are offset from
their host galaxy.

8. Long GRB progenitors in light of Swift

8.1. Long GRB hosts and progenitors

Out of the ~90 long bursts (, 2 2s) detected by Swift up to the end of 2005, in all the
cases where a host galaxy was identified this was of an early type, usually a blue star-forming
galaxy [54,455,468]. This was also the case for the some thirty cases measured by Beppo-
SAX (e.g. [483] in the previous seven years. More recent observational studies have also
indicated that the long GRB host galaxy metallicity is generally lower than that of the average
massive star forming galaxies [270,271,468]. This has implications for the expected redshift
distribution of GRB [344] (cf [49,524,22]), indicating that ~40% of long GRB may originate
from z 2> 4. Long GRB may, in principle, be detectable up to z < 25-30 [70,261,175].

The preponderance of short-lived massive star formation in such young galaxies, as well
as the identification of an SN Ib/c light curve peaking weeks after the burst in a few cases,
has provided strong support for a massive stellar collapse origin of long GRBs, as argued
by [356,528,529]. The relatively long duration of the gamma-ray emission stage in these bursts
(2s <1, S 107 s) is generally ascribed to a correspondingly long duration for the accretion of
the debris [292,389] falling into the central black hole which must form as the core of massive
star collapses. (For initial stellar masses in excess of about 28-30 M, the core is expected
to collapse to a BH, e.g. [147], while for smaller initial masses 10 My < M, < 28 M, the
collapsing core mass is below the Chandrasekhar mass and is expected to lead to a neutron star.)
This accretion onto the black hole feeds a relativistic jet, which breaks through the infalling
core and the stellar envelope along the direction of the rotation axis.

A related massive core collapse mechanism has been considered by [488,489] taking into
account MHD effects in the disc and BH, in which the basic accretion time is short enough
to be identified with short bursts, but magnetic tension can result in suspended accretion
leading to long bursts. A mechanism based on the shorting of a charge separation built up
around newly formed black holes has been discussed by [432,433]. Other mechanism invoked
include collapse of a neutron star to a strange star (e.g. [35,68, 105]. The most widely adopted
scenario, from this list, is the first one, in which the long GRB derive their energy from either
the gravitational energy liberated by the torus of debris accreting onto the central BH formed
by the massive core collapse or by the extraction of the rotational energy of the BH, mediated
by the presence of the debris torus, whose accretion lifetime in both the cases is identified with
the duration of the ‘prompt’ gamma-ray emitting phase of the burst.

8.2. Supernova connection

In the year following the launch of Swift no supernovae were identified in association with
GRB. In fact, there are some upper limits on possible supernovae, the most notable ones
being on the short bursts GRB 050509b [205] and GRB 050709 [135]. However, from the
previous eight-year period there are two well-documented cases of supernovae associated with
long bursts and several more weaker cases, where the evidence suggests a long GRB-SN
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connection. The first evidence for a long GRB-supernova association was discovered in GRB
980425, which appeared associated with SN 1998bw [156,250]. This was a peculiar, more
energetic than usual Type Ib/c supernova, where the apparently associated GRBs properties
seemed the same as usual, except for the redshift being extremely small (z ~ 0.0085). This
implied the lowest ever long GRB isotropic equivalent energy E, ~ 10* erg, which resulted
in the association being treated cautiously. However, using SN 1998bw as a template, other
possible associations were soon claimed through detection of reddened bumps in the optical
afterglow light-curves after a time delay compatible with a supernova brightness rise-time, e.g.
in GRB 980326 [51], GRB 970228 [157,412], GRB 000911 [263], GRB 991208 [66], GRB
990712 [442], GRB 011121 [52] and GRB 020405 [391].

The first unambiguous GRB-SN association was identified in GRB 030329, at a redshift
z = 0.169, through both a supernova light-curve reddened bump and, more convincingly, by
measuring in it a supernova spectrum of type Ib/c (i.e. the same type as in 1998bw) [204,467].
As a corollary, this observation rules out the ‘supra-nova’ model [498], in which a core collapse
to neutron star and a supernova was assumed to occur months before a second collapse of the
NS into a BH and a GRB; the delay between GRB 030329 and SN 2003dh is less than two
days and is compatible with both events being simultaneous [204]. For pre-Swift GRB-SN
associations, see, e.g. [534,535].

More recently, Swift observed with all three instruments, BAT, XRT and UVOT, an
unusually long (~2000s), soft burst, GRB 060218 [64], which was found to be associated
with SN2006aj, a very nearby (z = 0.033) type Ic supernova [71, 326,327,466, 296, 381].
This supernova light curve peaked earlier than most known supernovae, and its time origin can
also be constrained to be within less than a day from the GRB trigger. This is the first time
that a connected GRB and supernova event has been observed starting in the first ~100s in
x-rays and UV/Optical light, and the results are of great interest. The early x-ray light curve
shows a slow rise and plateau followed by a drop after ~10° s, with a power law spectrum and
an increasing black-body like component which dominates at the end. The most interesting
interpretation involves shock breakout of a semi-relativistic component in a WR progenitor
wind [64] (cf [119,474]). After this a more conventional x-ray power law decay follows, and
a UV component peak at a later time can be interpreted as being due to the slower supernova
envelope shock. Another GRB/SN detection based on Swift afterglow observations is that
associated with GRB 050525A [95].

8.3. Jet dynamics, cocoons and progenitors

For both long and short bursts, the most widely discussed central engine invokes a central
black hole and a surrounding torus, either produced by a massive stellar core collapse (long
bursts) or the merger of NS-NS or NS-BH binaries (short bursts). The latter mechanism is
observationally on a less firm footing than the first, and in both collapse and merger cases
the black hole could be preceded by a temporary massive, highly magnetized neutron star.
There are two ultimate energy sources: the gravitational binding energy of the torus and the
spin energy of the black hole. A possible third is the magnetic energy stored during the
collapse, which derives its energy from the other two. Two main ways have been discussed
for extracting the accretion energy and black hole spin energy, namely a neutrino-drive
wind [109, 150,292,430,431], and the Blandford—Znajek [48] mechanism. Both mechanisms
lead to an optically thick e¥ jet or fireball, but the second is dynamically Poynting-dominated,
i.e. dominated by strong magnetic fields threading the black hole [274,286,314,486]. Needless
to say, identification of the content of the fireball and the mechanism of GRB prompt emission
would shed light on the mechanism that powers the central engine. Hence the excitement
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following claims of a very large gamma-ray polarization in GRB 021206 [74] suggesting
a strongly magnetized central engine. This observation has been challenged [434, 526]. A
strong gamma-ray polarization could in principle be expected from a pure Poynting-flux
dominated jet [288] or in a baryonic hydrodynamic jet with a globally organized magnetic field
configuration [176, 178,513]. A strong but less extreme magnetization of the jet is inferred
from a combined reverse—forward shock emission analysis of GRB 990123 [114,542].

In all models, an e, y fireball is expected as a result of the dissipation associated with
the transient core collapse or merger event. The initial chaotic motions and shears are also
expected to lead to a build-up of significant magnetic stresses [477]. A combination of the
relativistic lepton (e*) and MHD fields up to ~ 10'3 Gauss can provide the driving stresses
leading to a highly relativistic expansion with I"; > 1. The fireball is very likely also to involve
some fraction of baryons, and uncertainties in this ‘baryon pollution’ [354] remain difficult
to quantify until 3D MHD calculations capable of addressing baryon entrainment become
available. If the progenitor is a massive star, the expectation is that the fireball will likely
be substantially collimated, due to the transverse containing pressure of the stellar envelope,
which, if fast-rotating, provides a natural fireball escape route along the centrifugally lightened
rotation axis.

The development of a jet and its Lorentz factor in a collapsar has been discussed
analytically in [265,297,319,519]. The essence of the dynamics of the jet in a burst from
a massive star is that as long as the central BH accretes, it injects along the rotation axis a
relativistic jet, whose dimensionless entropy must be comparable to or larger than the final
bulk Lorentz factor of the jet once it has emerged from the star, n = (L/Mc?) 2 T'; 2 100.
Even though such a jet is highly relativistic as it is injected, the overburden of the stellar core
and envelope slow the progress of the jet head down to a sub-relativistic speed of advance,
which gradually increases as the jet moves down the density gradient of the star. The difference
between the injection and advance speed causes gas and energy spill-over into a transrelativistic
cocoon of waste heat [265,297,319] surrounding the jet, which may be detectable [376,403].
By the time it reaches the boundary of the He core (Rye ~ 10! cm) the jet head has reached
a speed v; ~ c. This takes, in the star’s frame, ~10s, hence the central engine must continue
injecting energy and momentum into the jet for at least this long. A very sharp drop in density is
predicted by stellar models at this radius, beyond which a tenuous hydrogen envelope extends
as a power law. In going down this sharp gradient, the jet head Lorentz factor shoots up to a
value comparable to its final value, I"; 2 100 ( [319,519]).Once the jet head is relativistic, it
becomes ballistic, and it is no longer affected by whether the central engine energy injection
continues or not. A constraint on the mass of the envelope is that the mass overburden within
the jet solid angle must be less than the jet total energy divided by T';¢? ([297]). If the star has
lostits H envelope, this condition is guaranteed, e.g. as in Wolf—Rayet type stars, where a stellar
wind phase leads to envelope loss previous to the core collapse phase. WR stars are, in fact,
thought to be the progenitors of type Ib/c supernovae, which is the only type so far seen in a few
cases associated with GRB. A modest envelope, however, should still be compatible with a high
Lorentz factor, which could be tested through detection of weak H lines in a GRB associated
supernova (and may also be tested through tera-electron-volt neutrino observations, [407]).

The 2D development of a relativistic jet making its way out through a star have been
calculated numerically by e.g. [5, 546], while magnetically dominated jets are discussed
by [106,394, 523]. Jets in compact mergers have been calculated numerically by [6, 222].
The relativistic numerical calculations of GRB jets are, so far, mainly hydrodynamic and
involve approximations about the energy and momentum injection at the lower boundary, the
numerical difficulties in covering the entire dynamical range being extreme. The results [546]
show that a jet of I'; ~ 100 can escape a star of radius comparable to a WR (R, ~ 10" cm).
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The angular structure of the jet is, as expected, one where the Lorentz factor and energy per
solid angle tapers off towards the edges, where instabilities cause mixing with and drag by the
stellar envelope walls. An analytical argument [265] shows that this tapering off can result
in an energy profile E;(6) o 672. Such a jet profile is a possible interpretation [424, 540] of
the observational correlation between the isotropic equivalent jet energy and the jet break time
derived from a sample of burst afterglows [140,362].

9. Very high energy photons and non-electromagnetic emission

The highly relativistic nature of the outflows is inferred from and constrained by the
observations of giga-electron volt photons, which indicate the need for bulk Lorentz factors of
I' > 107 [25,123,199]. Such Lorentz factors result in synchrotron spectra which in the observer
frame extend beyond 100 MeV, and inverse Compton (IC) scattering of such synchrotron
photons leads to the expectation of GeV and TeV spectral components [312]. While <18 GeV
photons have been observed (e.g. [213]), TeV photons are likely to be degraded to lower
energies by yy pair production, either in the source itself or (unless the GRB is at very low
redshifts) in the intervening intergalactic medium [75, 94].

Besides emitting in the currently studied sub-GeV electromagnetic channels, GRBs are
likely to be even more luminous in other channels, such as neutrinos, gravitational waves and
cosmic rays. For instance, nucleons entrained in the fireball will have 2100 GeV bulk kinetic
energies in the observer frame, which can lead to inelastic collisions resulting in pions, muons,
neutrinos and electrons as well as their anti-particles. The main targets for the relativistic
baryons are other particles in the relativistic outflow and particles in the external, slower moving
environment. The expected flux and spectrum of 1-30 GeV neutrinos and y-rays resulting
from pion decay due to interactions within the expanding plasma depends, for example, on
the neutron/proton ratio and on fireball inhomogeneities, while that due to interactions with
the surrounding medium depends on the external gas density and its distribution; and both
depend on the Lorentz factor. Massive progenitors offer denser targets for nuclear collisions
and a larger photon density for py and y y interactions, leading to modification of the photon
spectra. On the other hand GRB from NS—NS mergers would be characterized by neutron-rich
outflows, leading to stronger 5—10 GeV neutrinos and photons from np collisions [18,34,426].
Photo-pion signatures of >>100 GeV photons and 10'#~10'8 eV neutrinos may be expected to be
relatively stronger in massive (high soft photon density) progenitors. Knowing what fraction of
GRB, if any, arises from NS mergers is vital for facilitating interferometric gravitational wave
detections, e.g. with LIGO. And, conversely, detection with LIGO would provide important
clues as to whether short bursts are NS-NS (or NS-BH) mergers or whether massive stellar
collapses are asymmetric enough to produce substantial gravitational wave emission and serve
as a test of the relationship between long GRB and supernovae.

The Fermi mechanism in shocks developing in the GRB outflow can also accelerate
protons to observer-frame energies of up to ~102° eV [506,508]. Internal shocks leading to the
observed y -rays have a high comoving photon density and lead to py photopion production and
to 2100 TeV neutrinos [515]. In external shocks due to deceleration by the external medium,
the reverse shock moving into the ejecta can produce optical photons (section 5.2) which
result in photopion production and >10'° eV neutrinos [516]. Neutrinos in the TeV to EeV
range may be easier to detect than those at ~10 GeV energies, due to their higher interaction
cross section, with instruments currently under construction. Such neutrinos would serve as
diagnostics of the presence of relativistic shocks and as probes of the acceleration mechanism
and the magnetic field strength. The flux and spectrum of >10'° eV neutrinos depends on the
density of the surrounding gas, while the >>10'* eV neutrinos depend on the fireball Lorentz
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factor. Hence, the detection of very high energy neutrinos would provide crucial constraints
on the fireball parameters and GRB environment.

9.1. UHE photons from GRB

Ultra-high energy emission, in the range of GeV and harder, is expected from electron inverse
Compton in external shocks [312] as well as from internal shocks [372] in the prompt phase.
The combination of prompt MeV radiation from internal shocks and a more prolonged GeV
IC component for external shocks [311] is a likely explanation for the delayed GeV emission
seen in some GRB [213]. (The alternative invoking photomeson processes from ejecta
protons impacting a nearby binary stellar companion are given in [227].) The GeV photon
emission from the long-term IC component in external afterglow shocks has been considered
by [99, 100, 539,501, 502]. The IC GeV photon component is likely to be significantly more
important [539] than a possible proton synchrotron or electron synchrotron component at
these energies. Another possible contributor at these energies may be 7° decay from py
interactions between shock-accelerated protons and MeV or other photons in the GRAB shock
region [58, 142,479]. However, under the conservative assumption that the relativistic proton
energy does not exceed the energy in relativistic electrons or in y-rays and that the proton
spectral index is —2.2 instead of —2, both the proton synchrotron and the py components can
be shown to be substantially less important at GeV-TeV than the IC component [539]. Another
GeV photon component is expected from the fact that in a baryonic GRB outflow neutrons are
likely to be present, and when these decouple from the protons, before any shocks occur, pn
inelastic collisions will lead to pions, including 7°, resulting in UHE photons which cascade
down to the GeV range [18,101,426]. The final GeV spectrum results from a complex cascade,
but a rough estimate indicates that 1-10 GeV flux should be detectable [18] with GLAST [172]
for bursts at z < 0.1.

In these models, due to the high photon densities implied by GRB models, yy absorption
within the GRB emission region must be taken into account [23, 280, 397, 398, 409]. One
interesting result is that the observation of photons up to a certain energy, say 10-20 GeV with
EGRET, puts a lower limit on the bulk Lorentz factor of the outflow, from the fact that the
compactness parameter (optical depth to yy) is directly proportional to the comoving photon
density, and both these as well as the energy of the photons depend on the bulk Lorentz factor.
This has been used by [280] to estimate lower limits on I' < 300-600 for a number of specific
bursts observed with EGRET. On the other hand, for GRB with I' 2 850, TeV photons can
escape the source [409].

Long GRBs have recently been shown to be associated with supernovae (section 8.2).
If GRBs also accelerate cosmic rays, as suspected, then these could leave long-lasting UHE
photon signatures in supernova remnants which were associated with GRBs at the time of
their explosion. One example may be the SN remnant W49B, which may be a GRB remnant.
A signature of a neutron admixture in the relativistic cosmic ray outflow would be a TeV
gamma-ray signature due to inverse Compton interactions following neutron decay [217] (see
also [13]). Continued magnetic outflows upscattering companion photons may also reveal
GRB remnants [401]. The imaging of the surrounding emission could provide new constraints
on the jet structure of the GRB.

The recent detection of delayed x-ray flares during the afterglow phase of gamma-ray
bursts (GRBs) with the Swift satellite (e.g. [348,370,544]) suggests an inner-engine origin of
these flares, at radii inside the deceleration radius characterizing the beginning of the forward
shock afterglow emission. Given the observed temporal overlapping between the flares and
afterglows, one expects an inverse Compton (IC) emission arising from such flare photons
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scattered by forward shock afterglow electrons [504]. The jet may also IC upscatter shock
break-out x-ray photons [405]. This IC emission would produce GeV-TeV flares, which may
be detected by GLAST and ground-based TeV telescopes. The detection of GeV-TeV flares
combined with low energy observations may help to constrain the poorly known magnetic field
in afterglow shocks.

At higher energies, a tentative 0.1 TeV detection at the 30 level of GRB970417a has
been reported with the water Cherenkov detector Milagrito [12]. Another possible TeV
detection [388] of GRB971110 has been reported with the GRAND array, at the 2.70 level.
Stacking of data from the TIBET array for a large number of GRB time windows has led
to an estimate of a ~7¢ composite detection significance [9]. Better sensitivity is expected
from the upgraded larger version of MILAGRO, as well as from atmospheric Cherenkov
telescopes under construction such as VERITAS, HESS, MAGIC and CANGAROO-III
[128,206,209,231,470,520,352]. However, GRB detections in the TeV range are expected
only for rare nearby events, since at this energy the mean free path against yy absorption
on the diffuse IR photon background is ~ few hundred Mpc [75,94]. The mean free path is
much larger at GeV energies, and based on the handful of GRBs reported in this range with
EGRET, several hundred should be detectable with large area space-based detectors such as
GLAST [298,539].

9.2. Cosmic rays from GRB

In the standard fireball shock model of the prompt y-ray emission, say from internal shocks
or magnetic dissipation, and also in the external afterglow shocks, the same acceleration
mechanisms which lead to the non-thermal electron power laws implied by the observed photon
spectra must also lead to proton acceleration. Using the shock parameters inferred from broad-
band photon spectral fits, one infers that protons can be accelerated to Lorentz factors up to
<10 in the observer frame [495,508], i.e. to so-called GZK energy of E, ~ 10%°eV. This
is interesting mainly for ‘baryonic’ jets, where the bulk of the energy is carried by baryons,
whereas in Poynting-dominated jets there would be much fewer protons to accelerate. Well
below the GZK energy, protons interacting with the MeV photons present in GRB or with
thermal nucleons are above the pion production threshold and can produce ultra-high energy
neutrinos, as discussed below.

Discussions of GRB as cosmic ray sources are mainly oriented at exploring their
contribution to the energy range above EeV (108 eV; e.g. [506]), referred to as ultra-high
energy cosmic rays or UHECRs. (A model where GRBs are responsible for CRs ranging from
PeV to GZK is given in [527].) AtEeV and higher energies the observed UHECR isotropy and
the small expected magnetic deflection suggests an extra-galactic origin. The requirement that
they are not attenuated by the cosmic microwave background through photomeson interactions
constrains that they are originated within a volume inside a radius of 50-100 Mpc, the so-called
‘GZK’ volume [77]. Two broad classes of models suggested are the ‘top—down’ scenarios,
which attribute UHECR to decay of fossil grand unification defects, and the ‘bottom-up’
scenarios, which assume UHECRs are accelerated in astrophysical sources. One of the
most prominent candidate sources for bottom—up scenarios is GRBs [324, 495, 508] (two
others are AGNSs, e.g. [36] and cluster shocks, e.g. [216]). The most commonly discussed
version of this scenario considers the UHECR to be protons accelerated in GRB internal
shocks [506,507,508], while another version attributes them to acceleration in external shocks
[102,493,495]. (For UHECR acceleration in alternative GRB models, see, e.g. [90, 122].)

The persuasiveness of this scenario is largely based on two coincidences, namely the
required condition to accelerate protons to GZK energies is similar to the requirement for
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generating the prompt observed gamma-rays in GRB and the observed UHECR energy
injection rate into the universe (~3 x 10* erg Mpc = yr~') is similar to the local GRB y-
ray energy injection rate [495,508]. These coincidences have been questioned, e.g. [456,471],
but these objections have been resolved using new data and further considerations [493,506],
and GRBs remain a promising candidate for UHECRs. However, there are some caveats of
principle. The internal shock scenario relies on the assumption that GRB prompted gamma-
ray emission is due to internal shocks. Although this is the leading scenario, there is no
strong proof so far, as is the case for the external shock (e.g. there are efficiency and spectrum
issues, etc). On the other hand, a Poynting flux dominated GRB model would have to rely
on magnetic dissipation and reconnection, accelerating electrons and hence also accelerating
protons—but details remain to be investigated. The external shock model would have to rely on
amagnetized medium [493] to reach the desired cosmic ray energy (as expected in pulsar wind
bubbles [245] in the supranova scenario [498], which however has become less likely since the
almost simultaneous GRB 030329/SN 2003dh and the more recent GRB 060218/SN2006aj
association).

Direct confirmation of a GRB origin of UHECRs will be difficult. The next generation
cosmic ray detectors such as the Pierre Auger Observatory [15] will have a substantially
enhanced effective target area, which will greatly improve the cosmic ray count statistics. This
will help to disentangle the two scenarios (top—down or bottom—up) and will reveal whether a
GZK feature indeed exists. Within the bottom—up scenario, the directional information may
either prove or significantly constrain the alternative AGN scenario and may eventually shed
light on whether GRBs are indeed the sources of UHECRs.

9.3. UHE neutrinos contemporary with gamma-rays

Internal shocks in the GRB jet take place at a radius r; ~ 2Fi2c8 t ~5x1026t_3T %00 cm. Here
I['; = 300 TI'309 is the bulk Lorentz factor of the GRB fireball ejecta and 5t = 10738¢_5 s is the
variability time scale. Observed y-rays are emitted from the GRB fireball when it becomes
optically thin at a radius 2r;. Shock accelerated protons interact dominantly with observed
synchrotron photons with ~MeV peak energy in the fireball to produce a Delta resonance,
py — A [515]. The threshold condition to produce a A* is E,E, = 0.2I'> GeV? in the
observer frame, which corresponds to a proton energy of E, = 1.8 x 10’E ’. %\/leVFZ%OO GeV.
The subsequent decays A* — na* — nu*v, — ne*v.v,v, produce high energy neutrinos
in the GRB fireball contemporaneous with y-rays [400,515]. Assuming that the secondary
pions receive 20% of the proton energy per interaction and each secondary lepton shares 1/4 of
the pion energy, each flavour of neutrino is emitted with 5% of the proton energy, dominantly
in the PeV range.

The diffuse muon neutrino flux from GRB internal shocks due to proton acceleration
and subsequent photopion losses is shown as the short dashed line in figure 10. The flux
is compared with the Waxman—Bahcall limit of cosmic neutrinos, which is derived from the
observed cosmic ray flux [516]. The fluxes of all neutrino flavours are expected to be equal
after oscillation in vacuum over astrophysical distances.

The GRB afterglow arises as the jet fireball ejecta runs into the ambient inter-stellar
medium (ISM), driving a blast wave ahead into it and a reverse shock back into the GRB jet
ejecta. This (external) reverse shock takes place well beyond the internal shocks, at a radius
re ~ 4T2cAt ~ 2 x 10'7T3, Atz cm [516]. Here I', ~ 25075 is the bulk Lorentz factor
of the ejecta after the partial energy loss incurred in the internal shocks and At = 30A#3) s is
the duration of the GRB jet. Neutrinos are produced in the external reverse shock due to py
interactions of internal shock accelerated protons predominantly with synchrotron soft x-ray
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Figure 10. Diffuse muon neutrino flux arriving simultaneously with the y -rays from shocks outside
the stellar surface in observed GRB (dark short-dashed curve), compared to the Waxman—Bahcall
(WB) diffuse cosmic ray bound (light long-dashed curves) and the atmospheric neutrino flux (light
short-dashed curves). Also shown is the diffuse muon neutrino precursor flux (solid lines) from
sub-stellar jet shocks in two GRB progenitor models, with stellar radii r12 5 (H) and r11 (He). These
neutrinos arrive 10—-100 s before the y-rays from electromagnetically detected bursts (with similar
curves for v, v, and v;) [407].

photons produced by the reverse shock. The efficiency of pion conversion from py interactions
in this afterglow scenario is much smaller than in the internal shocks [516].

In the case of a massive star progenitor the jet may be expanding into a wind, emitted by
the progenitor prior to its collapse. In this case, the density of the surrounding medium, at the
external shock radius, may be much higher than that of the typical ISM density of n ~ 1 cm™>.
For a wind with mass loss rate of 1073 M yr~! and velocity of v,, = 10°kms~!, the wind
density at the typical external shock radius would be ~ 10* cm~3. The higher density implies
a lower Lorenz factor of the expanding plasma during the reverse shocks stage, and hence a
larger fraction of proton energy lost to pion production. Protons of energy E, > 10'® eV lose
all their energy to pion production in this scenario [82,497,516] producing EeV neutrinos.

9.4. Precursor neutrinos

As discussed before, the core collapse of massive stars are the most likely candidates for long
duration GRBs, which should lead to the formation of a relativistic jet initially buried inside
the star. The jet burrows through the stellar material and may or may not break through the
stellar envelope [323]. Internal shocks in the jet, while it is burrowing through the stellar
interior, may produce high energy neutrinos through proton—proton (pp) and photomeson
(py) interactions [407]. High energy neutrinos are produced through pion decays which are
created both in pp and py interactions. The jets which successfully penetrate through the
stellar envelope result in GRBs (y-ray bright bursts) and the jets which choke inside the stars
do not produce GRBs (y-ray dark bursts). However, in both the cases high energy neutrinos
produced in the internal shocks are emitted through the stellar envelope since they interact
very weakly with matter.

High energy neutrinos from the relativistic buried jets are emitted as precursors (~10—
100 s prior) to the neutrinos emitted from the GRB fireball in the case of an electromagnetically
observed burst. In the the case of a choked burst (electromagnetically undetectable) no direct
detection of neutrinos from individual sources is possible. However the diffuse neutrino signal
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is boosted up in both scenarios. The diffuse neutrino flux from two progenitor star models are
shown in figure 10, one for a blue super-giant (labelled H) of radius R, = 3 x 10'2 cm and the
other a Wof-Rayet type (labelled He) of radius R, = 10'! cm. The Waxman—Bahcall diffuse
cosmic ray bound [518], the atmospheric flux and the IceCube sensitivity to diffuse flux are also
plotted for comparison. The neutrino component which is contemporaneous with the gamma-
ray emission (i.e. which arrives after the precursor) is shown as the dark dashed curve and is
plotted assuming that protons lose all their energy to pions in py interactions in internal shocks.
Most GRBs are located at cosmological distances (with redshift z ~ 1) and individual de-
tection of them by kilometre scale neutrino telescopes may not be possible. The diffuse v flux is
then dominated by a few nearby bursts. The likeliest prospect for UHE v detection is from these
nearby GRBs in correlation with electromagnetic detection. Detection of ultrahigh energy neu-
trinos which point back to their sources may establish GRBs as the sources of GZK cosmic rays.
The detection of ultrahigh energy neutrinos by future experiments such as ICECUBE [215],
ANITA [11], KM3NeT [234] and Auger [15] can provide useful information, such as particle
acceleration, radiation mechanism and magnetic field, about the sources and their progenitors.
High energy neutrino astrophysics is an imminent prospect, with Amanda already providing
useful limits on the diffuse flux from GRB [29,469] and with ICECUBE [3,212] on its way.
The detection of TeV and higher energy neutrinos from GRB would be of great importance for
understanding these sources, as well as the acceleration mechanisms involved. It could provide
evidence for the hadronic versus the MHD composition of the jets, and if observed, could serve
as an unabsorbed probe of the highest redshift generation of star formation in the Universe.

9.5. Gravitational waves

The gamma-rays and the afterglows of GRB are thought to be produced at distances from
the central engine where the plasma has become optically thin, » > 10'3 cm, which is much
larger than the Schwarzschild 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,
and their observation should give valuable information about its identity. Therefore, it is of
interest to study the gravitational wave emission from GRB associated with specific progenitors.
Another reason for doing this is that the present and foreseeable sensitivity of gravitational
wave detectors is such that for likely sources, including GRB, the detections would be difficult,
and for this reason, much effort has been devoted to the development of data analysis techniques
that can reach deep into the detector noise. A coincidence between a gravitational wave signal
and a gamma-ray signal would greatly enhance the statistical significance of the detection of the
gravitational wave signal [130,248]. Itis therefore of interest to examine the gravitational wave
signals expected from various specific GRB progenitors that have been recently discussed, and
based on current astrophysical models, to consider the range of rates and strains expected in
each case, for comparison with the LIGO sensitivity. A general reference is [491], which also
discusses GRB-related sources of gravitational waves.

Regardless of whether they are associated with GRBs, binary compact object mergers (NS—
NS, NS-BH, BH-BH, BH-WD, BH-Helium star, etc) [78,154,223,238,248,380,430,478] and
stellar core-collapses [92, 149, 238,420 487-489] have been studied as potential gravitational
wave (GW) sources. These events are also leading candidates for being GRB progenitors,
and a coincidence between a GW signal and a gamma-ray signal would greatly enhance the
statistical significance of the former [130]. A binary coalescence process can be divided into
three phases: in-spiral, merger and ring-down [129,238]. For collapsars, a rapidly rotating



2310 P Mészaros

DNS ///Collapsar

f[Hz] f[Hz]

Figure 11. Gravitational wave strain from a double neutron merger (left) and a collapsar (right)
compared with advanced LIGO sensitivity [238].

core could lead to development of a bar and to fragmentation instabilities which would produce
similar GW signals as in the binary merger scenarios, although a larger uncertainty is involved.
The GW frequencies of various phases cover the 10-10° Hz band which is relevant for the Laser
Interferometer Gravitational-wave Observatory (LIGO) [279] and other related detectors such
as VIRGO [500], GEO600 [164] and TAMA300 [473]. Because of the faint nature of the typical
GW strain, only nearby sources (e.g. within ~200 Mpc for NS-NS and NS-BH mergers and
within ~30 Mpc for collapsars) [238] have strong enough signals to be detectable by LIGO-II.
When event rates are taken into account [30, 153], order of magnitude estimates indicate that
after one-year operation of the advanced LIGO, one event for the in-spiral chirp signal of the
NS-NS or NS-BH merger and probably one collapsar event (subject to uncertainties) would be
detected [238]. Other binary merger scenarios such as BH-WD and BH-Helium star mergers
are unlikely to be detectable [238], and they are also unfavoured as sources of GRBs according
to other arguments [349].

A time-integrated GW luminosity of the order of a solar rest mass (<103 erg) is predicted
from merging NS—-NS and NS-BH models [248,331,431], while the luminosity from collapsar
models is more model-dependent but expected to be lower ( [148,328]; cf [487]). Specific
estimates have been made of the GW strains from some of the most widely discussed current
GRB progenitor stellar systems [238]. The expected detection rates of gravitational wave
events with LIGO from compact binary mergers, in coincidence with GRBs, have been
estimated by [130, 131]. If some fraction of GRBs is produced by DNS or NS-BH mergers,
the gravitational wave chirp signal of the in-spiral phase should be detectable by the advanced
LIGO within one year, associated with the GRB electromagnetic signal. One also expects
signals from the black hole ring-down phase, as well as the possible contribution of a bar
configuration from gravitational instability in the accretion disc following tidal disruption or
infall in GRB scenarios.

The most promising GW-GRB candidates in terms of detections per year are the DNS
and BH-NS mergers [238] (figure 11), based on assumed mean distances from the formation
rates estimated by [153]. More recent rate estimates are given in [491], and rates incorporating
new information relating to Swift short GRB detections are given in [31,338]. Other binary
progenitor scenarios, such as black hole—helium star and black hole-white dwarf merger GRB
progenitors, are unlikely to be detectable, due to the low estimates obtained for the maximum
non-axisymmetrical perturbations.

For the massive rotating stellar collapse (collapsar) scenario of GRB, the non-
axisymmetrical perturbations are very uncertain, but may be strong [92, 149, 488], and the
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estimated formation rates are much higher than for other progenitors [32, 149], with typically
lower mean distances to the Earth. For such long GRB the rate estimates must incorporate
the beaming correction [491]. This type of scenario is of special interest, since it has the
most observational support from GRB afterglow observations. For collapsars, in the absence
of detailed numerical 3D calculations specifically aimed at GRB progenitors, estimates were
made [238] of the strongest signals that might be expected in the case of bar instabilities
occurring in the accretion disc around the resulting black hole and in the maximal version of
the recently proposed fragmentation scenario of the infalling cores. Although the waveforms
of the gravitational waves produced in the break-up, merger and/or bar instability phase
of collapsars are not known, a cross-correlation technique can be used making use of two
co-aligned detectors. Under these assumptions, collapsar GRB models would be expected to
be marginally detectable as gravitational wave sources by the advanced LIGO within one year
of observations. Figure 11 depicts the characteristic GW strains for the double neutrons star
merger and the collapsar model.

Other calculations of massive stellar collapse GRB [488, 489] take into account MHD
effects in the disc and BH. More general studies of massive stellar core collapse event
gravitational wave emission are presented in [151], considering both the core collapse SN
and the progenitors of long GRB.

In the case of binaries the matched filtering technique can be used, while for sources
such as collapsars, where the wave forms are uncertain, the simultaneous detection by two
elements of a gravitational wave interferometer, coupled with electromagnetic simultaneous
detection, provides a possible detection technique. Specific detection estimates have been
made [238,491] for both the compact binary scenarios and the collapsar scenarios,

Both the compact merger and the collapsar models have in common a high angular rotation
rate, and observations provide evidence for jet collimation of the photon emission, with
properties depending on the polar angle, which may also be of relevance for x-ray flashes.
Calculations have been made [239] of the gravitational wave emission and its polarization
as a function of angle expected from such sources. The GRB progenitors emit/ = m = 2
gravitational waves, which are circularly polarized on the polar axis, while the + polarization
dominates on the equatorial plane. Recent GRB studies suggest that the wide variation in
the apparent luminosity of GRBs is caused by differences in the viewing angle or possibly
also in the jet opening angle. Since GRB jets are launched along the polar axis of GRB
progenitors, correlations among the apparent luminosity of GRBs (L, (6) 02 and the
amplitude as well as the degree of linear polarization P degree of the gravitational waves
are expected, P o 6% L;z. At a viewing angle larger than the jet opening angle 6;
the GRB y-ray emission may not be detected. However, in such cases an ‘orphan’ (see,
e.g. [211,406,548]) long-wavelength afterglow could be observed, which would be preceded
by a pulse of gravitational waves with a significant linearly polarized component. As the jet
slows down and reaches y ~ 9;1, the jet begins to expand laterally, and its electromagnetic
radiation begins to be observable over increasingly wider viewing angles. Since the opening
angle increases as ~ y ! oc t!/2, at a viewing angle § > 6, the orphan afterglow begins to be
observed (or peaks) at a time 7, o 6 after the detection of the gravitational wave burst. The
polarization degree and the peak time should be correlated as P t;.

Gravitational wave burst searches are underway with LIGO. The results from the third
science run [1] searched for sub-second bursts in the frequency range 100—1100 Hz for which
no waveform model is assumed, with a sensitivity in terms of the root-sum-square (rss) strain
amplitude of &, ~ 10729 Hz~!/2, No gravitational-wave signals were detected in the eight
days of analysed data for this run. The search continues, as LIGO continues to be upgraded
towards it ultimate target sensitivity.
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