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■ Abstract The discovery of counterparts in X-ray and optical to radio wavelengths
has revolutionized the study ofγ -ray bursts, until recently the most enigmatic of
astrophysical phenomena. We now know thatγ -ray bursts are the biggest explosions in
nature, caused by the ejection of ultrarelativistic matter from a powerful energy source
and its subsequent collision with its environment. We have just begun to uncover
a connection between supernovae andγ -ray bursts, and are finally constraining the
properties of the ultimate source ofγ -ray burst energy. We review here the observations
that have led to this breakthrough in the field; we describe the basic theory of the fireball
model and discuss the theoretical understanding that has been gained from interpreting
the new wealth of data onγ -ray bursts.

Ik zie een ster I see a star
en onder mij and beneath me
zakt de aarde langzaam weg. the Earth slowly falls away.

1. INTRODUCTION

The very first model ofγ -ray bursts was proposed by Colgate (1968, 1974) even
beforeγ -ray bursts had been discovered; the model invokedγ -ray emission by
accelerated particles at the breakout of a shock from a supernova progenitor’s
photosphere.

∗deceased
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Cosmicγ -ray bursts (GRBs) were first reported in 1973 by Klebesadel et al
(l973), who in their discovery paper pointed out the lack of evidence for a con-
nection between GRBs and supernovae as proposed by Colgate. It is an inter-
esting twist of history that a quarter-century later, observations of the low-energy
afterglows of GRBs have provided evidence that at least some GRBs originate
from a probably rare type of supernova. The return to a discarded GRB model
that preceded the discovery of GRBs is part of the flood of results that have
become available since the initial discoveries of X-ray (Costa et al 1997b), optical
(van Paradijs et al 1997), and radio (Frail et al l997c) afterglows of GRBs. The
review of these results is the subject of this paper.

Cavallo & Rees (1978) and Schmidt (1978) realized that the very small sizes
(implied by a short variability time,δt) and high fluxes of GRBs (Fγ . 10−4

erg/cm2 s) implied a high photon density at the source. This, in turn, implied that
photon-photon scattering would prevent emission of the observed MeV photons
for any GRB population more distant than∼1 kpc (unless the source were expand-
ing ultrarelativistically). Cavallo & Rees (1978) formalized the salient source
properties into a singlecompactness parametergiven by

θ∗ = LσT

mpc3R
' Fγd2σT

mpc4δt
∼ 1Fγ−4d2

kpc/(δt)ms∼ 1012Fγ−4d2
Gpc/(δt)ms, (1)

whereFγ−4 = Fγ/10−4 erg cm−2 s−1, σ T is the Thompson electron scattering
cross section,mp is the proton mass;L, d are the luminosity and distance of
the GRB source, respectively; andR = cδt is the radius of the emitting region.
Barring relativistic expansion,θ∗ & 1 implies that the source is optically thick for
γ γ interactions, and cannot be a copious emitter of high-energy photons. The
preceding numerical values therefore suggest that nonrelativistic GRB sources
would have to be in the Galaxy, and conversely, extragalactic GRBs would have
to come from very relativistic sources.

Early indications against a Euclidean space distribution of GRBs was the ap-
parent lack of very weak GRBs (Fishman et al 1978). This result anticipated
by about a decade the discussion on the GRB distance scale in the early and
mid-1990s. A detailed discussion of this issue, in particular the extent to which
this result reflected instrumental effects, was given by Hurley (1986).

In spite of this uncertainty, by the mid-1980s there was a general belief that
GRBs originate from galactic neutron stars—a belief that was supported by the
cyclotron lines in the spectra of some GRBs reported by the Ginga team (Murakami
et al 1988, Fenimore et al 1988), and by line features near 500 keV reported by
the Konus team (Mazets et al 1981).

A galactic disc population of neutron stars was firmly excluded as the source
of GRBs, based on the results of the first 6 months of BATSE observations, which
showed that the GRB sky distribution is isotropic and that there is a strong lack
of very faint GRBs (Meegan et al 1992). With the increasing number of GRBs
detected with BATSE, the isotropy has become strongly established (Briggs et al
1996). The lack of very faint GRBs shows up as a turnover in the cumulative
log N(>P) distribution (hereP is the GRB peak flux); for the brightest bursts,
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the slope of the distribution follows the Euclidean value of−3/2, but below
P ∼ 5 ph/cm2 s (∼10−6 ergs/cm2 s) the slope decreases and becomes as low
as∼−0.6 at the faint end of the distribution (see Paciesas et al 1999 for a review;
also Figure 19).

The statistical properties of GRBs are naturally explained if their typical dis-
tances are measured in Gpc (the cosmological distance scale; Paczy´nski 1986,
Usov & Chibisov 1975), across which inhomogeneity in the distribution of lumi-
nous matter is averaged out (see Condon 1999 for a sky map of extragalactic radio
sources nicely illustrating this point). The turnover in the logN(>P) is the direct
consequence of the effect of cosmological redshift on the observed GRBrates
(downward shift of the lowP end of the curve) and the GRBpeak fluxes(leftward
shift of the lowP end of the curve).

However, there was a countervailing view that GRBs arise from neutron stars
in a large galactic corona (Shklovskii & Mitrofanov 1985, Brainerd 1992, Podsi-
adlowski et al 1995, Lamb 1995, Bulik et al 1998), whose size had to be several
100 kpc to mask the offset of the Earth from the galactic center (Shklovskii &
Mitrofanov 1985), but not much larger to avoid seeing excess GRBs from M31
(Hakkila et al 1994).

For several years, the GRB distance was the subject of a lively debate
(see e.g. Lamb 1995, Paczy´nski 1995), but this debate did not lead to a consensus.
It was generally felt that setting the distance scale would require the identification
of possibly long-lived GRB counterparts in other wavebands (Fishman & Meegan
1995).

Independent of which of the two contending distance scales were correct, the
compactness problem was severe, and by analogy to e.g. BL Lac objects and
other superluminal AGN sources, appeared to require relativistic outflow of the
GRB source (Cavallo & Rees 1978). Reviving the idea already hinted at by
Cavallo & Rees, Rees & M´eszáros (1992) suggested thatγ -ray bursts can be
produced if part of a relativistic bulk flow is converted back into high-energy
photons through particle acceleration in a relativistic shock between the outflow
and the circumsource medium. This basic mechanism has been developed into the
fireball model, which provides the background of current discussions on GRBs.

Early attempts to find GRB counterparts employed several approaches, some
of which are as follows:

1. Archival plate searches for optical transients in small GRB error boxes
obtained from the IPN network of satellites through triangulation (Hurley
et al 2000a,b). Schaefer et al (1981, 1984) reported the discovery of such
transients in the error boxes of several GRBs after extensive searches in the
Harvard plate archives. However,Żytkow (1990) and Greiner et al (1990)
have argued, on the basis of an analysis of the 3-D distribution of the image
in the plate emulsions, that these events are likely plate defects (but see
Schaefer 1990).

2. Deep imaging observations (optical, X-ray, and radio) of small error boxes.
The aim of these observations was to find out if particular objects appear in
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these error boxes with a statistically significant excess, which might
qualify them as possible GRB counterparts. These searches were not
successful, i.e. they did not lead to a convincing detection of a source
population connected to GRBs. For example, some error boxes were
conspicuously devoid of host galaxies (Schaefer 1992, Band et al 1999),
which was taken as evidence against extragalactic origin of GRBs or as a
problem with specific extragalactic models (Schaefer 1992, Band et al
1999)—though correlations with extragalactic objects were also claimed
(e.g. Larson et al 1996, Kolatt & Piran 1996) but disputed (Schaefer 1998,
Hurley et al 1997).

3. Simultaneous sky coverage using wide-field optical meteor search cameras
(see e.g. Hudec et al 1999, Greiner et al 1993, Krimm et al 1996). In none
of the simultaneous photographic images was an optical event detected; the
corresponding magnitude limit (for optical flashes lasting as long as the
GRB) is∼5th magnitude (McNamara et al 1995).

Extensive summaries of the early attempts to find GRB counterparts have been
given by McNamara et al (1995) and Frail & Kulkarni (1995). In hindsight, the
lack of success of these early attempts is now understood as a result of these
observations being either too late or not sensitive enough.

A breakthrough in the search for GRB counterparts occurred in early 1997, as
the result of the first rapidly available (typically within a few hours) accurate (of or-
der several arcminutes) GRB error boxes produced by the two Wide Field Cameras
(WFCs; Jager et al 1995) on the Italian-Dutch satellite BeppoSAX (Boella et al
1997). These WFCs are coded-mask cameras with a full field of view of 40◦ × 40◦

and a resolution of several arcminutes. GRBs are detected as transient events in
the WFC ratemeter (2–20 keV). Trigger information that a GRB occurred is usu-
ally provided by the Gamma Ray Burst Monitor (GRBM) on BeppoSAX (Feroci
et al 1997), and occassionally by other instruments (e.g. BATSE). In several cases,
scans of a BATSE GRB error box with the Proportional Counter Array (PCA) of
the Rossi X-ray Timing Explorer (RXTE) have produced relatively accurate GRB
error boxes (Takeshima et al 1998; see also Section 5).

This review of the rapid increase in our understanding of GRBs during the last
two and a half years thus describes to a large extent the success story of BeppoSAX.
To many, the impact of BeppoSAX came as a surprise; however, the direct use of
the WFCs for accurate GRB locations was an integral part of the scientific goals of
this instrument from the very beginning (see e.g. Hurley 1986). Rapid follow-up
observations of these error boxes have unambiguously shown thatγ -ray bursts
originate from the high-redshift universe.

The review is structured as follows. In Section 2 we provide a brief description
of the developments in our understanding of the pureγ -ray aspects of GRBs. In
Section 3 we give a very brief description of a simple version of the fireball model,
because this provides the current framework of virtually all discussions of GRBs.
This is done in the hope that it will guide the description of the observations, al-
though we realize that in a sense we are prejudicial. Yet we feel the overall evidence
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for the baseline model is strong enough to proceed this way. In Section 4 we de-
scribe the main results of low-energy afterglow studies in the form of highlights.
Numerical information and a very short narrative on individual GRB afterglow ob-
servations are collected in Section 5, in tabular form. In Section 6 we contrast the
results of the afterglow observations with those expected from the simplest fireball
models, and discuss the complexities of the GRB emitter that may explain the var-
ious discrepancies between the two. In Section 7 we briefly discuss the connection
of GRB to host galaxies and cosmological aspects ofγ -ray burst follow-up obser-
vations, among them a possible connection with the star formation rate history.
We briefly mention some implications of the GRB association with galaxies and
supernovae for the central engine. In Section 8 we close our review with some com-
ments regarding the impact of GRB follow-up observations on our understanding
of the origin ofγ -ray bursts, and likely developments in the near future.

2. PROMPT γ -RAY EMISSION

A comprehensive review onγ -ray bursts was written by Fishman & Meegan
in 1995. In the five years that have elapsed, BATSE has recorded an additional
1000 GRBs, with a grand total of over 2704 events. The isotropy and inhomogene-
ity of their distribution is now firmly established, as well as the GRB hardness-
duration correlation and bimodal duration distribution (Paciesas et al 1999). The
line detection paucity is still a hard fact (Briggs 1999), as is the non-detection of
any GRB repeater (Paciesas et al 1999).

With almost 3000 events at hand, the next step in the pureγ -ray field was
obtaining elaborate statistics, i.e. statistics on GRB properties that required the use
of advanced (sometimes copious) analyses and/or model simulations and fits. This
section describes some of the new results that have appeared in the last three years
in the literature. Selection criteria applied were the broader impact of the result
and its significance in improving our understanding of the physical mechanisms
responsible for the production of the promptγ -ray emission.

2.1 Faint (Untriggered) GRBs

Kommers et al (2000a,b) recently completed a search of six years of archival
BATSE data for GRBs that were too faint to activate the real-time on-board burst
trigger system (untriggered bursts). They found 873 untriggered events, 551 of
which were faint—i.e. below the BATSE detection threshold (their detection effi-
ciency falls below 50% at peak fluxes of 0.16 ph/cm2 s). The events thus collected
have peak fluxes a factor of∼2 lower than those detected with the nominal BATSE
trigger criteria.

The latest BATSE logN− log P flattens belowP= 0.6 ph/cm2 s (Paciesas et al
1999; see Figure 19). The efficiency calculations of Pendleton et al (1998) show
that this is a real effect and not an instrumental artifact. The combined faint+
BATSE GRB cumulative logN − log P distribution also exhibits a dramatic
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flattening consistent with the triggered burst results, an indication that few faint
bursts have remained undetected with BATSE in the triggered or untriggered mode.
However, Stern et al (1999) find no indication of a turnover in a similar study;
the discrepancy appears to lie in the trigger efficiency calculation. Kommers et al
(2000a) extended the GRB peak flux distribution (logN− logP) to∼0.18 ph/cm2 s
and fitted it with several cosmological models with power-law luminosity distri-
butions. Their results favor models in which the redshift distribution of the GRB
rate approximately traces the star formation rate of the Universe.

2.2 A Hubble Relationship for GRBs?

Norris et al (2000) analyzed two samples of GRBs: (1) seven events (six of which
have known redshifts) observed with BATSE and BeppoSAX that also have optical
or radio counterparts, and (2) the 174 brightest long duration (over 2 s) GRBs. In
particular, they computed cross-correlation lags between low (25–50 keV) and
high (100–300 keV and>300 keV) energy bands and examined their dependence
on burstγ /X peak flux ratio and peak luminosity. They find that the spectral lags
and the burst peak intensities areanticorrelatedin both samples. For the bursts
with known redshifts, the connection is well fitted by a power-law,L53 = 1.3 ×
(τ/0.01s)−1.15 (Figure 1).

A similar claim is made by Ramirez-Ruiz & Fenimore (1999), who have found
a relationship between burst variability and absolute burst luminosity. If these re-
sults stand the test of time, they may provide a unique way of determining burster
distances using the promptγ -ray data, thus significantly expanding the distance

Figure 1 Spectral lag versus luminosity for GRBs with known redshifts. The right panel has an
expanded luminosity range to include GRB 980425 (Norris et al 2000).
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sample and enabling deep cosmological probing. However, the interpretation of
the duration differences between bright and dim bursts previously attributed to
cosmological time dilation (Norris et al 1994) has now become very unclear.

2.3 Prompt Gamma-ray “Afterglows”?

Costa et al (1997b) have shown that the BeppoSAX NFI X-ray afterglow light
curve of GRB 970228 smoothly joins with the WFC prompt emission, indi-
cating a gradual evolution between prompt and afterglow emission. Similarly,
Connors & Hueter (1998) report distinct X-ray afterglow emission from GRB
780506, starting∼2 min after the main event and lasting for about 30 min. Burenin
et al (1999) found a power-law decay in one GRANAT/SIGMA burst, albeit with
a considerably flatter decay index (δ = − 0.7) than a normal (δ = −1.0) after-
glow.

Giblin et al (1999) have found evidence in the BATSE data for a prompt high-
energy (25–300 keV) afterglow component from GRB 980923. After 40 s of vari-
able emission, theγ -ray light-curve decays with a power-law index,δ = −1.81(2),
in a smooth tail lasting∼400 s. An abrupt change in spectral shape is found when
the tail becomes noticeable (Figure 2). More important, Giblin et al (1999) showed
that the spectral evolution in the tail mimics that of a cooling synchrotron spectrum,
similar to the spectral evolution of the low-energy afterglows of GRBs. Currently,
Connaughton (2000) is working on a statistical analysis of GRB tail emission; her
results indicate that high-energy tails are prevalent in long GRBs, albeit at low in-
tensity levels. If confirmed, these results will provide evidence for a continuation
of the emission during the GRB, and will constrain the emission models.

2.4 TeV Prompt Emission?

Atkins et al (2000) detected photons with energies greater than a few hundred
GeV in one out of 54 BATSE searched events with the Milagrito detector,
GRB 970417a. The excess has a chance probability of 2.8× 10−5 of being a
background fluctuation, and 1.5× 10−3 of being a chance coincidence. If this
result stands, this would be the highest energy emission ever associated with a
GRB—a result that could provide a theoretical challenge for some GRBs because
the fluence of GRB 970417a above 50 GeV is an order of magnitude higher than
its sub-MeV fluence.

3. BASIC THEORY OF FIREBALLS AND BLAST WAVES

Here we give a brief overview, starting from first principles, of the evolution of
spherical blast waves, to set the context for the subsequent discussion of the obser-
vations. More complex effects are discussed later (Section 6) in broad terms. Much
more about theoretical developments, including many of the technical details, can
be found in the review by Piran (1999).
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Figure 2 Time history of GRB 980923 (25–300 keV) plotted logarithmically to indicate the first
part of the 400 s long tail (upper panel). The high-energy photon spectral index as a function of
time is shown in thebottom panel. Note the abrupt change of the spectral index when the tail
begins (Giblin et al 1999).

3.1 Dynamics

As the simplest possible model of gamma-ray burst dynamics, we consider the
release of a large amount of energy into a small volume, and follow the resulting
explosion. This gives a scenario much like a normal supernova, except that we
choose parameters so that the exploding fireball is ultrarelativistic; consequently,
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Lorentz contractions play an important role in setting the typical size, duration, and
characteristic photon energy to values very different from those of a supernova.

Let us consider the release of an energyE= 1052 E52 erg into a sphere with
radiusr in. A rest massM0 of baryons is entrained in the volume, and the energy-
to-mass ratio in the initial fireball is thusη = E/M0c2. The evolution from
these initial conditions in the context of gamma-ray bursts was pioneered by
Cavallo & Rees (1978). It depends on one other parameter, the optical depth,
τ , of the fireball. For energy primarily in MeV photons, this will be dominated by
photon-photon scattering and pair production, so thatτ ∼ EσT/r 2

inmpc2 (σ T is the
Thompson cross section; see Cavallo & Rees 1978). Given energies appropriate
for cosmological GRBs, the optical depth is very high. This means the internal
energy can only be converted into kinetic energy, and an adiabatically expanding
explosion is initiated.1 A phase of acceleration now begins, and we can derive
the rest-frame temperature T′ and bulk Lorentz factor0 of the exploding fire-
ball from thermodynamics and energy conservation. Adiabatic expansion dictates
that T ′Vγa−1 = const., so that the temperature decreases with fireball radius as
T ′ ∝ R−1 (V is the source volume andγa the adiabatic index of the gas;γa = 4/3
for an ultrarelativistic gas). The total internal plus kinetic energy in the frame of
an external observer equalsE = 0M0 (kT′/mp + c2). For relativistic temper-
atures, the first term dominates, so thatE ∝ 0T ′ = const. Combined with the
thermodynamic relation, we then find that0 ∝ R. The bulk Lorentz factor of the
gas thus increases linearly with radius, until it saturates at a value00 ∼ η, at a
radiusrc∼ ηr in. Beyondrc, the now cold shell coasts along at constant Lorentz
factor. Because all the matter in it has moved withv ' c since the beginning, it is
all piled up in a thin shell with thicknessR/02 near the leading edge (M´eszáros
& Rees 1993).

As with supernovae, the coasting (or ballistic) phase ends when the energy
contained in material swept up by the shell becomes a significant fraction of the
total energy. The shell drives a blast wave into the ambient medium, with Lorentz
factorγ = 0

√
2 (Blandford & McKee 1976); the qualitative evolution of this

system is easily understood in the case where the shocked ambient gas does not
radiate. While the first material is swept up, the shock moves with Lorentz factor
γ ∼ γ0� 1. The shock jump conditions (Blandford & McKee 1976) imply that
the rest-frame thermal energy of the mass,m, swept through the shock isγmc2. In
our frame, this energy is blueshifted, so thatEs∼ γ 2mc2. This means that about
half the initial explosion energy,E ∼ γ0M0c2, resides in the swept-up mass when
m ∼ mdec = M0/γ0, at which point the kinetic energy loss of the shell begins
to be significant and the shell deceleration starts in earnest. This is much sooner
than in the non-relativistic case, wheremdec ∼ M0. Well beyond this point, the
shocked gas dominates the mass and energy of the expanding system, and thus

1Ironically, Cavallo & Rees already recognized and discussed the evolution in this opaque
limit. At the time, however, GRBs were believed to be very nearby, and consequently they
emphasized the behavior of far lower-energy Galactic versions of the model.
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E ' Es ∝ γ 2m = const., soγ slowly decreases asγ ∝ m−1/2. For the simplest
case of a uniform ambient medium, we then have the standard result for a self-
similar relativistic blast wave:γ ∝ r−3/2.

To get the corresponding observer times, we need to introduce the kinematic
relation between radius and observer time for a relativistically approaching shell
(Rees 1964):

dt = dr/2γ 2c. (2)

Before serious deceleration, we may setγ = γ0,2 and omit the differentials. For
a pure hydrogen medium with number densityn = ρ/mp we then get the radius
and observer time of the onset of deceleration (Rees & M´eszáros 1992):

rdec=
(
3E0/4πγ

2
0 nmpc2

)1/3 = 3.8× 1016 (E52/n)1/3 γ−2/3
0,2 cm (3)

tdec= rdec/2γ
2
0 c = 63(E52/n)1/3 γ−8/3

0,2 s. (4)

Compared with the supernova case, deceleration takes place at somewhat smaller
radii, but most starkly within seconds rather than centuries; this is caused by the
higher speed of the ejecta, but even more by the two Lorentz factors in Equation
2. The relativistic phase ends and turns into the usual supernova behavior (Sedov
1969 Ch. IV, Taylor 1950) when the energy per particle approachesmpc

2. At that
time the Lorentz factor corrections disappear, and we may estimate the size simply
asct, hence

tNR =
(
3E0/4πnmpc5

)1/3 = 1.2(E52/n)1/3 yr. (5)

As we see from the preceding qualitative discussion, the relativistic self-similar
phase can span many orders of magnitude in time. We now derive the evolution
for the blast wave more precisely and generally, following Huang et al (1999;
see also Katz & Piran 1997). We assume that material passing through the shock
quickly radiates a fractionε of the post-shock thermal energy, and retains the rest
as thermal energy. The total (kinetic plus thermal) energy of the burst is then
E = (γ − 1)(M0 + m)c2 + (1 − ε)γU, and the radiated energy is dErad =
εγ (γ−1)c2 dm (Panaitescu & M´eszáros 1998a, Blandford & McKee 1976). From
the shock jump conditions, one findsU = (γ −1)mc2,which in combination with
dE = dErad gives

dγ

dm
= − γ 2− 1

M0+ εm+ 2(1− ε)γm
. (6)

For fully radiative (ε = 1) and fully adiabatic (ε = 0) blast waves, one can
write analytic solutions for the expansion. Equation 6 differs somewhat from the
sometimes quoted

dγ

dm
= −γ

2− 1

M
, (7)
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in which M is the total rest-frame mass (inclusive of mass equivalent of internal
energy; Chiang & Dermer 1999, Katz 1994b). Forε = 1, the forms are equivalent,
but the adiabatic form of Equation 7 is only valid in the ultrarelativistic case: its
solution nearγ = 1 should yield the classical Sedov-Taylor solution but does not.
Equation 6 does yield the Sedov-Taylor solution in the non-relativistic limit.

3.1.1 Fully Radiative Case,ε = 1 The equation of motion is easily integrated
to give (Blandford & McKee 1976, Huang et al 1999, Katz & Piran 1997)(

γ − 1

γ + 1

)(
γ0+ 1

γ0− 1

)
=
(

M0+m0

M0+m

)2

, (8)

whereγ 0 ∼ η/2, m0 ∼ M0/η are the initial conditions of the deceleration. The
ultrarelativistic limit is obtained forM0 � m, since the deceleration starts in
that limit, and the large radiative losses mean that the shock comes to a halt
after having swept up only a few timesm0. Expanding Equation 8, we obtain
γm = M0, i.e. γ ∝ m−1. For a uniform ambient medium, this gives the well-
known γ ∝ r−3. Inserting this into the kinematic relation between radius and
observer time (Equation 2), we find thatγ ∝ t−3/7 andr ∝ t1/7: the Lorentz factor
decreases substantially at very slowly changing radius. In the non-relativistic
limit, the solution becomesβ ∝m−1, which for a uniform medium is the snowplow
(radiative) phase of supernova remnant expansion.

3.1.2 Adiabatic Case,ε = 0 The equation of motion for this case is easily
integrated to giveγM0+ (γ 2− 1)m = const. To interpret this result, we subtract
M0 and multiply byc2, and note that the result is the sum of thermal and bulk
kinetic energies of the blast wave, hence

(γ − 1)M0c2+ (γ 2− 1)mc2 = EK0, (9)

whereEK0 is a constant. In the ultrarelativistic limit (m � M0/γ andγ � 1),
this impliesγ 2m = const. For a uniform ambient medium, this then givesγ ∝
r−3/2 as derived qualitatively above. With the kinematicr−t relation, this then
givesγ ∝ t−3/8 andr ∝ t1/4. This demonstrates that although the self-similar
relativistic case can cover 6–7 orders of magnitude in time, the range in radii it
covers is not nearly as large. In the non-relativistic limit (γ ∼ 1,m � M0) we
getβ ∝ r−3/2, which is the proper Sedov-Taylor solution.

The above relations define (the limiting cases of ) the dynamical behavior of the
blast wave. Unfortunately, the great distances make the blast waves unresolved
on the sky, so we cannot directly test the relations betweenr, t, andβ, γ . [The
scintillation size determination of GRB 970508 (Frail et al 1997c) is the one
exception to this.] Therefore, we will have to describe the flux and spectrum of
radiation from the expanding shock before we can find direct tests of our model
from data.
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3.2 Radiation

The material behind the shock has relativistic temperatures; because energy trans-
fer between particles in two-body collisions becomes less efficient with increasing
temperature, many common emission mechanisms fare poorly in the shock-heated
gas. The one mechanism that does well with relativistic particles is synchrotron
radiation—provided a significant magnetic field is present. These efficiency con-
siderations made synchrotron emission a favored model early on. By now, its
dominant importance has been confirmed for the afterglow phase of the burst, and
we will develop the theory for this case. The origin of the burst emission is less
clear; although it could be synchrotron emission, its nature is still the subject of
lively debate (Section 6.4).

3.3 The Afterglow Emission

In the afterglow, rest frame densities of particles and photons are quite small, and
the electron scattering optical depth will typically be 10−5 or less. This means
that optical depth effects can be neglected for now, and that two-body encounters
are not efficient in producing radiation. Let us therefore consider synchrotron
emission, which, as we will see, provides very good fits to the afterglow spectra and
light curves. The first precise prediction of this emission was made by M´eszáros
& Rees (1997). The relations between the observable synchrotron spectra and
shock parameters have been derived in a number of papers (Rees & M´eszáros
1992, Paczy´nski and Rhoads 1993, Waxman 1997c, Granot et al 1999b, Wijers &
Galama 1999). Here we omit details, and follow the notation and coefficients of
Wijers & Galama (1999).

The formation of magnetic fields and acceleration of particles at and in the wake
of a relativistic shock front are not yet well understood. For now, we summarize
our ignorance of the post-shock parameters in as few parameters as possible.
The post-shock conditions are related to the pre-shock ones by jump conditions
(Blandford & Mckee 1976), which in the ultrarelativistic limit (γ � 1) can be
approximated as

n′ = 4γn; U ′ = 4γ 2nmpc2, (10)

where primed quantities are in the rest frame of the shock,n is the number density,
andU is the energy density. (Strictly speaking, if the medium is not pure hydrogen,
n denotes the nucleon density.) We assume that the energy density in magnetic
field and relativistic electrons are a fixed fraction,εB andεe, respectively, of the
post-shock total energy density. For the magnetic field, this means

B′ =
√

8πεBU ′ = γ c
√

32πεBnmp. (11)

For the electrons, we have to specify a shape of the energy distribution as well
as a total energy. In many acceleration mechanisms, the electron Lorentz factor
distribution becomes a power law above some minimum Lorentz factorγm and
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extends to much higher energies. For a power-law indexp we can integrate this
simple distribution and relate the Lorentz factor distribution to the total energy in
relativistic electrons. We can then relate the minimum electron Lorentz factor to
the energy fraction in these electrons:

γm = 2

1+ X

mp

me

p− 2

p− 1
εeγ, (12)

whereX is the hydrogen fraction by mass and the first term is (to good approxi-
mation) the electron-to-nucleon number ratio in the ambient gas.

The calculation of the synchrotron radiation spectrum given the electron energy
and magnetic field is lengthy, but standard [see Rybicki & Lightman (1979), Ch. 7
for a general treatment, and Wijers & Galama (1999) for an example of application
to GRBs]. Figure 3 illustrates the schematic shape of the spectrum from radio to
X rays for the typical adiabatic case from hours to weeks into the afterglow. The
spectrum at late times is divided up into four regions. At very low frequencies
the spectrum is self-absorbed and follows a blackbody shape,F ∝ ν2. This
region ends at the self-absorption frequency,νa, characteristically a few GHz,
above which we find the standard low-frequency synchrotron slopeF ∝ ν1/3, up
to the peak frequencyνm. This frequency corresponds to the minimum-energy
electrons; the flux at this point, from which the spectrum is usually anchored, is
denoted asFm. Above this, the slope of the spectrum depends on the electron
energy indexp in the usual way:F ∝ ν−( p−1)/2. Finally, at very high energy, the
injected electrons cool more rapidly than the characteristic time of the source (the
expansion time), and thus the spectrum becomes steeper by a power 1/2 at a third
characteristic frequencyνc, the cooling frequency. Schematically, for a uniform
ambient medium, we find:

νa = fa(εe, εB, n, E, p, z)Hz

νm = fm(εe, εB, n, E, p, z) t−3/2 Hz
(13)

νc = fc(εe, εB, n, E, p, z) t−1/2 Hz

Fm = fF(εe, εB, n, E, p, z)Hz

The detailed forms of the coefficients can be derived (Wijers & Galama 1999b,
Granot et al 1999b) but are somewhat uncertain. The main reasons are that the
derivations usually assume a uniform medium behind the shock, as opposed to the
true self-similar shock structure (Blandford & McKee 1976). Also, emission from
the shell is strongly forward-beamed within an angle 1/γ of the radial direction,
which means we need to average the spectrum properly over the shell rather than
just take the point on our line of sight as representative. All these effects, along
with proper radiation transport, can be accounted for with enough patience, and
some numerical work has been done on parts of the problem. Generally, they lead
to much smoother changes between regimes, and to changes of order unity in the
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coefficients of Equation 13. There are also some true physical uncertainties—e.g.
some assumption must be made about the pitch angle distribution of electrons
relative to the field (here we take them to be isotropic, and to remain so even
during cooling). These depend on the mechanisms of field formation and electron
acceleration in the shock, about which little is yet known (but see later sections).
The time dependence of the frequencies means that at very early times, typically
minutes after the burst, we can haveνc < νm, in which case the shape and evo-
lution of the spectrum are different (Cohen et al 1998). Likewise, at very late
times we may haveνm < νa, which changes the evolution and shape of the ra-
dio spectrum. This may be so late that other effects, such as the blast turning
non-relativistic, also play a role, preventing a clear-cut observation of either effect
by itself. The bulk of current afterglow data are hours to weeks after the burst,
however, where the spectrum and time evolution of Figure 3 and Equation 13
apply.

Despite some uncertainties in the coefficients, a number of very important in-
ferences and tests of the model can be obtained from these relations. First, we note
that for a burst with known redshift Equation 13 has four measurable quantities
and four unknowns (p also follows from the measured spectrum). Therefore, the
blast wave properties can be derived from a complete spectrum, and this has been
accomplished in a few cases (Section 4). Also, because the spectrum evolves to

Figure 3 The piecewise power-law schematic shape of blast wave synchrotron spectra for later
afterglow evolution (Sari et al 1998). The characteristic break frequencies and their time evolution
are indicated, as is the spectral slope in each regime. This can be directly compared with the
observed spectrum of GRB 970508 (Figure 12).
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lower frequencies with time, one can sample in a given waveband and see the
spectral breaks pass by. In this way, Frail et al (2000) have been able to measure
the physical parameters of GRB 980703.

Second, ifεe and/orεB were not constant, then the time dependencies of the
measurable variables would change. Hence the observation that many afterglows
follow the simple model predictions seems to justify the a priori uncertain ansatz
that the electron and field energy densities scale like equipartition values—i.e.
they are constant fractions of the total shock energy density. Given that sometimes
εB� 1 (e.g. in GRB 980703: Vreeswijk et al 1999, Bloom et al 1998b; and in
GRB 990123: Galama et al 1999), the apparent good validity of this scaling is
somewhat remarkable.

Third, now that we have the shape of the spectrum and the evolution of the
breaks, we can compute the time evolution in any fixed observed waveband as
well (Mészáros et al 1994, Wijers et al 1997, Sari et al 1998, M´eszáros & Rees
1997, Mészáros et al 1998). Belowνm, the spectral shape is independent of the
electron spectrum, and its evolution has no free parameters; flux should increase
ast1/2 at all these frequencies. Aboveνm, the a priori unknownp enters. Recent
theoretical calculations of particle acceleration in relativistic shocks (Gallant &
Achterberg 1999, Gallant et al 1999) givep∼ 2.3–2.4, in good agreement with the
observed range of 2–2.5. But observational precision is often much better, so the
theoretical prediction is not yet accurate enough. Because observations often give
both the spectral index and the time decay rate over a range of frequencies and
times, however, this is only one parameter for two measured power-law indices.
Therefore, this still leaves one test of the model. In practice, what one does is fit a
model of the formF(ν, t) ∝ ν−βt−δ to the data, and determineβ andδ. Sinceβ =
β( p) andδ = δ( p), we then have a theoretical relationβ = β(δ), which we may
test with the fit to the data. A good summary of the scaling relations in the various
spectral regimes for spherical fireballs is given by Sari, Piran, and Narayan (1998).

It must be noted first, though, that the relation is different for each dynamical
evolution model of the blast wave, and also depends on whether our observed
frequency is above or belowνc. Therefore, unless we have other data from which
to decide on the appropriate regime, our prediction will in fact consist of a few
possible relations. In practice, the various possible predictions ofβ for a givenδ
differ only by 0.1–0.3; hence it is necessary to measure the spectral and temporal
slopes of the afterglow to a few percent accuracy in order to obtain a stringent
test of the model. Let us take the case of the adiabatic spherical fireball as an
example, and imagine we have measured an optical temporal decay indexδ =
1.0 ± 0.1. We have also measured aB – Rcolor, and from this deduced that the
optical spectral index isβ = 0.70 ± 0.03. Is the optical band above or below
νc? Well, if νc were below the optical, we would expectβ = (2δ + 1)/3 = 1.00
± 0.07, whereas if it were above the optical, we would expectβ = 2δ/3 = 0.67
± 0.07. Thus we see that the color measurement establishes that the latter is true
with fair certainty, but for the somewhat larger errors inβ andδ that are often
obtained in practice the question is not resolvable.
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4. HIGHLIGHTS OF AFTERGLOW OBSERVATIONS

In late 1996 the BeppoSAX Team, following the derivation of an accurate (but
not rapidly available) WFC error box for GRB 960720 (In’t Zand et al 1997, Piro
et al 1998b), was ready to quickly produce arcminute-sized WFC error boxes for
subsequent follow-up observations. The first opportunity to apply this capability
occurred on January 11, 1997.

The initial 10′ radius WFC error box (Costa et al 1997a), partly cut by the
BeppoSAX-Ulysses IPN annulus, contained several faint X-ray sources detected
with the BeppoSAX Narrow Field Instruments (NFI), some of which are also
present in the ROSAT Sky survey (Butler et al 1997, Voges et al 1997, Fron-
tera et al 1997, Feroci et al 1998). One of these sources coincided with a vari-
able radio source (Frail et al 1997b, Frail et al 1997a). However, an improved
(3′ radius) WFC error box (In’t Zand et al 1997) obtained some three weeks
after the event contained none of these objects. Likewise, optical observations
that started less than a day after the burst gave no evidence for a candidate GRB
counterpart (Gorosabel et al 1998).

4.1 Solving the GRB Riddle

The next opportunity, which would lead to a breakthrough, arose on February 28,
1997. After the hard X rays from the burst were discovered with a Wide Field
Camera on BeppoSAX, pointed BeppoSAX NFI X-ray observations were made
∼8 hours later, and revealed the presence of an unknown soft X-ray point source
with a 2–10 keV flux of several 10−12 erg/cm2 s in the WFC error box. Four days
later, the flux of this X-ray source had decreased by a factor∼20; the first X-ray
afterglow of a GRB had been detected (Costa et al 1997b; Figure 4, see color
insert).

In the meantime, GRB 970228 had also become the firstγ -ray burst for which
an optical counterpart was found, independently from the soft X-ray afterglow
detection. From a comparison of (V and I band) images made with the William
Herschel and Isaac Newton Telescopes 21 hours and a week after the burst, Groot
et al (1997b) discovered a decaying 21st magnitude object at a position consistent
with all positional information on theγ -ray burst (Van Paradijs et al 1997;
Figure 5). Subsequent deep images made with the ESO New Technology Tele-
scope (Groot et al 1997a) and the Keck Telescope (Metzger et al 1997c) showed an
∼1

′ ′
extended object at the location of the optical transient, likely the host galaxy

of theγ -ray burst (implying that the burst came from a distance of order Gpc).
HST observations were made in late March and early April 1997 (Sahu et al

1997) and in September 1997 (Fruchter et al 1999). These observations showed
the presence of a point source whose brightness decayed according to a power
law located near the edge of an extended object (diameter≈ 0.8′′; Figure 6, see
color insert). Later observations established its redshift as 0.695 (Djorgovski et al
1999), confirming that the host of GRB 970228 is a distant galaxy.
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Figure 5 Discovery images of the optical afterglow of GRB 970228 at La Palma (Van Paradijs
et al 1997).

The optical light curve of the afterglow of GRB 970228 showed a significant
deviation from a pure power law (Galama et al 1997) about 1–2 weeks after the
burst. Recently this has been interpreted as possible evidence for the presence
of a supernova component in the light curve (Reichart 1999, Galama et al 2000;
Figure 7), following an original suggestion for a similar deviation in GRB 980326
(Bloom et al 1999a). (See Section 4.3 for further discussion on the connection
betweenγ -ray bursts and supernovae.)

The exponents of the power-law decay X-ray (Figure 8) and optical light curves
wereδX = −1.33+0.12−0.11andδopt = −1.46± 0.16. The exponents of the (assumed
power law) spectrum of the afterglow wereβX = −1.06 ± 0.24 andβX-opt =
−0.78 ± 0.02 for the X-ray waveband and for the X-ray to R band interval,
respectively. The relation betweenδ andβ is consistent with that expected from a
very simple version of the fireball model (see Section 3), and gave initial support to
this model (Wijers et al 1997). However, after subtraction of the SN contribution,
the temporal slope steepens and the light curve may be better fit by a blast wave
propagating in a stellar wind (Chevalier & Li 1999).

The next big step forward was made with GRB 970508, whose optical coun-
terpart (Bond 1997) initially increased in brightness from the first to the second
night after theγ -ray burst and reached a maximum magnitude R' 19.8 two days
after the burst (Pedersen et al 1998). It then started a power-law decline that could
be followed for several hundred days (Galama et al 1998a, Djorgovski et al 1997,
Sokolov et al 1998, Garcia et al 1998), and eventually flattened off, revealing the
presence of a host (Zharikov et al 1998, Bloom et al 1998a, Fruchter et al 2000).

Optical spectroscopy obtained with the Keck telescope revealed the presence of
absorption lines of Mg II, Fe II, and Mg I (Metzger et al 1997b; Figure 9) which are
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Figure 7 The VRI light curves of the afterglow of GRB 970228, showing the evidence of a
supernova component superposed on the power-law decline at late times (Galama et al 2000).

often found in quasar spectra (Steidel & Sargent 1992), redshifted by z= 0.835
(Metzger 1997). The subsequent discovery of [O II] and [Ne III] emission lines in
the spectrum at the same z= 0.835 (Metzger et al 1997a) established the presence
of an underlying host galaxy. HST observations revealed that the OT was at the
center of a blue, actively star-forming dwarf galaxy (Pian et al 1998, Fruchter et al
2000, Natarajan et al 1997; Figure 10, see color insert) ofLB = 0.12L∗ and with a
star formation rate of≤1 M�/yr (Bloom et al 1998a). This result unambiguously
established that GRBs originate at cosmological distances, and terminated the
discussion on the GRB distance scale: it establishedγ -ray bursts as the most
luminous photon emitters in the entire universe, with peak luminosities of order
Lγ ' 1052 erg/sec. The optical afterglow of GRB 970508 reached an absolute
magnitudeMV ' −24, i.e. in optical emission it became two orders of magnitude
brighter than a type Ia supernova.

GRB 970508 also has the distinction of being the firstγ -ray burst for which
radio afterglow was detected (Frail & Kulkarni 1997). During the first month
the radio flux underwent strong irregular variations, around an average value of
0.6 mJy (8.5 GHz), which damped out after about a month (Figure 11). These
variations are caused by interstellar scintillation in our Galaxy. The damping of
the fluctuations reflects the increase in the size of the radio emitter (analogous to
the absence of twinkling of planets). From the known source distance and the
properties of the interstellar medium along the line of sight, Frail et al (1997c,
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Figure 8 The X-ray afterglow light curve of GRB 970228. Note the smooth connection of the
afterglow with the prompt X-ray flux from the GRB (Costa et al 1997b).

1997) inferred a value for the source size at the time the fluctuations disappeared.
They concluded that the radio emitter expanded with a velocity consistent with
that of light, which gives strong support to the relativistic fireball model for GRBs
and their afterglows.

GRB 970508 was the firstγ -ray burst for which the afterglow was observed
all the way from X-rays, via optical/near IR, to mm and low-frequency radio
waves (see Section 5). This allowed Galama et al (1998d) to reconstruct the X-
ray to radio spectral energy distribution of the afterglow, as observed 12 days
after theγ -ray burst (Figure 12). This spectrum consists of piecewise connected
power-law distributions, with three clearly recognizable spectral breaks at the
frequencies at which the different power laws are connected. At the low-frequency
side we recognize theν1/3 synchrotron low-frequency limit, which at even lower
frequencies turns over because of self-absorption. The high-frequency end of the
ν1/3 part of the spectrum connects, at the peak of the spectrum, to a power- law
part whose slope depends on the power,p, of the power-law electron energy (or
Lorentz factor) distribution and on particulars of the fireball synchrotron emitter
(see Section 3). In the near infrared a third break is seen; this can be unambiguously
identified with the cooling break, whose frequency corresponds to an electron
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Figure 9 The spectrum of the OT of GRB 970508, showing Fe and Mg absorption lines at z=
0.835 and z= 0.77 (Metzger et al 1997b).

energy above which the synchrotron loss time is smaller than the flow timescale
of the system. The identification is based on two observed facts: (1) the change in
spectral slope equals 0.5 (Galama et al 1998d; Figure 12), and (2) the frequency,νc,
of the cooling break changed with time since the burst asνc ∝ t−1/2, as was evident
from the progression of the spectral slope change (by 0.5) from the optical to the
near-infrared passbands (Galama et al 1998a; Figure 13). These results show that
relatively simple versions of the fireball model provide a reasonable description of
the observed afterglow spectrum, and provide a strong argument for the idea that
GRB afterglows are powered by the synchrotron emission of electrons accelerated
in a relativistic shock.
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Figure 11 The 8.46 GHZ VLA light curve of the afterglow of GRB 970508 (Kulkarni et al 2000).
Note the large scintillation fluctuations in the first month and their later absence, indicating that
the source expanded (Frail et al 1997c).

4.2 Dark GRBs

The relative optical response in the afterglow of aγ -ray burst can vary enor-
mously from one burst to another (for the X-ray afterglows the variations are more
moderate; see Section 5). A very good example is provided by GRB 970828, a
fairly strongγ -ray event for which optical observations were made within four
hours after the burst and continued for eight consecutive nights after the burst.
No potential optical counterpart was found to vary by more than 0.2 mag down to
R = 23.8 (Groot et al 1998a). Compared to GRB 970508 the peak optical flux in
the afterglow of GRB 970828, normalized to the fluence of theγ -ray burst, was
at least a factor of 103 smaller. Absorption in the GRB host galaxy, by at least five
magnitudes in theRband, may explain their large difference in optical afterglows.
Note that for moderate redshifts (z∼ 1) the absorbed photons have wavelengths of
∼3000Å, at which the interstellar extinction is a factor of∼2.5 larger than in the
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Figure 12 The radio to X-ray spectrum of the afterglow of GRB 970508, 12.1 days after trigger,
showing all the characteristics of synchrotron emission (Galama et al 1998d).

R band. Therefore, with a normal dust-to-gas ratio in the host, a modest column
density ofNH ∼ 1021 cm−2 would be sufficient to provide the large extinction.
Recent results support this suggestion: at the position of GRB 970828 there is a
galaxy withz = 0.96 (Djorgovski et al 2000) andNH = 4.1+2.1−1.6 × 1021 cm−2 (as
measured in our rest frame by Yoshida et al 1999).

4.3 The Supernova–GRB Connection

The total energy budgets ofγ -ray bursts corresponding to their cosmological
distances are roughly of the same order of magnitude as those of supernovae; inγ -
ray bursts, however, the energy is emitted much more rapidly than in supernovae.
The reason is that in supernovae the energy (except that in neutrinos) is thermalized
by a large amount of mass (several solar masses) and converted into heat and
expansion at a speed of typically 104 km/s. In aγ -ray burst the energy cannot
be shared with more than∼10−3 M� in baryons, in order not to lose the required
high Lorentz factors (0 ≥ 102). The similar amount of total energy (1053 ergs)
involved in both phenomena kept the possibility of their connection open, despite
the very large difference in the way the energy is emitted. For instance, in one of
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Figure 13 The evolution of the optical spectral index (top:V – Rand bottom:R – K) of the
afterglow of GRB 970508, showing the passage of a break consistent with a cooling break (Galama
et al 1998a).

the mainγ -ray burst models, the collapsar or failed supernova model (Woosley
1993, Paczy´nski 1998), aγ -ray burst is the result of a massive core collapse, with
extreme parameters (e.g. extreme mass or rotation of the progenitor). However,
until April 1998, direct evidence for a relation betweenγ -ray bursts and supernovae
was totally lacking.

It therefore came as something of a surprise when Galama et al (1998c, 1998b)
found that the WFC error box of GRB 980425 contained the supernova SN 1998bw
(Figure 14). This supernova is located in a spiral arm of the nearby galaxy ESO
184–G82, at a redshift of 2550 km/s, corresponding to a distance of 40 Mpc. On
the basis of very conservative assumptions regarding the error box and the time
window in which the supernova occurred, Galama et al (1998c) determined that
the probability that any supernova with peak optical flux a factor of 10 below
that of SN 1998bw would be found in the error box by chance coincidence is
10−4; this provides strong evidence for a physical relation between theγ -ray
burst and the supernova. The WFC error box also contains two weak X-ray
sources, one of which, 1SAX J1935.0-5248, coincides with SN 1998bw and GRB
980425 (Piro et al 1998a, Pian et al 1999); the second source initially faded
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Figure 14 Image of the galaxy ESO 184-G82 with (left) and without (right) SN 1998bw (Galama
et al 1998c).

but was subsequently redetected at a flux similar to the first observation (Pian
et al 1999), which excludes it as a viable GRB afterglow. The case for a physical
relation between the supernova and the GRB is therefore a strong one.

With respect to its apparent properties (peak flux, duration, burst profile) GRB
980425 was not remarkable. Of course, at its distance of 40 Mpc, its total energy
(8 × 1047 erg/s) is some five orders of magnitude smaller than that of normal
γ -ray bursts (Galama et al 1998c). The total energy in GRB 980425 is remarkably
close to the value envisaged in Colgate’s (1974) model.

Independent of its connection with aγ -ray burst SN 1998bw is extraordinary
for its very high radio luminosity near the peak of the SN light curve (Kulkarni
et al 1998b). According to the analysis of Kulkarni et al (1998b) the radio light
curve requires the presence of a mildly relativistic (0 ∼ 2) outflow, which may
account for theγ -ray burst emission. An analysis of the optical light curve (Galama
et al 1998c; Figure 15) and its early spectra (Iwamoto et al 1998, Woosley et al
1999, Branch 1999) showed that SN 1998bw was an extremely energetic event
[total explosive energy in the range (2 – 6)× 1052 erg, i.e. a factor of∼30 higher
than is typical for an Ib/c supernova], in which an extraordinarily large amount of
56Ni (0.5–0.7 M�) was ejected. The early expansion speed was as high as∼60,000
km/s. According to Iwamoto et al (1998; see also Iwamoto 1999a, Iwamoto
1999b), the remnant mass of the core collapse exceeded 3 M�, and a black hole
was likely formed in SN 1998bw. [Note that by allowing for asymmetry in the
supernova explosion, H¨oflich et al (1999) derive somewhat more moderate but still
very large values for the energetics of this supernova.] GRB 980425 is the only
γ -ray burst (out of more than 2000) for which the evidence of a connection with a
supernova appears convincing. Attempts to search for further associations have not
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Figure 15 The optical light curve of SN 1998bw (Galama et al 1998c).

led to other strong candidates (Wang & Wheeler 1998, Woosley et al 1999, Bloom
et al 1998c, Kippen et al 1998). [We consider the proposed connections between
SN1997cy and GRB 970514 (Germany et al 1999) and between SN1999eb and
GRB 991002 (Terlevich et al 1999) not convincing.]

Because the sampling volume for low-luminosity events such as GRB 980425
is smaller than that of the normalγ -ray bursts by a factor∼106, the rate (per
galaxy) of the former events may well exceed those of the latter by a large factor.
Because of their small distances they are expected to contribute aP−3/2 component
to the logN (>P) distribution. From the absence of a turn-up at the flux limit
(P' 0.2), Kommers et al (2000a) inferred that such a Euclidean component can
contribute at most 10% to the observed BATSE burst sample (99% confidence
limit). With a normal GRB rate of∼10−8 per galaxy per year (Wijers et al 1998),
the corresponding limit on events like SN 1998bw is thus a few 10−4 per galaxy
per year. With an observed rate for type Ib/c supernovae of a few times 10−3 per
galaxy per year (van den Bergh & Tammann 1991), this rather weak limit serves
to show that at most a fraction of the SN Ib/c produceγ -ray bursts.
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The observational basis for a connection betweenγ -ray bursts and supernovae
was greatly enriched with the discovery by Bloom et al (1999a) of a late component
superposed on the power law optical light curve of GRB 980326, which they argue
reflects an underlying supernova (Figure 16). A similar interpretation has been
proposed by Reichart (1999) and Galama et al (2000) for the long-known deviation
from a pure power-law decay of the optical afterglow of GRB 970228 (Galama
et al 1997).

The optical light curve of GRB 980326 showed an initial rapid decay (δopt =
−2.0; Groot et al 1998b); the light curve flattened after∼10 days to a constant
valueR = 25.5± 0.5. Such flattening has been seen in the light curves of other
afterglows as well, and has been interpreted as the signature of an underlying
host galaxy. Observations by Bloom et al (1999a) made∼3 weeks after the burst
revealed a surprising brightening of the afterglow, to a flux level 60 times above
that expected from an extrapolation of the power-law decay. At the same time,
the spectral energy distribution became very red. Observations made∼9 months
after the burst showed that any host galaxy is fainter thanR = 27.3. Using the
multicolor light curve of SN 1998bw (Galama et al 1998c) as a template, Bloom
et al (1999a) found that they can reproduce the observed optical afterglow light
curve of GRB 980326 by a combination of a power-law (exponent−2.0) and a
bright supernova at a redshift z∼ 1.

Reichart (1999) and Galama et al (2000) made the same decomposition of the
optical light curve of GRB 970228 and found that this provides a good fit to the
data. These results support the idea that at least a fraction of theγ -ray bursts
originate from the collapse of a massive star. This confirms the models proposed
by Woosley (1993) and Paczy´nski (1998), under various names, such as the failed
supernova model or collapsar model, in which it is assumed that a black hole
surrounded by a fairly massive torus is formed. It is still unclear what particular
circumstances give rise to the GRB (e.g. a very high mass, rapid rotation, a par-
ticular evolutionary history), but it seems virtually certain that strong collimation
of the outflow is required to accommodate both the extremely high Lorentz factor
flow required for theγ -ray burst and the more sluggish flow connected with the
supernova photospheric emission.

4.4 Prompt Optical Emission

Based on the fireball model, prompt optical emission simultaneous with theγ -
ray burst is expected, with apparentV magnitudes ranging between 9 and 18 for
typical GRB distances (M´eszáros & Rees 1993, M´eszáros & Rees 1997, Sari &
Piran 1999, Katz 1994a). After many years of unsuccessful attempts to catch the
optical signal of aγ -ray burst in progress (see e.g. McNamara et al 1995, Krimm
et al 1996, Hudec & Soldan 1995, Lee et al 1997, Park et al 1997), the first
such simultaneous detection was made of GRB 990123 by Akerlof et al (1999).
The robotic camera ROTSE, triggered by BATSE, started a sequence of optical
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Figure 16 The R light curve of GRB 980326, with model curves representing the power-law
decay of a relativistic afterglow superposed with the light curve of SN 1998bw, shifted to various
redshifts (Bloom et al 1999a).
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Figure 17 The ROTSE discovery images of the prompt optical emission from GRB 990123,
from 22 to 800 s after trigger (Akerlof et al 1999).

images of the BATSE error box 22 seconds after the start of the burst (Figure 17).
An optical transient was detected;∼50 seconds after the start of the burst, the
transient reached magnitude 8.9 and afterward decayed to∼15th mag in∼103 s.
The slope of the prompt light curve changed after∼300 s, and merged smoothly
with the later afterglow light curve (Figure 18; Kulkarni et al 1999a, Galama et al
1999, Castro-Tirado et al 1999a). During the peak of the prompt optical emission
the γ -ray burst reached an absolute magnitudeMv ≈ −36.5, i.e. the event was
then for a brief time interval 10 million times brighter than a Type Ia super-
nova.

The prompt optical emission is not proportional to theγ -ray flux; neither can
it be understood as the low-energy extrapolation of the (variable)γ -ray burst
spectrum (Galama et al 1999, Briggs et al 1999; see also insert of Figure 18).
This indicates that the prompt optical emission and theγ rays originate from
different regions in the fireball. It has been popular practice to ascribe the origin
of theγ rays to internal shocks (Rees & M´eszáros 1994, Kobayashi et al 1997)
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Figure 18 The R light curve of GRB 990123, showing the early emission rising above the back-
extrapolated afterglow and then merging smoothly with the later afterglow light curve (Akerlof
et al 1999). Theγ -ray light curve of ARB 990123; the three points indicate the times during
which prompt optical emission was detected with ROTSE (in an arbitrary intensity scale).

and the long-term afterglow to the external shock2. It has therefore been natural
to ascribe the prompt optical emission to the reverse shock (Sari & Piran 1999,
Mészáros & Rees 1999), which is observed only during a time interval of order
of the burst duration (i.e. comparable to the time it takes for the reverse shock
to travel through the ejecta). The radio afterglow properties of GRB 990123 are
peculiar in that radio emission was only seen during a∼ 1-day interval, about a
day after the burst (Kulkarni et al 1999b, Galama et al 1999). This brief radio
event has been interpreted by Kulkarni et al (1999b) as reverse-shock emission.
Galama et al (1999) ascribe it to emission from the forward shock and interpret
the peculiar nature of the radio emission as the result of a very low value of the

2Recent theoretical calculations, however, have reopened the issue: Dermer & Mitman
(1999) have presented a plausible external-shock model for highly variable prompt gamma-
ray emission, and Fenimore & Ramirez-Ruiz (1999) have shown that previous objections
to external-shock models for the prompt emission can be circumvented.
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synchrotron peak frequency one day after the burst. They suggest that differences
in the afterglow properties (peak frequency, cooling frequency) reflect differences
in the magnetic field strength in the afterglow-emitting regions.

4.5 GRB Polarimetry

Synchrotron radiation is highly polarized, with typical degrees of (linear) polar-
ization for ordered magnetic fields of∼60% (Hughes & Miller 1991); one may
therefore expect measurable amounts of polarization in afterglow emission. By
analogy to AGNs, one might expect up to 10–20% polarization if the shock emis-
sion takes place in a collimated outflow. The strong intrinsic polarization is lowered
by averaging over the unresolved source (Gruzinov 1999, Gruzinov & Waxman
1999, Medvede & Loeb 1999, Loeb & Perna 1998).

For GRB 990123, (Hjonth et al 1999) reported an upper limit to R band after-
glow polarization of 2.3% (95% confidence level). The first positive detection of
polarization, however, was made for GRB 990510 (Covino et al 1999, Wijers et al
1999), with polarizationρ = 1.7 ± 0.2 % and 1.6± 0.2%, 0.77 and 0.86 days
after the burst, respectively. An uncertain measurement made 1.8 days after the
burst is consistent with these values (Wijers et al 1999). The angle of polarization
remained constant during these observations. The rather small observed values of
the polarization (compared to the high intrinsic values in the synchrotron process)
may be the result of a highly tangled structure of the magnetic field, or of very
symmetric field geometries.

5. TABLE OF GRB, COUNTERPART, AND HOST
PROPERTIES

We have assembled here a master table of all GRBs (Table 1) that have been
rapidly followed up since the launch of BeppoSAX until August 1999 (including,
for completeness, GRB 960720). The reason for this selection became apparent
upon collecting the relevant literature: In the last year, most of the literature is
in the form of IAU and GCN circulars, making for a cumbersome and confusing
literature display. For the same reason, whenever all available data were diligently
collected into one or more publications, these were preferentially referenced as
the main sources of literature. However, we have always referenced the discovery
announcements in each wavelength.

We have used the values of the BATSE durations, fluxes, and fluences for
the promptγ -ray emission throughout the table for consistency. These were
substituted by the BeppoSAX/GRBM whenever the GRB was occulted for BATSE.
The prompt X-ray values were supplied predominantly by the BeppoSAX WFC,
and occasionally by the RXTE/ASM; the X-ray afterglow values were consistently
supplied by the BeppoSAX NFI.

Detection in a wavelength was posted when generally accepted by the commu-
nity. In cases that were arguable, we preferred erring on the conservative side, as
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pointed out in the relevant GRB narrative. Narratives are collections of the salient
points of each event, as well as depositories of counterpart peculiarities without a
place in the tabular form.

We have attempted to collect all available literature on each GRB, from trigger
to manifold publication. Nevertheless, given the wealth of communication media
and journals it is inevitable that we have missed some—which is unintentional,
but all the same irritating for the colleagues at the other end. It would improve
future versions of this table if such omissions were brought to our attention, so we
would be thankful for any gentle reminders of omissions.

6. COMPLICATIONS AND EXTENSIONS OF MODELS

Although the basic principles of relativistic blast waves are now well established
and have a good grounding in the body of afterglow data collected thus far, it is clear
from the previous section that we can already see beyond the basic spherical adi-
abatic model. Many afterglows deviate so significantly from the basic predictions
that we know extensions or modifications of the basic model are required. How-
ever, we seldom have enough information on a given afterglow to pin down which
of the many possible modifications applies to the afterglow at hand (if there is ever
only one). Therefore, different models are often found for a given afterglow by dif-
ferent groups, and sober evaluation of the evidence shows that the difference cannot
be resolved observationally. We thus omit here most of the technical details behind
the more complex models. Instead, we focus on qualitative aspects of each of the
models, paying particular attention to the relevance of more complex models to the
broader issues in the field, such as what causes GRBs and what their true rate is.

6.1 Collimation or jets

The importance of collimation goes beyond influencing the detailed shape of the
afterglow light curve: It reveals something about the central engine and affects
our estimates of how many GRB progenitors there need to be.

Consider the simplest possible jet model: two cones, of opening angleθc around
thez-axis, have outflowing material in them. The outflows have the same Lorentz
factor,γ , everywhere within the cone, and no outflow exists outside it. The shock
front formed is just the part of the previous spherical shock that lies within the
cones; the outflow is collimated. As long as the flow is relativistic, the emission
from each part of the shock front is strongly concentrated (beamed) within an angle
θb ' 1/γ . This means that an observer only sees emission from the material that
flows within an angleθb of her line of sight. This effect is purely relativistic,
unlike collimation, which can affect any flow.3 Beaming also affects spherical
gamma-ray bursts, so in those we also see no more than a small part of the

3One often finds the word ‘beaming’ used both for true beaming and for collimation in the
current GRB literature, which occasionally causes confusion.
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outflow. This means that we expect at least one transition to occur in a collimated
outflow; as long asθb ∼ 1/γ is less thanθc, the observer sees a smaller part of
the outflow than the cone, and therefore cannot distinguish between a spherical
and a collimated flow. Whenθb = θc, which happens when the Lorentz factor
becomes low enough (γ . γ b = 1/θb), the observer begins to see the edge of
the cone and thus becomes aware of the collimated nature of the flow. When this
happens, the falloff of the light curve becomes steeper; at early times, the decline
of the afterglow is a balance between a very steep drop of the surface brightness of
the shock and an increase in the observed emitting area proportional to 1/γ 2∝ t3/4.
Whenγ < 1/θb, the emitting area, limited by the size of the cone, stays constant;
hence, a drop in the exponent of the power law decline by t−3/4 is expected.

Because the pressure is very high behind the shock, this decreases the likeliness
of a pressure on the edge able to confine it, so one may well ask how long the
flow can stay collimated. Here, relativity comes to the rescue: The jet expands
sideways no faster than its internal speed of sound (c/

√
3 in the ultrarelativistic

limit). Because to an external observer the apparent sideways expansion of the jet
is superluminal with speedγ c, the angular size of a region of the jet that is causally
connected is only of order 1/γ , and the angle by which the jet expands sideways
is similar. Therefore, sideways expansion of the jet is unimportant as long as the
total jet opening angle is larger thanθb> 1/γ . When the sideways expansion does
become important, simple scaling suggests that the radius of the shock front stops
expanding, and the energy is lost in one place. More detailed considerations show
that in fact the shock Lorentz factor decreases exponentially with radius (Rhoads
1999). However, changes in the area and relativistic kinematics also take place at
the same time, and the net result is that an external observer still sees a power-law
decline of the brightness, albeit much steeper.

Since the critical angles for the end of collimation and the fanning-out of the
emission are of the same order, it is unclear whether the collimation break oft−3/4

(Mészáros & Rees 1999) would ever be seen. The detailed calculations by Rhoads
(1999) only show a very broad transition between the initial spherical evolution and
the steep (t−p) late-time behavior, in which the beaming break is presumably hidden
(see also Panaitescu & M´eszáros 1999). More recent detailed calculations even
suggest that complicating effects cause the collimation break to be much weaker
(Kumar & Panaitescu 2000) or even absent (Huang et al 2000), though a jet may
manifest itself via a steep break in the transition to non-relativistic evolution. An
important aspect of the break resulting from a jet collimation transition is that it
is expected to be achromatic, i.e. of the same strength and occurring at the same
time in all wavelengths.

The first claim for a possible collimated burst came for GRB 980519 (Halpern
et al 1999), which had a very sharply declining afterglow. In this burst, however,
the break was not seen (it would have occurred before the first observation), and
the data are also consistent with a spherical afterglow expanding into a 1/r 2 stellar
wind (Halpern et al 1999). When a break was seen in the afterglow of GRB 990123,
starting about a day after the burst, this was again attributed to a jet (Kulkarni et al
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1999a,b). However, closer investigation shows that the break is not nearly strong
enough to be caused by a jet, even if only the beaming break occurs and is not seen in
K band, which is contrary to expectation. Also, the optical data of Castro-Tirado
et al (1999) indicate an achromatic decline possibly consistent with a cooling
break moving through optical frequencies between days 1 and 3. The short radio
afterglow of this source has also been advanced as support for a jet (Kulkarni et
al 1999b), but can be interpreted without using a jet as well (Galama et al 1999).
The afterglow of GRB 990510 appears to be the first in which the evidence for
beaming is strong and has not been the subject of controversy: All optical data from
U to K can be fit with a single transition time and the same asymptotic power-law
indices, perhaps with some evidence of deviations inB. The values of the pre- and
post-break power-law agree with the calculations of Rhoads (1999). In addition,
polarization has been detected in this source (Wijers et al 1999; see Section 6.2),
which may be related to its jet-like character.

In summary, some clear predictions from collimated outflows are strong enough
to rule out certain sources as being beamed, and make at least one source a good
candidate. Also, in some well-studied cases significant collimation is ruled out
(e.g. GRB 970228 and GRB 970508). The implications for the physics of GRB
are considerable: If a burst has a collimation angle of even 10

◦
(very wide by the

standard of AGN jets), then only 1.5% of the sky is illuminated by the burst. This
means that when making the usual assumption of isotropy, we would overestimate
the energy requirements of the central engine by a factor of 100, and at the same
time underestimate the formation rate of GRB progenitors by that same factor of
100. This establishes the investigation of the reality of collimation in GRB, and
any correlations between collimation and brightness, as one of the more pressing
challenges in afterglow research.

6.2 Rings and Polarization

The beaming of the GRB emission has further consequences for the appearance
of the afterglow. Because the Lorentz factor of the burst is continually declining,
the surface we see at a given observer time is not perfectly elliptical as in the
constant-γ case (Rees 1964), nor is it uniform in surface brightness. The point on
the line of sight is closest to us, which means that among all the points we see at
any given time, the light from that particular point left the surface the latest, so
that point is oldest in the frame of the afterglow. Therefore, it has the lowestγ and
lowest surface brightness. Consequently, the point approaching us is less bright
than those immediately around it. Furthermore, the edge of the afterglow in our
observer frame is only of order 1/γ away in angle from the center. The net result
is that the observed surface brightness has a maximum away from the line of sight
(by about an angle of 1/γ ), i.e. it appears as a ring (Panaitescu & M´eszáros 1998b,
Sari 1998, Waxman 1997a). At very low frequencies, the less steep dependence
of the surface brightness on the Lorentz factor makes this effect nearly go away
(Granot et al 1999a).
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Because the angular size of the ring is usually too small to resolve and does
not change any major scalings, the observable effects are small at best. However,
it does offer the chance of an asymmetry that brings about net polarization of the
afterglow.

Since the afterglow is synchrotron radiation, its intrinsic polarization will be
60–70%; therefore, rather than asking why it is polarized, we should ask why it
is not. Two reasons have been advanced: First, the magnetic field is generated
by some instability, and thus should be highly tangled in nature. If the coherence
length of the field is much less than the size of the observable afterglow surface,
then we expect greatly reduced polarization, to a value of about 60/

√
N% for

N independent patches (Gruzinov & Waxman 1999). Second, there could be net
direction to the magnetic field even if it is generated by instability, especially if one
accounts for aberration effects in the ring of emission (Medvedev & Loeb 1999,
Gruzinov 1999, Ghisellini & Lazzati 1999). If the ring is perfect, the symmetry
ensures zero net polarization, but any imperfections would give a net polarization.

In the latter case, beaming and collimation may combine to give a net polar-
ization that varies with time. Initially, when a collimated outflow still has a very
high Lorentz factor, we see a complete ring, and the symmetry precludes any net
polarization. At very late times, we see the entire outflow, of which the symmetry
once again precludes net polarization. At intermediate times, when the beaming
cone is similar to the collimation angle and the afterglow light curve is breaking
to a steeper decline, we can see part of a ring if our line of sight is offset from the
center of the outflow. During this phase the polarization does not average to zero,
since we do not get emission from the complete ring.

After a first attempt by Hjorth et al (1999) on GRB 990123, which set an upper
limit of 2.3% on polarization, an actual detection was made with the ESO VLT
for GRB 990510 (Wijers et al 1999, Covino et al 1999). The polarization was
measured as 1.7% around the time of the jet break. The data are consistent both
with a symmetry-breaking origin of the polarization and with the random-patch
model. Much earlier and later data, during the power-law parts of the light curve,
would be needed to distinguish between the two (Wijers et al 1999). Sari (1999)
has calculated a toy model of the polarization in the jet case. He showed that
the period of maximum polarization near the jet break contains considerable fine
structure, with a few minima possible as a result of polarization sign changes. The
other burst with measured polarization to date is GRB 990712 (Rol et al 2000).
Curiously, this burst does not show any signs of a beaming break, and the middle
of three polarization measurements has the lowest value, whereas the polarization
angle is constant. It is possible that a beaming break is hidden by the effects of
a bright host in this burst, but even so, a minimum in the polarization is not easy
to obtain without changes in the polarization angle. Likewise, the random-patch
model would predict large angle changes in the polarization as the value changes, so
neither model provides a convincing interpretation of this event. The observational
difficulties of improving the situation are clear: To detect polarization of 1%, one
needs the object to be 5 or 6 magnitudes above the detection limit, and therefore
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measurements of polarization can only be made within the first few days after
trigger.

6.3 External Density Profiles and Late Evolution

Depending on the type of progenitor, a burst may occur in more or less average
interstellar medium, or it may be surrounded by a large amount of circumstellar
medium. Consequently, it is not trivial that the ambient medium should have
a uniform density. Specifically, the stellar-wind case of a 1/r2 density falloff
has received some attention since the discovery of a GRB-supernova association
(Sections 4 & 7).

Aside from providing smooth changes, circumstellar media also offer the pos-
sibility of strong inhomogeneities. For example, a wind has a termination shock
where it encounters the older wind pressed up against the interstellar medium,
and a forward shock driven into the ISM by the wind pressure. When the blast
wave meets these, sudden density changes will lead to jumps and non–self-similar
behavior in the afterglows. The maximum in the light curve of GRB 970508 after
1.5 days could represent such a situation. At a shock interface, instabilities may
also lead to finger formation and other small-scale irregularity. Dermer & Mitman
(1999) and Dermer et al (1999) have suggested that the irregular light curves of
gamma-ray bursts may be caused by an encounter of the forward shock with these
irregularities. Most recent work has attributed the gamma-ray burst proper to in-
ternal shocks in the relativistic outflow (Rees & M´eszáros 1994, Kobayashi et al
1997); however, objections to the external shock model seem to be circumvented
by this new model, so this has again become an open question (Fenimore et al
1999, Fenimore & Ramirez-Ruiz 1999).

What density structures an observable afterglow will meet depends on its en-
ergy; not long after it turns non-relativistic, it declines fast enough to become
unobservable, so in broad terms we can define the afterglow phase as lasting from
tdecto tNR (Section 3). The non-relativistic phase starts when a mass equal to E/c2

has been swept up, since at that point the energy per particle is comparable to the
rest mass energy, i.e.MNR = 0.05E52M�. This is small compared to the total wind
mass ejected by a massive star, so indeed massive stars may produce GRB whose
afterglows are entirely within their old wind (Chevalier & Li 1999). However,
most of that wind is in a shocked, nearly uniform bubble, so it does not follow
that all massive-star GRBs have rapidly fading afterglows characteristic of a 1/r2

density profile. This is even more true if the star moves with even a few tens of
km/s, because then most of the ejected mass during its life is left far behind and
plays no role when the star’s life ends.

6.4 Finite Optical Depths, Prompt Emission, and Lines

Except at radio wavelengths, the optical depth of the afterglow to its own emission
is negligible. Nonetheless, a variety of observations or other considerations have
inspired observers to look for effects of finite optical depth. The oldest concern
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is that the peak frequency in a synchrotron model should be very strongly depen-
dent on the Lorentz factor of the blast wave. Combined with the narrow range
of observed peak frequencies in GRBs, this raises concerns about the required
narrowness of the Lorentz factor distribution. Brainerd et al (1998) has proposed
his Compton attenuation model specifically for this: Compton scattering by the
external, non-moving medium imposes a signature at a fixed source-frame pho-
ton energy of 0.5 MeV. A problem with this model is the large required optical
depth, which implies even larger energies for GRB than more conventional mod-
els, but also makes it difficult to understand why we generally see little or modest
reddening in the optical afterglow. More recent suggestions achieve a signature
of a non-moving medium in the spectrum by interaction of the GRB flux with
previously emitted and scattered GRB photons, or with external sources of soft
radiation (Madau & Thompson 2000, Madau et al 2000, Dermer et al 1999).

The optical depth to MeV photons during the burst has also been rediscussed
recently, after the long-held belief that it must be small lest the spectrum become
thermalized (the compactness problem; Section 1). It appears that the effects must
be mostly small (Lazzati et al 2000, M´eszáros & Rees 2000; but see Liang et al
1999), but some unexpected effects did turn up: Granot et al (2000) discovered that
the optical depth at the earliest times in a burst could be large enough to cause self-
absorption in X-rays. This may answer a long-standing issue that a significant
fraction of burst spectra, especially early in the burst, rises more steeply than
optically thin synchrotron spectra can account for (Preece et al 1998, Tavani et al
2000). It is important to note that low optical depths do not necessarily imply that
any other emission process is energetically unimportant. For example, inverse
Compton scattering may have a luminosity as large asγ 2

eτ times the primary
luminosity, whereas the random electron Lorentz factor,γ e, can be hundreds of
times the already large shock Lorentz factor. Therefore, even atτ ∼ 10−6 this
could still produce an important fraction of the energy output (Waxman 1997b,
Mészáros et al 1994).

Another effect of finite optical depth (or rather, finite emission measure) is the
possibility of emission and absorption lines in the spectra of GRB. An iron line
was reported in BeppoSAX NFI X-ray spectra of GRB 970508 (Piro et al 1999).
Since this line is not highly blueshifted, it must come from material that does not
participate in the relativistic outflow. It may therefore signal the presence of high-
density colder material that is being illuminated by the energetic radiation from the
GRB, such as the remains of an exploding star (B¨ottcher 1999, Lazzati et al 1999).

7. HOSTS, COSMOLOGY, AND CENTRAL ENGINE

It has become clear that GRBs lie in star-forming galaxies and are associated with
supernovae, and that their great brightness allows us in principle to observe them
at high redshifts, perhaps up toz = 20 (Wijers et al 1998, Lamb & Reichart 2000).
This has greatly increased the interest in gamma-ray bursts as tools for cosmology
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and laboratories of high- energy astrophysics, so we will briefly touch upon these
subjects here.

7.1 The Association of GRB with Star Formation and Host
Galaxies

Prior to 1997 there appeared to be a systematic dearth of sufficiently bright galaxies
in the best determined error boxes ofγ -ray bursts. This became known as the no
host problem (e.g. Band et al 1999). However, as the first afterglows were found,
it rapidly became clear that almost all detected counterparts lie in a host galaxy.
Furthermore, the large energies required also pointed to source models involving
stellar collapses and mergers. This prompted a number of attempts to associate the
GRB rate in the universe with the star formation rate (Totani 1997, Wijers et al
1998). It was shown that the observed peak flux distribution of gamma-ray bursts
(Figure 19) is consistent with the assumption that the GRB rate in the universe is
directly proportional to the star formation rate. Recent discoveries of supernovae
associated with GRBs (Section 4) have lent further support to this conclusion.

Figure 19 The cumulative peak flux distribution of gamma-ray bursts detected with BATSE. The
dotted line (a−3/2 power-law) indicates the expected distribution for a uniform density of GRBs
in a Euclidean space (M Briggs, private communication).
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In star formation-related models, the GRB rate is only 10−8 per galaxy per year
in the universe at present but was much higher at z∼ 1, and the characteristic
peak luminosity is 1052 erg/s (Wijers et al 1998). Typical GRBs at the BATSE
threshold would be at z' 4. These results are quite different from those of earlier
fits to the peak flux distribution, which assumed standard candles and no evolution
of the GRB rate; they typically placed the dimmest BATSE bursts at z∼ 1 (e.g.
Fenimore et al 1993, Paczy´nski 1992; but see Fenimore & Bloom 1995).

With a small dozen redshifts and a somewhat greater number of hosts known, it
has become clear that GRB luminosities in all wavelengths range widely (Section
5), so the results of standard-candle fits to the flux distribution should be taken with
a grain of salt (see e.g. Kommers et al 2000a, Krumholz et al 1998, Schmidt 1999).
However, the bursts with known OTs are a much brighter group than the BATSE
bursts as a whole, and their median redshift is about 1, making it likely that the
dimmest GRBs are very far away indeed. This opens the prospect of using GRBs to
study the early universe, e.g. by investigating absorption line forests in their spec-
tra, as is done with quasars up toz = 5 (Wijers et al 1998, Lamb & Reichart 2000).

In Figure 20 we have assembled images of the known GRB hosts; measured
properties of the hosts are assembled in the summary table (Section 5). They are
rather diverse in nature, but share some important characteristics: all are blue, in-
dicating the presence of an abundant number of young stars. In virtually all cases,
the OT does not coincide with the center of the galaxy, but does lie within its
detectable light distribution (e.g. Bloom et al 1999b). Many of the hosts are sub-
luminous, but the wide range of values includesL∗ galaxies (e.g. Hogg & Fruchter
1999). Star formation rates in several hosts have been estimated (Section 5).
While they are not particularly high in many cases, the star formation rate per
unit luminosity in some is quite substantial (e.g. in the small host of GRB 970508;
Natarajan et al 1997). These average properties support the notion that GRBs occur
where massive stars are born and die in the Universe.

7.2 Progenitors and Central Engines

The association of GRBs with supernovae and blue host galaxies, as well as the
supernova-like energies, clearly suggest an origin of GRBs in some type of stel-
lar death. The most popular among these have been mergers of neutron stars
(Paczyński 1986, Goodman et al 1987, Eichler et al 1989, Mochkovitch et al
1993) and massive-star collapses (Woosley 1993, Paczy´nski 1998). The location
of GRB counterparts within the blue parts of galaxies argues against high-velocity
progenitors, such as merging neutron stars (Bloom et al 1999c, Bulik et al 1999).

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 20 The known host galaxies of GRBs, imaged with HST (0228, 0508, 1214, 0123, 0510),
Keck (0828, 0326, 0329, 0519, 0613, 0703, 1226, 0506; courtesy Caltech GRB collaboration),
and NTT (0425). Images are 14′′ on a side except 0828, 0123, and 1214, which are 7′′, and 0425
(2′ on a side).
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While this is true for the bursts thus far located accurately, it should be noted that
those are all long-duration bursts. The short bursts (Kouveliotou et al 1993) have
not yet been followed up, so it is possible that these represent another type of
central engine (e.g. Fryer et al 1999).

The energies provided by many possible central engines are quite similar, since
all eventually lead to the formation of a rotating compact object surrounded by
debris (Mészáros et al 1999). For some bursts, such as GRB 971214 and GRB
990123, the implied isotropic energy is large∼1054 erg (Kulkarni et al 1998a,
Ramaprakash et al 1998, Halpern et al 1998, Kulkarni et al 1999a, Galama et al
2000). While still within the realm of the possible for the stellar-death models, the
efficiency of converting the original energy to gamma rays could be low, so some
collimation and beaming of the outflows may be necessary (Kumar 1999, Kumar
& Piran 1999).

Two mechanisms have been suggested for the extraction of energy from the
central engine. Both use a disk-like configuration around a compact object, and
therefore naturally lead to some amount of collimation. First, neutrino annihilation
can provide a large energy input while the central object is still hot and accreting
rapidly. Because it depends steeply on the neutrino luminosity, it is not expected to
last for more than a few to ten seconds (see e.g. Ruffert & Janka 1999). This suffices
to push a jet through a helium-star envelope in a collapsar model (MacFadyen &
Woosley 1999), but not to power bursts at the long end of the duration distribution
(100–1000 s). Second, electromagnetic extraction of rotation energy from a central
black hole (Blandford & Znajek 1977) has been proposed. This mechanism has
the potential of lasting much longer and extracting somewhat higher energies. Its
efficacy is not yet universally accepted (Li 1999, Livio et al 1999), but has recently
been discussed in detail by Lee et al (2000a,b), who conclude that it is a viable
central-engine model.

8. CONCLUDING REMARKS

In the last three years we have witnessed a tremendous observational breakthrough
in our understanding of GRBs. This, in turn, has led to a new generation of
GRB models, ironically both based on very old initial concepts: the 1978 fireball
model (Cavallo & Rees 1978) and the 1968 and 1974 supernova model (Colgate
1968, Colgate 1974). Over 30 GRBs have provided believable afterglows, and
in at least a dozen of these a galaxy host has been clearly identified: The GRB
cosmological distance scale is established beyond reasonable doubt. Also among
the hard GRB afterglow facts, one should count the following (see Section 5):
(1) temporal and spectral power-law decays for all wavelengths, varying between
−1.1 and−2.1, and between−0.8 and−2.0, respectively; (2) initial source sizes
of the order ofµarcsecs (defined by VLA radio scintillation observations); (3)
the existence of dark afterglows, i.e. cases where we observe the X-ray but not
the optical counterpart; they are thought to lie in dense molecular clouds or have
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much steeper decay rates; (4) in some cases, an association between a GRB and
a peculiar type of supernova has been established; (5) in almost all cases where a
host has been identified, it is a rather blue and actively star-forming galaxy; and
(6) given their peak luminosities and their distance scales, GRBs are the most
powerful photon emitters in the Universe.

We are still seeking the answers to some major questions on gamma-ray bursts.
What is the meaning of dark, afterglow-less bursts? What is the true energy output
of GRBs, and how does the central engine deliver it? How high a redshift can
we go to in chasing these cosmic explosions? In addition, the mystery of how the
prompt gamma-ray emission is precisely produced is still with us.

As the GRB afterglow stamp collection grows, new evidence will emerge and
fill in the puzzle. As we pointed out in the introduction to this article, none of
this would have been achieved without the dedication of the scientific team of
BeppoSAX; they deserve a major part of the credit. Another generous part of the
credit should go to the GRB hunters, the tireless observers who scan enormous
amounts of data for the elusive counterpart detection, quite often without reward.

The situation will dramatically change with the advent of the new GRB satel-
lites, HETE-2 and SWIFT. Through them, fast and accurate GRB positions will be
delivered automatically to the ground for subsequent follow-ups. Although the na-
ture of the hunt may change, following up already identified counterparts instead of
searching for them, the existing shortage of observing facilities will become more
severe. A good ground-based observatory infrastructure therefore needs to be built
and maintained to cope with the (predicted) future deluge of GRB observations.
Monitoring, however, should be done in all wavelengths and with high-resolution
capability, to further advance the field. GRBs have by now brought together mul-
tiple astrophysical disciplines, including early star formation and cosmology. It is
a very healthy sign in a field when the excitement of discovery alternates between
theorists and observers.
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Böttcher M. 1999.Ap. J. In Press (astro–
ph/9912030)

Brainerd JJ. 1992Nature355:552–4
Brainerd JJ, Preece RD, Briggs MS, Pendleton

GN, Paciesas WS. 1998.Ap. J. 501:325–38
Branch D. 1999. InSupernovae and Gamma

Ray Bursts, ed. M Livio. In Press (astro–
ph/9906168)

Briggs MS. 1999. InGamma-Ray Bursts: The
First Three Minutes, ed. J Poutanen, R Svens-
son, p. 133–50. San Francisco: ASP

Briggs MS, Band DL, Kippen RM, Preece RD,
Kouveliotou C, et al. 1999.Ap. J.524:82–
91

Briggs MS, Paciesas WS, Pendleton GN, Mee-
gan CA, Fishman GJ, et al. 1996.Ap. J.
451:40–63

Bulik T, Belczynski K, Zbijewski W. 1999.As-
tron. Astrophys. Suppl. Ser.138:483–84

Bulik T, Lamb DQ, Coppi PS. 1998.Ap. J.
505:666–87

Burenin RA, Vikhlinin AA, Gilfanov MR,
Terekhov OV, Tkachenko AY, et al. 1999.As-
tron. Astrophys.344:L53–56

Butler RC, Piro L, Costa E, Feroci M, Frontera
F, et al. 1997.IAU Circ. 6539

Castro-Tirado AJ, Rosa Zapatero-Osorio M,
Caon N, Marina Cairos L, Hjorth J, et al.
1999a.Science283:2069–73

Castro-Tirado AJ, Zapatero-Osorio MR, Goros-
abel J, Greiner J, Heidt J, et al. 1999b.Ap. J.
511:L85–88

Cavallo G, Rees MJ. 1978.MNRAS183:359–65



P1: FUI

September 18, 2000 20:27 Annual Reviews AR108-10

GAMMA-RAY BURST AFTERGLOWS 421

Chevalier RA, Li ZY. 1999.Ap. J.520:L29–32
Chiang J, Dermer CD. 1999.Ap. J.512:699–

710
Cohen E, Piran T, Sari R. 1998.Ap. J.509:717–

27
Colgate SA. 1968.Can. J. Phys.46:S476–80
Colgate SA. 1974.Ap. J.187:333–36
Condon JJ. 1999.Proc. Nat. Acad. Sci. USA

96:4756–58
Connaughton V. 2000, in preparation
Connors A, Huether GJ. 1998Ap. J.501:307–

24
Costa E, Feroci M, Piro L, Frontera F, Zavattini

G, et al. 1997a.IAU Circ. 6533
Costa E, Frontera F, Heise J, Feroci M, in’t Zand

J, et al. 1997b.Nature387:783–85
Covino S, Lazzati D, Ghisellini G, Saracco P,

Campana S, et al. 1999.Astron. Astrophys.
348:L1–4

Dermer CD, Böttcher M, Chiang J. 1999.Ap. J.
515:L49–52

Dermer CD, Mitman KE. 1999.Ap. J.513:L5–8
Djorgovski SG, et al. 2000. in preparation
Djorgovski SG, Kulkarni SR, Bloom JS, Frail

DA. 1999. GCN 289
Djorgovski SG, Metzger MR, Kulkarni SR,

Odewahn SC, Gal RR, et al. 1997.Nature
387:876–78

Eichler D, Livio M, Piran T, Schramm DN.
1989.Nature340:126–28

Fenimore EE, Bloom JS. 1995.Ap. J.453:25–
36

Fenimore EE, Conner JP, Epstein RI, Klebe-
sadel RW, Laros JG, et al. 1988.Ap. J.
335:L71–74

Fenimore EE, Epstein RI, Ho C, Klebesadel
RW, Lacey C, et al. 1993.Nature366:40–42

Fenimore EE, Ramirez-Ruiz E. 1999.Ap. J.pp
submitted (astro–ph/9909299)

Fenimore EE, Ramirez-Ruiz E, Wu B. 1999.
Ap. J.518:L73–76

Feroci M, Antonelli LA, Guainazzi M, Muller
JM, Costa E, et al. 1998.Astron. Astrophys.
332:L29–33

Feroci M, Frontera F, Costa E, dal Fiume D,
Amati L, et al. 1997.Proceedings of SPIE
3114:186–97

Fishman GJ, Meegan CA. 1995.Annu. Rev. As-
tron. Astrophys.33:415–58

Fishman GJ, Meegan CA, Watts JW, Derrick-
son JH. 1978.Ap. J.223:L13–15

Frail DA, Bloom JS, Kulkarni SR, Sari R, Tay-
lor GB. 2000. in preparation

Frail DA, Kulkarni SR. 1995.Astrophys. Space
Sci.231:277–80

Frail DA, Kulkarni SR. 1997.IAU Circ. 6662
Frail DA, Kulkarni SR, Costa E, Frontera F,

Heise J, et al. 1997a.Ap. J.483:L91–94
Frail DA, Kulkarni SR, Nicastro L, dal Fiume

D, Orlandini M, et al. 1997b.IAU Circ. 6545
Frail DA, Kulkarni SR, Nicastro L, Feroci M,

Taylor GB. 1997c.Nature389:261–63
Frontera F, Costa E, Piro L, Antonelli LA, Vo-

ges W, et al. 1997.IAU Circ. 6567
Fruchter AS, Pian E, Gibbons R, Thorsett SE,

Ferguson H, et al. 2000.Ap. J. submitted
(astro-ph/9903236)

Fruchter AS, Pian E, Thorsett SE, Bergeron LE,
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Mészáros P, Rees MJ, Wijers RAMJ. 1998.Ap.

J. 499:301–8
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Figure 6 The host galaxy of GRB 970228 (center), imaged with HST. The six-month-old after-
glow is still visible (bright pixel) at the top right edge of the host (Fruchter et al 1999).
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Figure 10 HST/STIS image of the OT of GRB 970508 (Pian et al 1998). The faint host only
became visible after the OT had faded.


