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1
Introduction

For one brief but intense moment, a Gamma-ray burst (GRB) is the brightest object
in the gamma-ray sky, and even the entire Universe – giving off more energy in
just a fraction of a second to a few seconds, than our own Sun will over its entire
lifetime. This energy is generated by super hot plasma travelling at relativistic
speeds. The plasma is ejected from near the horizon of a newly created black
hole in the form of a narrow jet pointing straight towards us. These bursts are
so bright, energetic and extreme that they can be seen from the other side of the
universe, many billions of light years away. They thus form unique laboratories for
high-energy astronomy, relativistic plasmas, gravity and magnetism. With current
space based gamma-ray detectors, we are detecting about two to three bursts a
week, though the number observable from the Earth and undetected is probably as
high as about three a day. The initial flash of bright gamma-ray energy is created
by collisions within the jet of relativistic, superheated plasma. This jet proceeds
to plough into the circumburst medium, sweeping up and energising the matter
around the dead star. This causes the afterglow of the burst, which is visible in the
X-ray, optical, infrared and radio regimes for days to weeks to months and, in some
extreme cases, even years.

1.1 A brief history of the enigma

President J.F. Kennedy undoubtedly motivated the United States and its people to
embrace the space race when, on September 12, 1962 at Rice University in Hous-
ton, Texas, he said “We choose to go to the Moon in this decade and do the other
things, not because they are easy, but because they are hard.”As well as being
credited with adding his significant political clout to the exploration of space, it is
possible that we should, at least in part, credit him with the discovery of GRBs. If
it were not for his ratification of the Treaty banning Nuclear Weapon Tests In The
Atmosphere, In Outer Space And Under Water (often abbreviated as the Partial or
Limited Test Ban Treaty) in 1963, there would have been no need for Project Vela
– though the general suspicion between the Cold War foes would probably have
led to a more clandestine version. It was the Vela Hotel element of that project
which developed the Vela satellites to detect nuclear explosions in space. The orig-
inal Vela satellites were equipped with 12 external X-ray detectors and 18 internal
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2 Introduction

neutron and gamma-ray detectors which lead to the detection of the first GRBs. Of
course at the time, what they were or even their name were not considered, so long
as they were not nuclear explosions in the atmosphere or nearby space. It was not
until 1973 that Klebesadel et al. published their report of 16 “Gamma-Ray Bursts
of Cosmic Origin” observed between July 1969 and July 1972 (Klebesadel et al.
1973).

For decades the behaviour of these fleeting, though intense, sources was only
studied through limited spectral and temporal gamma-ray data. Even the most ba-
sic question of whether these sources were extragalactic or within our own Milky
Way Galaxy, remained unanswerable. Their positions on the sky could not even be
attained accurately, and no counterparts at any other wavelength could be found to
help in the localisation of the sources. The great breakthrough came with the launch
of the Compton Gamma Ray Observatory (CGRO) satellite in April 1991, which
was carrying the Burst and Transient Source Experiment (BATSE), designed to de-
tect gamma-ray bursts in the range 20 – 600 keV. BATSE was a prolific instrument,
detecting over 2700 bursts until its debris eventually fell into the Pacific Ocean in
June 2000, following a controlled deorbit. The two main developments that re-
sulted from BATSE were the identification of two different populations of GRBs
based on duration and spectral hardness, and the evidence that GRBs are distributed
isotropically and inhomogeneously across the sky (Kouveliotou et al. 1993; Figures
1.1, 1.2). This isotropic distribution put an end to the theory that GRBs originated
within our own galaxy but it was still possible that they originated in the extended
Halo of our Galaxy (Lamb 1995), or were extragalactic (Paczyński 1995). With-
out the direct identification of counterparts at other wavelengths, which remained
elusive, and hence the identification of their progenitors, the origin of GRBs would
remain a subject of heated conference debate.

The rapid dissemination of accurate positional information, without which
ground based observatories could not identify counterparts and further constrain
positions, came about after the launch of BeppoSAX on April 30, Koninginnedag,
1996; the Italian-Dutch satellite detected GRBs with sub-arcminute accuracy in
X-rays and made these positions quickly available to other astronomers, who
took full advantage of them. The first burst detected at wavelengths other than
gamma-rays was GRB970228 (which follows the standard GRB nomenclature of
GRBYYMMDD where YY is the year, MM is the month and DD is the day1).
Unbeknownst to ground-based observers below, the Narrow Field Instruments on
BeppoSAX were observing the first X-ray ‘afterglow’ of the prompt gamma-ray
emission (Costa et al. 1997); at the same time observers at the Dutch-English-
Spanish Isaac Newton Group telescopes, William Herschel Telescope (WHT) and
Isaac Newton Telescope (INT), on the Canary Island of La Palma were observing

1For multiple bursts on the same day, a letter is appended to the name of all bursts that day,
e.g., GRBs 080319A, 080319B and 080319C. This can lead to difficulty and confusion if the ‘A’
or ‘B’ burst is subsequently retracted.
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Figure 1.1— The distribution of gamma-ray bursts on the sky, observed by BATSE to
1998 shows that GRBs are distributed isotropically across the sky.

the first optical afterglow (Van Paradijs et al. 1997). This breakthrough was fol-
lowed a few months later when the afterglow of GRB970508 was also detected at
the other end of the electromagnetic spectrum, in radio (Frail et al. 1997).

The sub-arcsecond positions of X-ray and optical identifications allowed for far
more comprehensive studies of GRBs and perhaps most importantly, allowed for
a direct estimate of their distance through redshift measurements. The burst with
the first radio detection, GRB 970508, was also the first with a redshift; the Keck
Telescope on the summit of Mauna Kea in Hawaii identified absorption lines in
the afterglow which corresponded to a redshift, z = 0.835 (Metzger et al. 1997).
This is 1010 light years away from the Earth and well beyond the bounds of the
Milky Way Galaxy, proving without a doubt that GRBs originate at cosmological
distances, and also that they are the most luminous sources of electromagnetic ra-
diation and photons in the entire Universe. After three decades of GRB theories
and observations some of the questions were, at long last, being answered. In April
2003 BeppoSAX joined its predecessor, the Compton GRO, at the bottom of the
Pacific.

Almost 8 years after the first afterglow, in November 2004, NASA launched
the Swift satellite, which was expected to confirm and constrain the existing GRB
models. However, to much surprise and excitement, it became clear that those
models for GRBs could not, in their previous forms, explain the complexity of
observed light curves (Figure 1.3) – Swift’s fast-slew capability allowed for much
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Figure 1.2—The hardness ratio of GRBs detected by BATSE versus their duration (af-
ter Kouveliotou et al. 1993). There is clear evidence for a bimodality of the distribution
of these properties, naturally separating the bursts into two classes; the short-hardGRBs
and the long-soft GRBs.

earlier observations and a more elaborate picture of the evolution of the emission,
particularly in the X-ray regime, emerged. The unexpected features detected, such
as steep decays, plateau phases (Nousek et al. 2006; O’Brien et al. 2006) and a large
number of X-ray flares (Burrows et al. 2007; Chincarini et al. 2007; Falcone et al.
2006) revealed the complexity of these sources which is yet to be fully understood;
indeed, we study these things, not because they are easy, but because they are hard.

In June 2008 the GLAST satellite was launched with the hope that it will mea-
sure the high-energy temporal and spectral properties of astronomical phenomena
such as GRBs with unprecedented accuracy. The history of these most luminous
and extreme astronomical sources is an evolving one.

1.2 Anatomy of the enigma
In the first BATSE catalogue, two classes of GRB were first identified as a result
of a bimodality in the distribution of their durations as measured by T90 (or t90;
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Figure 1.3—X-ray (0.3-10 keV) light curves of a number of Swift bursts (Nousek et al.
2006) showing the unexpected features detected by Swift, such as steep decays, plateau
phases and a large number of X-ray flares. Before the launch of Swift, observations were
not usually obtained until a number of hours past the burst but Swift allowed observations
at early times before ∼ 1 × 104 seconds.

Kouveliotou et al. 1993). The T90 of a burst is defined as the time during which the
cumulative counts of the detector increase from 5% to 95% above the background
rate, thus encompassing 90% of the total GRB counts. The T90 of a burst is also
instrument dependent, as it was originally defined for bursts detected by BATSE,
which had a given count sensitivity and operated in the range 20 – 600 keV. GRBs
may have different values of T90 measured via different gamma-ray detectors, for
example, GRB 050724 has T90 = 3 s over 15-350 keV as detected by Swift (Krimm
et al. 2005) and T90 = 2 s in softer energy bands as measured by the Rossi X-ray
Timing Explorer (Remillard et al. 2005). Hence, the duration of a burst as measured
by Swift is not directly comparable to the durations of bursts measured by BATSE,
though the durations can be extrapolated to have the same definition, using a time-
dependent spectral model.

From this bimodality of their distribution the bursts were separated into short
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events (� 2 s) and long events (� 2 s), though the dividing line was certainly not so
clear. These durations were anti-correlated with their spectral hardness ratios; short
GRBs were predominantly harder while the long bursts tended to be softer. From
the distribution of these temporal and spectral properties (Figure 1.2) the bursts
naturally separated into two classes; the short-hard GRBs and the long-soft GRBs,
which is what we are normally referring to if we fail to specify the class. Both
classes of GRB were found to be distributed isotropically and inhomogeneously
over the sky (Figure 1.1) and, while until recently afterglows were not found for
the short bursts, when the cosmological origin was confirmed for long bursts it
was extended to cover the short bursts. However, theorists were already devising
different physical origins to explain the fact that though the two classes had similar
peak intensities, their different durations required significantly different energies to
power the central engines of the GRBs. After a number of early contenders, the
models described below are now generally accepted, though far from certain.

1.2.1 Long GRBs

The theory

The discovery of the first long GRB afterglow in 1997 (Costa et al. 1997; Van
Paradijs et al. 1997) and subsequent detections, has allowed the mechanics of the
underlying physical processes to be better understood. The generally accepted
model for the creation of long GRBs is known as the collapsar model (MacFadyen
& Woosley 1999) since it is based on the collapse of a massive star (the progenitor
star) to a black hole, accompanied by a supernova. The massive star, probably a
Wolf-Rayet star, needs to fulfil a number of very strict criteria regarding its mass,
chemical composition and rotational energy. A Wolf-Rayet star has a very strong
stellar wind, with speeds of up to 3,000 km s−1, which ejects mass from the surface
of the star as well as reduces the angular momentum of the star.

For the collapsar model to work, the star has to have a large amount of an-
gular momentum and be spinning rapidly so that when the dense core of the star
collapses to form a black hole, the outer layers about the equator have sufficient
outward centrifugal force2 so as to not fall directly into the newly created black
hole, and hence form an accretion torus or disk. Due to the reduced centrifugal
forces at the rotational poles of the progenitor, the outer layers here fall inward on
much shorter timescales and, importantly, cause a rarefied environment at the poles
through which a jet can emerge. This necessity is what causes the balancing act
between mass, chemical composition and rotational energy: the star must be mas-
sive enough (possibly 40 solar masses) to allow enough mass to be left to form a
black hole core (which is likely at least 3 solar masses); it must be spinning rapidly
enough so that an accretion torus will form; the chemical composition must have
low metallicity, and hence low mass and angular momentum loss via the wind, in

2Which is of course a fictitious force.
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order that the angular momentum remains large enough to create an accretion torus;
but it must also have high enough metallicity that the wind will strip the hydrogen
envelope, allowing the jet to emerge. Recent, highly advanced numerical simula-
tions (Yoon & Langer 2005; Woosley & Heger 2006) have found that this balance
point can be reached through a rather exotic evolutionary channel of theWolf-Rayet
star where rapid rotation induces almost chemically homogeneous evolution, which
agrees with the limited number of GRBs that we observe.

It has also been suggested that the collapsing star may undergo an intermediate,
or even end, stage of being a neutron star before a black hole but in either case
the end product is an accreting torus of mass about the equator which acts as an
energy source for the central engine. The accretion of this massive reservoir of
energy produces extremely hot, relativistic (up to 0.999999 times the speed of light)
plasma which is able to escape and be collimated into a jet at the rarefied poles. This
type of relativistic jet production is not unique to GRBs, they are in fact common
in many astronomical objects and are normally associated with the extraction of
gravitational energy from neutron stars or black holes (e.g., Mirabel & Rodríguez
1999), so were a logical theory. The jets can be short lived, transient events as they
are in (long and short) GRBs and transient X-ray binaries, or steady state as they
are in active galaxies. In all cases however, the emission from the jet ploughing into
the surrounding medium is governed by the same physical processes involving the
acceleration of charged particles by relativistic shocks and synchrotron emission,
which we shall discuss in section 1.3.1.

Observational support

Observational evidence to support this theory of long GRB progenitors comes from
two main facts; that these GRBs are observed in young, blue, star-forming host
galaxies (Figure 1.5, upper), and that associated supernovae have been observed.
Young, star-forming galaxies such as irregular galaxies and the arms of spiral galax-
ies are where we expect to find massive stars such as Wolf-Rayet stars. This is
because massive stars evolve and die on quite short timescales of a few tens of
million years and are hence not found in galaxies or regions of galaxies where star
formation has long since ceased. This is far from conclusive proof but certainly
supports the collapsar model when combined with the fact that many nearby (red-
shift, z � 0.5) GRBs have been associated with supernovae. These GRB-supernova
associations are either direct spectroscopic associations or photometric associations
via a light curve ‘bump’. For the closest GRBs such as GRB030329 (Figure 1.4),
amongst others, an evolution from power-law GRB-like spectra to more complex
supernova-like spectra can be observed over time. This evolution is caused by the
fact that the GRB emission peaks at much earlier times than the supernova emis-
sion, hence the GRB domination of the spectra at early times gives way to super-
nova domination at late times. This later peak of the supernova emission can also
cause the observed bumps in the decaying optical light curves many days after the
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Figure 1.4— The optical spectra of GRB 030329 / SN2003dh at various epochs as ob-
served with the ESO Very Large Telescope (Hjorth et al. 2003). The upper, early power-
law GRB-like spectra evolve to spectra with supernova signatures, similar to the very
energetic Type Ic supernova 1998bw. While most GRBs are at too high redshift to ob-
serve a possible supernova component, this and other associations has confirmed the
GRB-supernova connection and lends support to the collapsar model.
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burst and act as an indicator of a supernova when the source is too distant for a
spectrum to be obtained.

GRBs have been associated with type Ib/c supernovae, which lack hydrogen ab-
sorption lines and are caused by core collapse, consistent with the criterion that the
progenitor star, such as a Wolf-Rayet star, must have no hydrogen envelope so that
a jet may emerge. The strong wind associated with a Wolf-Rayet star also implies
that the medium around the GRB, the circumburst medium, should have a wind-
like density profile falling off with radius (ρ ∝ R−2) as opposed to an interstellar
medium (ISM) like density profile which is constant over increasing radii (ρ ∝ R0).
However, the exact density profile of the circumburst medium is dependent on the
evolution of the star close to its death, which is not well understood.

The GRB-supernova connection, while accepted, does have its exceptions;
GRB 060505 (z = 0.089) and GRB060614 (z = 0.125) (Fynbo et al. 2006b)
were two long GRBs with no associated supernova, even though they were at low
enough redshifts that they should have been detected if they were of similar energy
to GRB030329. As supernovae have a limited distribution in their range of ob-
served energies, this was indeed an unexpected result. Dust extinction in the line
of sight to these sources is low so an unlikely explanation for the non-detection.
The non-detection does not rule out the collapsar model however, as it is possible
to have a GRB without a supernova if the black hole is not formed directly but
through a fall back of material after a failed supernova (Heger et al. 2003; Fryer &
Heger 2005).

1.2.2 Short GRBs

Since so few afterglows of short GRBs have been observed, and they have been
so only recently, the models of how short GRBs are created have not yet been
narrowed down to just one. Indeed it may be necessary to describe these bursts
by a number of different models, the main one being a compact binary merger. A
compact binary is a system of two compact (collapsed) stars, either a black hole or a
neutron star, in orbit around their centre of gravity. According to Einstein’s general
relativity, these two bodies will radiate energy as gravitational radiation, spiralling
closer together as they do so. Eventually the two bodies will be ripped apart by tidal
forces and coalesce into a single black hole, liberating extreme amounts of energy
in fractions of a second to a few seconds, without any significant accretion torus to
extend the process. This energy will be collimated into a jet along the rotational
axis of the binary due to the extreme angular momentum of the system. This binary
merger can only lead to a GRB if it is between two neutron stars or between a
neutron star and a black hole; since a black hole cannot be ripped apart by tidal
forces, two black holes would simply coalesce without releasing much energy in
the form of matter or radiation, though it would release very significant amounts of
energy as gravitational waves.

In this binary merger model there is no conventional (non-degenerate) star to



10 Introduction

collapse so no associated supernova, however there will have been a supernova in
the history of the binary. Compact binaries such as these are thought to evolve
from standard binary systems which undergo an evolution, including accretion and
at least one supernova explosion in the distant past. This supernova may impart a
significant ‘kick’ velocity to the binary system which can cause it to travel far from
the area in the host galaxy where it originated, possibly outside the host galaxy itself
and even into another nearby galaxy, given the long timescale of the gravitational
radiation driven merger (Figure 1.5, lower). There have been few afterglows, and
hence accurate positions, detected for short GRBs but the ones that have show a
wide variety of host galaxies, or none at all. This is in agreement with the kick
velocity of compact binary systems. For those bursts found at the periphery of,
or outside, a galaxy we expect quite a low ambient density for the circumburst
medium which causes a dim afterglow in the blast wave model (see section 1.3.2).
This, along with the fact that short bursts are intrinsically less energetic, explains
why so few afterglows have been observed.

Soft gamma repeaters as short GRBs

The process that produces a compact binary is not standard and the compact bi-
naries themselves are rare, though they do exist. Whether or not they exist in sig-
nificant enough numbers is under debate with some suggesting that another model
needs to be called on to explain a subset of short GRBs (Ofek 2007; Chapman
et al. 2008). This other model suggests that some short GRBs are extragalactic
soft gamma repeaters (SGRs); a number of SGRs are known in our own Galaxy.
Soft gamma repeaters are rare, highly magnetised (� 1015 Gauss) neutron stars,
known as magnetars (Duncan & Thompson 1992; Kouveliotou et al. 1998). They
are capable of producing brief but enormous outbursts of high-energy photons and
were, in fact, once the favoured model for all GRB progenitors. The most massive
flare from a soft gamma repeater was from SGR1806-20 (originally GRB 7901073)
which, when it occurred on December 27, 2004, significantly disrupted the Earth’s
ionosphere as well as weather and communications satellites. If such a giant flare
originated outside our Galaxy it would be detectable and look like a short GRB.
Only a small fraction of known GRBs have spectral properties with any resem-
blance to the properties of giant flares but SGRs may explain a minority of bursts.
It would certainly be put beyond doubt if a short GRB were seen to flare for a
second time as this would not be possible through a binary merger scenario.

3SGRs, originally identified as GRBs, do repeat themselves and hence cannot be named by
date. They are named for their gamma-ray position on the sky, which is not as accurate as radio or
optical positions. In this case the most accurate, infrared, position is: right ascension = 18h 08m
39.32s, declination = −20◦24′39.5′′.
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050813

Figure 1.5—A comparison of the host galaxies of long and short GRBs. The upper six
images are a selection of long GRB host galaxies imaged by the Hubble Space Telescope
(HST; Fruchter et al. 2006). Note that the positions of the afterglows, marked by crosses,
fall on bright, star forming regions of these faint blue irregular galaxies. The exception
is GRB 990705 which occurs in a dim region of a grand-design spiral galaxy. The lower
six images from ESO telescopes (Hjorth et al. 2006) show the diverse nature of short
GRB host galaxies. The error annulus of the afterglow position, if not the entire image,
is marked as an error circle. For 050906 we show only a portion of the error annulus.
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Figure 1.6— Schematic view of the blast wave model (Rees & Mészáros 1992;
Mészáros et al. 1998) for GRB afterglows (from Piran 2003). The central engine, prob-
ably an accreting black hole, powers an outflow of relativistic plasma in the form of
a collimated jet. The plasma may be ejected as shells of different Lorentz factors and
speeds which collide with each other, within the jet, causing internal shocks. These
internal shocks are thought to cause the prompt gamma-ray emission as well as late
time X-ray flares. As the jet ploughs into the external medium, it causes a forward, ex-
ternal shock which is thought to cause the afterglow; visible in optical, X-ray and radio
regimes. The forward shock is accompanied by a reverse shock which sends information
about the shock and external medium, back into the jet.

1.3 Multi-wavelength emission from the GRB

1.3.1 The blast wave model

As discussed earlier, the central engine of a gamma-ray burst, whether originating
from the collapse of a massive star as is the case in long bursts, or from the coalesc-
ing of two compacts objects as is in short bursts, is likely an accreting black hole.
This central engine powers an outflow which causes electromagnetic radiation that
allows us to see GRBs from across the Universe. The burst itself, which is observed
in gamma-rays and X-rays for seconds, is followed by an afterglow which is ob-
servable in X-ray, optical, infrared and radio, for days to months, even to years in
some cases. Any emission mechanism has to explain both the prompt emission and
the afterglow, which cover many orders of magnitude in flux, frequency and time.

The prompt emission from GRBs displays a power-law spectrum which is non-
thermal in nature and implies that the emission originates from an optically thin
region. Many GRBs display millisecond variability in their light curves which,
given the finite speed of light, means that the emission region must be of a lim-
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ited size, corresponding to a radius of the order of 1000 km. The great distances to
GRBs and the observed fluxes imply gamma-ray energies of the order of ∼ 1052 erg.
This extreme energy would cause an energy density at the emission region render-
ing it opaque, or optically thick, in a direct contradiction to the observed optically
thin, non-thermal spectra; this is known as the compactness problem. However, the
compactness problem is only an issue if we treat the emission region as static; it
can be eliminated if we consider bulk motion effects. Assuming that the emission
region is moving towards the observer at relativistic velocities, relativistic effects
such as time dilation and relativistic beaming make a significant contribution to the
observed properties, specifically the emission region will appear much smaller, as
inferred from light crossing arguments, than it actually is. Given that the Lorentz
factors needed to eliminate the compactness problem are > 100, the emission re-
gion would be at a radius of 108−1010 km and, ignoring cosmological time dilation,
a flare that is observed to last seconds can actually last for days or months in the
source rest frame.

The emission region, at these radii, is now understood to be from internal
shocks within a collimated jet powered by the central engine (Figure 1.6). At
smaller radii, the jet of plasma is indeed opaque to photons, blocking the direct
line of sight to the central engine, but at larger radii it becomes optically thin. The
plasma is ejected as shells of different Lorentz factors and velocities, which collide
with each other, within the jet. This causes internal shocks that are accepted to be
the cause of the prompt gamma-ray, and X-ray, emission itself. If the central engine
is active and emitting shells for long enough, these internal shocks may also be the
source of late time X-ray flares.

Emission also originates from radii greater than 1011 km; the front surface of
the jet, or blast wave, ploughs into the external medium, and as it does so it causes
a forward, external shock which is thought to cause the afterglow (Figure 1.6). The
forward shock is accompanied by a reverse shock which returns information about
the shock and external medium back into the jet. Initially the blast wave acceler-
ates as it is powered by the central engine but after the cessation of central engine
activity the blast wave continues in a coasting phase with a constant Lorentz fac-
tor. When the blast wave has swept up an amount of mass of the circumburst, or
external, medium with comparable energy to the initial energy of the jet it begins
to decelerate. The dynamics of the blast wave model (Rees & Mészáros 1992;
Mészáros et al. 1998) is described by the solutions of Blandford & McKee (1976),
which well describe the observed afterglows of GRBs (e.g. Wijers et al. 1997; Wi-
jers & Galama 1999; Granot et al. 1999). Eventually the forward shock and blast
wave will decelerate to sub-relativistic and non-relativistic velocities, when it will
resemble a (non-relativistic) supernova remnant.
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Figure 1.7— Schematic broad band spectra of the synchrotron emission from a rel-
ativistic blast wave (from Sari et al. 1998). Synchrotron emission is the dominant
emission mechanism from GRB afterglows and is caused by the relativistic electrons
accelerated by the blast wave. The spectra are divided into four regimes by the three
spectral break frequencies: peak frequency, νm, cooling frequency, νc, and synchrotron
self-absorption frequency, νa. The break frequencies evolve adiabatically with time as
shown above the arrows and radiatively with time as shown below the arrows in square
brackets. The spectral power-law index, β where F ∝ ν−β, of each frequency regime is
dependent on the electron energy distribution power-law index, p, as shown. The upper
panel shows the fast cooling case, expected at very early times while the lower panel
shows the slow cooling case, expected at late times. The X-ray and optical frequencies
normally fall in the two rightmost regimes.

1.3.2 Synchrotron emission

The emission from GRBs is non-thermal and in fact displays a synchrotron-like
spectrum consisting of various power-law segments. In each of these segments,
the flux at a given time as a function of frequency is given as F ∝ ν−β, where β
is the spectral index. Synchrotron radiation is produced when relativistic charged
particles (in this case electrons) spiral along magnetic field lines. The total flux is
dependent on the strength of the magnetic field, the velocity of the electrons per-
pendicular to the magnetic field lines and the number of electrons available to the
process, which is in turn dependent on the density of the external medium: ρ ∝ R−k,
where k is the density profile power-law index. In the blast wave model the elec-
trons are accelerated via Fermi acceleration due to the passage of the internal or
external shock (Blandford & Ostriker 1978; Rieger et al. 2007). After the accelera-
tion, the energy of the electrons, E, follows a power-law distribution, dN ∝ E−pdE,
with a cut-off at low energies. The electron energy distribution power-law index, p,
is dependent only on the underlying micro-physics of the acceleration process and
it is suggested that it has a universal value of ∼ 2.2 − 2.4 (e.g., Kirk et al. 2000),
but a much larger distribution of ∼ 1.8 − 3.0 is observed (e.g., Starling et al. 2008).
The origin of the magnetic field that is required for the synchrotron emission is
quite uncertain but has been attributed to some turbulence-driven instability of the
relativistic plasma behind the shock front (Usov 1994) or an intrinsically magne-
tised circumburst medium (Königl & Granot 2002). However, the mechanism by
which this magnetic field is maintained for such long times as needed to support an
afterglow is unclear.

The synchrotron emission from the relativistic electrons produces a broad band
spectrum that is well characterised by a peak flux and three break frequencies as
well as the electron energy index (e.g. Figure 1.7, Sari et al. 1998). The peak
frequency, νm, corresponds to the cut-off energy of the electron energy distribution;
the cooling frequency, νc, is due to the fact that extremely high-energy electrons
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have cooling time scales shorter than the dynamical time scale of the source; and
the synchrotron self-absorption frequency, νa, corresponds to the absorption and
stimulated emission by electrons, which affects the photons originating from the
synchrotron emission. The peak flux and the break frequencies evolve with time,
as the dynamics of the blast wave evolve with time as shown in Figure 1.7, thereby
affecting the observed broad band spectra, or, spectral energy distribution (SED).
This also leads to an evolution of the flux at a given frequency, or light curve, over
time.

The spectrum is divided into four regimes by the three break frequencies and
within each regime the spectrum is described by F ∝ ν−β, where β is a function of
p only. As the break frequencies evolve over time there are a number of possible
different orderings of interest: νa < νc < νm, νa < νm < νc, and νm < νa < νc.
The first case is known as the fast cooling case since a majority of the electrons
are affected by cooling; this is observed, if at all, at early times. At late times the
spectrum may evolve so that νm < νa < νc but this is usually only observed at
late times (weeks to months) and in the radio. The X-ray and optical afterglows
are normally observed to be in the two rightmost regimes of the slow cooling case
(νa < νm < νc). By comparing the observed X-ray and optical SEDs to the predicted
values of the synchrotron spectra, we can extract information about the regime in
which each falls and the electron energy distribution index, as well as any deviations
from the predicted values which can be due to extinction or absorption of the light.

1.3.3 Light curves and breaks

The light curve of a GRB afterglow is dependent on the evolution of the synchrotron
spectrum, which is in turn dependent on its evolving peak flux and peak frequen-
cies. The peak flux decreases with time as a power-law, causing the power-law
decay, Fν ∝ t−α, at a given frequency, ν, which is usually observed in the X-ray
and optical light curves. The index of this power-law decay, α, is dependent on the
regime being observed, the electron energy distribution power-law index, p, and,
in the slow cooling case where νm < ν < νc, on the circumburst medium density
profile, ρ ∝ R−k. The decay is faster in a wind-driven medium (ρ ∝ R−2) than it is in
a constant density one (ρ ∝ R0), since there are less electrons available to the syn-
chrotron emission process in the former. This allows us to differentiate between the
different circumburst density profiles and, in some cases, measure the value of the
density profile power-law index, k. A full description of the relationships between
flux, the regime and the environment can be found in, e.g., Mészáros et al. (1999);
Zhang & Mészáros (2004); Van der Horst et al. (2008). The break frequencies also
evolve in time, though they do not change the spectral indices within a regime, only
the frequency borders of that regime. Therefore, their evolution does not affect the
power law decay of a light curve, unless they pass through the observed frequency
of that light curve. When this happens the light curve temporal index changes from
that of one regime to that of the other, usually resulting in an observed temporal
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break between the two indices. As a break frequency can pass through only one
observing band at a time, this temporal break is chromatic.

Jet breaks

The cosmological distances to GRBs and their observed fluxes imply combined
prompt and afterglow energies of the order of ∼ 1054 erg for some bursts, assuming
isotropic emission. This is an enormous amount of energy, which is near impossible
to explain, even given the extreme progenitor models of GRBs (Section 1.2). The
required energy budget can be significantly reduced, by a factor of 102 − 103, if
the observed flux is not isotropic as we just assumed, but collimated into a narrow
jet. The observable signature of such collimation would be an achromatic break in
the light curve on the order of a day (0.1 to 10 days). This ‘jet break’ is caused
by the fact that, when viewed approximately along the jet axis, the emission looks
isotropic due to the relativistic beaming effect. The relativistic beaming effect has
an angular size of the order of one over the Lorentz factor, which becomes smaller
as the blast wave decelerates in the external medium. When the Lorentz factor
drops significantly enough so that the beaming angle is greater than the opening
angle of the jet, the edges of the jet come into view and the observer will receive
less flux than in the isotropic case, causing a steepening of the light curve. As
this reduction of flux will affect all frequencies simultaneously, the jet break is
observed as a simultaneous, achromatic steepening of the light curve, as opposed
to the chromatic steepening due to the passage of a break frequency. The observed
time of the jet break is necessary to calculate the level of collimation of the jet, or
the jet opening angle, which allows us to correct the observed isotropic equivalent
energies for the effects of collimation.

At the same time that the Lorentz factor is reduced enough to allow the jet edges
to be seen, the jet itself is undergoing another dynamical effect; the velocity of the
outflow has decreased to the local speed of sound and hence sideways spreading of
the jet becomes significant. The exact form and velocity of this sideways expansion
is not clear but it will lead, eventually, to a non-relativistic spherical source akin to
a supernova remnant, which may be studied via radio observations. It may reach
this spherical distribution soon after the jet break time if the sideways expansion is
relativistic (Rhoads 1999, 1997) or at a much later time if it is non-relativistic (Gra-
not 2007). The exact form of the expansion will affect the form of the jet break,
i.e., how suddenly the light curve temporal decay will change from the asymptoti-
cally expected value for the pre-break slope to the post-break slope. The shape and
smoothness of the jet break will also be affected by the angular energy distribution
of the jet, which in most cases is assumed to be homogeneous over the surface
of the jet. Other suggestions for the structure of the jet are that the energy is a
smoothly decreasing function of angle from the jet axis or that the jet is made up
of multiple discrete segments with a high Lorentz factor on the jet axis, surrounded
by multiple rings of decreasing Lorentz factor.
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Since the launch of the Swift satellite there has been a perceived lack of achro-
matic breaks compared to the BeppoSAX era. Specifically, relatively few breaks
consistent with jet breaks are observed in the X-ray light curves, up to weeks in a
few bursts (e.g., Panaitescu et al. 2006; Burrows & Racusin 2006). In some after-
glows, a break is neither observed in the X-ray or optical light curves, while in other
bursts a break is observed in one regime but not the other (e.g., Liang et al. 2008).
If these breaks are truly missing, it has serious consequences for the interpretation
of GRB jet collimation and energy requirements described above. However, it is
worth remembering that in the BeppoSAX era most well sampled light curves were
obtained by ground based optical telescopes with little X-ray temporal coverage,
while, since Swift most well sampled light curves are in the X-ray regime. Our ex-
pectations of the observable signature of a jet break are hence based on the breaks
observed pre-Swift, predominately by optical telescopes, and the models which ex-
plained them, notably those of Rhoads (1997, 1999) and Sari et al. (1999). Though
achromaticy is expected, it is not clear that the breaks will be identical in both the
X-ray and optical regimes; the shape, or smoothness, and exact timing may dif-
fer somewhat. The exact form of the dynamics of the jet break and its effect on
the light curve are necessary to further understand jet breaks. If the break is very
smooth, as many previously studied jet breaks are (e.g., Zeh et al. 2006), the light
curve displays a shallow roll-over from asymptotic values, which makes the identi-
fication of the break, and accurate determination of the temporal slopes and break
time difficult.

1.4 Rediscovery of the enigma: The Swift effect

In November 2004, NASA launched the Swift satellite (Gehrels et al. 2004) which
was expected to confirm and constrain the existing GRB models, as well as draw
back the curtain on the first few thousand seconds of GRB afterglows, which had
previously been poorly observed if at all. Swift has the ability to slew rapidly and
autonomously after the detection of a burst by its gamma-ray Burst Alert Telescope
(BAT). Within minutes its narrow field instruments, the X-ray Telescope (XRT)
and Ultraviolet and Optical Telescope (UVOT), are on target obtaining data on the
prompt and afterglow emission. At the same time positional information about the
burst is sent to the ground, via a network of communication satellites and ground
stations known as the Tracking and Data Relay Satellite System (TDRSS), and
disseminated through the Gamma-ray bursts Coordinates Network (GCN). The ac-
curate X-ray and optical positions allow ground based optical or radio telescopes,
some of which are in fact robotic and require no manual interference, to point to-
wards the GRB within minutes in some cases (Figure 1.8). This system allows for
multi-wavelength data, from gamma- and X-ray to optical to radio, to be obtained
from the earliest times after a GRB.

Perhaps one of the most important breakthroughs of Swift was its localisation
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Figure 1.8— A schematic representation of the system whereby Swift sends positional
information to the ground, where it is disseminated to optical and radio telescopes
through GCNs. This rapid process allows multi-wavelength data to be obtained from
the earliest times after a GRB.

and detection of short GRB X-ray afterglows, which share many of the character-
istics of the canonical behaviour (Section 1.4.1) with long bursts. As short GRBs
are found in regions with circumburst media of quite low ambient density (Sec-
tion 1.2.2), the afterglows are quite dim and difficult to detect, even at early times;
but Swift was able to supply accurate X-ray positions at early times, which allowed
optical counterparts to be detected for the first time. Another significant develop-
ment under Swift was the increase of the average redshift of GRBs from ∼ 1 to
∼ 2.8 (Jakobsson et al. 2006b). This was due to the increased sensitivity of Swift
over previous missions so that it was detecting the nearby bursts as before, plus a
larger number of more distant, hence fainter bursts. This has also led to a lower
proportion of bursts with detected optical afterglows, or well sampled optical after-
glows, due to the sample’s faintness.

Swift detects about 2-3 bursts per week – though on a few rare occasions, there
has been 3-4 bursts in a 24 hour period – which even with the huge number of
ground based telescopes available to follow up bursts can put a strain on telescopes
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and observers. Before the launch of Swift the number was much smaller and ev-
ery burst that was observable received every possible attention. Now observers and
telescope time allocation committees have had to become more discerning in their
choice of bursts to follow up. Due to the number and faintness of bursts, often
the optical coverage of light curves is sparse and spread over a number of different
bands and telescopes, leading to fewer well sampled light curves in optical than in
X-rays. However, Swift continues to show that there are new and interesting, obser-
vational and theoretical ideas to come from GRB observations at all wavelengths.

1.4.1 The canonical X-ray light curve

Swift’s fast-slew capability revealed a much more elaborate picture of the evolution
of GRB emission than had been expected, particularly in the X-ray regime. As well
as doing that, it threw some doubts on the conventional wisdom of GRB afterglows
such as that of jet breaks. In doing so it became clear that the models for GRBs
could not, in their previous forms, explain the complexity of the observed light
curves. The unexpected features detected, such as steep decays, plateau phases
(Nousek et al. 2006; O’Brien et al. 2006) and a large number of X-ray flares (Bur-
rows et al. 2007; Chincarini et al. 2007; Falcone et al. 2006) revealed the complexity
of these sources, which is yet to be fully understood, but a canonical X-ray light
curve of expected behaviour did eventually emerge from XRT observations (Zhang
et al. 2006).

In Figure 1.9 the schematic canonical X-ray (log-log) light curve of Zhang et al.
(2006) is reproduced. Phases III and IV denote the normal decay phase and post jet
break phase, respectively, which were well known before the launch of Swift and
are well explained by the blast wave model (Section 1.3.1), though as the dashed
line denotes, jet breaks are not observed in a majority of bursts. The other phases,
bar the prompt phase, have been discovered, at least in the X-rays, by Swift. The
prompt phase (Phase 0) corresponds to the prompt gamma-ray emission which,
while of course well studied in gamma-rays for many years, has now been detected
in X-rays for the first time (e.g., GRB 060124; Romano et al. 2006). This is due to
the fact that some bursts have displayed precursory events, sometimes hundreds of
seconds before the main prompt emission, allowing Swift to slew to the source and
observe with its narrow field instruments.

The prompt emission is often followed by a phase of steep decay (3 < α < 5
where Fν ∝ t−α; Phase I) which is likely caused by the curvature effect (Kumar
& Panaitescu 2000b; Zhang et al. 2007). This is the steepest drop off of the flux
possible if the emission of the blast wave is shut off instantaneously and is due to
off axis emission which, because of the greater distance, takes longer to reach an
observer. This decay falls off as α ∼ 2 + β (where Fν ∝ ν−β) since the emitted
gamma-rays are Doppler shifted into the observable X-ray regime. The power-law
index of this is affected by the definition of the power-law zero time, t0, as a later
true t0 will allow a steeper decay given an earlier assumed t0. Though there is
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Figure 1.9—The schematic canonical X-ray (log-log) light curve of GRBs as observed
by the X-ray telescope on board the Swift satellite (Zhang et al. 2006). Phases III and IV
denote the normal decay phase and post jet break phase respectively, which were well
known before the launch of Swift, while the others have been discovered by Swift. Phase
0 corresponds to the prompt gamma-ray emission, which for the first time was observed
in X-rays due to Swift’s fast slewing capabilities. Phase I denotes the steep decay phase
which is relatively common, while the other phases marked with a dashed lines are less
common. Phase II is the shallow decay, or plateau, phase, while phase V denotes the
X-ray flares observed in some bursts.

uncertainty as what to take the value of t0 to be, it is usually taken as the time that
the GRB triggered the detecting instrument, ttrigger, though theoretically it is closer
to the time at which the majority of the energy was ejected from the burst, tejected.
Any difference or error in the definition of t0, e.g., in the case of a burst with an
early precursor, will only affect slopes at times within a few times the error.

Some bursts show a shallower than expected decay (0.5 < α < 1.0) at times
from ∼ 100 - 1000 seconds after the prompt emission (plateau or shallow decay,
Phase I). At these times, the excess emission which causes the shallow decay is
likely due to external shocks of the blast wave, though a reverse shock has also been
suggested (Genet et al. 2007; Uhm & Beloborodov 2007). The extra energy needed
may be powered by shells of plasma, that were originally ejected from the central
engine at lower Lorentz factors and velocities, catching up with the blast wave,
which is by this time decelerating in the external medium (Granot & Kumar 2006).
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Alternatively, the plasma which re-energises the blast wave may have been ejected
with the same Lorentz factor but at a later time (Ghisellini et al. 2007), requiring the
smooth accretion of mass onto the central engine for extended periods to account
for the smooth light curves observed. In either case the shells add further energy to
the forward shock, slow its deceleration and cause a shallowing of the light curve,
until a break due to the cessation of continued energy injection is observed. This
break, since it is due to dynamical effects on the jet, should be achromatic like a jet
break, but will break to a less steep decay than expected for a jet break.

Prior to Swift X-ray flares (Phase V) were detected in only a few bursts (e.g.,
GRB 970508, GRB 011121, GRB 011211), however, they are now observed in
∼ 50% of GRBs, typically superposed on the early light curve steep decay and
plateau phases. A clustering exists of the flare distribution in time, with the vast
majority occurring at early times up to ∼1,000 seconds but some GRBs have exhib-
ited flares on much later timescales out to ∼ 105 seconds, or approximately one day
after the prompt event. The flares are usually of a short duration, Δt, significantly
less than the time of occurrence, t, which is difficult to accomodate in an exter-
nal shock model (Lazzati et al. 2002; Lazzati & Perna 2007). However, various
possible explanations have been put forward including external origins (Mészáros
et al. 1998; Kumar & Piran 2000), refreshed shocks (e.g., Rees & Mészáros 1998;
Zhang & Mészáros 2002) or continued, or restarted, central engine activity (Dai &
Lu 1998; Zhang & Mészáros 2002), though a consensus has been slow to emerge.
The fact that many of the flares have properties similar to the prompt flaring (Chin-
carini et al. 2007; Falcone et al. 2006), and in some cases are seen to match up
with the gamma-ray flares, supports an internal shock origin, similar to that of the
prompt emission for at least some of the flares.

If the plateau phase and X-ray flares are due to continued or restarted central
engine activity it raises significant issues for the blast wave model and specifically
energy considerations, which were already at the high end from allowable pro-
genitors. Physically, the continued accretion of the progenitor remnants is certainly
realistic as long as there is significant enough angular momentum to avoid direct in-
fall onto the black hole. This may either be a smooth accretion, or a more episodic
one if the accretion disk is fragmented at large radii or is affected by a magnetic
field (Perna et al. 2006; Proga & Zhang 2006).

Due to the multi-wavelength nature of GRBs, the canonical X-ray light curve
does have some overlap with the other wavelength regimes. The prompt emission
is obviously also observed in gamma-rays, while the normal and post jet break de-
cay were initially studied from optical observations. The newly discovered plateau
phase is also observed in optical light curves where it is seen to break achromati-
cally to the normal decay phase as expected, though the earlier steep decay is not
usually observed. Due to the non-continuous temporal coverage of optical light
curves at later times and the short duration of flares, detection of optical flares is far
more difficult than in the X-ray. However, there has been a number of cases where
optical flares, sometimes coincident with X-ray flares have been observed. These
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flares, observed in optical as well as X-ray, may not however share the same internal
origins put forward above for flares, but be due to one of the external mechanisms
suggested.

1.5 Multi-wavelength interpretations
Gamma-ray burst afterglows, though governed by the simple temporal and spec-
tral power-laws of the synchrotron emission, are complex sources: a number of
physical, or model, parameters on which the observed flux is dependent, are often
degenerate; emission can be observed from a number of different internal shock
fronts as well as the external shock; the synchrotron spectrum, and therefore light
curve, is divided into different, evolving regimes. To differentiate between differ-
ent degenerate parameters or spectral regimes or emission regions is impossible if
one only takes a snap shot in time (a spectrum) or frequency (a light curve) of one
regime. However, by combining them into a three dimensional picture of flux as a
function of time and frequency, F ∝ t−αν−β, in the various regimes, one can start to
unravel the underlying physics.

As can be seen in figure 1.7, the synchrotron emission depends on the electron
energy distribution power-law index, p. The temporal decay is also dependent on
this value, though does not offer as accurate an estimate of the value as the spectral
index because of degeneracies, e.g., energy injection, circumburst medium density
profile. We can calculate the electron energy distribution index from either the
optical, βOpt, or X-ray, βX, spectral index but it is more effective to simultaneously
use the combined optical and X-ray SED to get a better constrained value. This
is effective whether the optical and X-ray are in the same synchrotron frequency
regime or not, as the spectral differences between the regimes are well known.
Simultaneous fitting can also be used to better constrain the temporal decay of
optical data which often originates from different filters, at different wavelengths,
at different telescopes and are hence disparate.

When p is known, it can be used to predict the values of optical, αopt and X-
ray, αX, temporal decay under given circumstances of spectral frequency regime
and circumburst medium density profile (Section 1.3.2). When the observed light
curves are compared to these predictions we are able to differentiate between the
frequency regimes and density profiles, and, in some cases, measure the value of the
density profile power-law index, k. From the difference between the predicted and
measured values of temporal decay we can calculate the effects of continued energy
injection on the decay of the afterglow, and classify observed breaks as being jet
breaks or due to the cessation of continued energy injection. Where possible, and
where observations allow, we use this method of iterative modelling to understand
the processes at work in the afterglow. Ideally this process should be extended to
allow simultaneous modelling of all spectral and temporal data, without the need
for iterations and indeed, there is a move frommodelling individual bands to a more
comprehensive one.
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1.6 Outline of thesis

In this thesis I present much of the work that I have carried out over the past
four years at the University of Amsterdam. It focuses predominantly on the multi-
wavelength analysis of Gamma-ray Bursts and their afterglows. Given the average
redshift of Swift GRBs, most of these bursts are undetected in the radio regime but
were observed from the initial gamma-ray prompt emission, through the prompt
and afterglow X-ray emission and into the optical and near infrared emission of
the afterglow – to one level of success or another. By analysing these data sets I
shed light on the underlying physical processes at work in the blast wave and on
the structure of the circumburst medium.

In Chapters 2, 3 and 4, I analyse three individual bursts: GRBs 060210, 060124
and 060206. Each of the three are studied via multi-wavelength analysis of the
afterglow and a comparison of the measured afterglow properties with those ex-
pected from the blast wave model. Of particular interest in the three bursts is the
identification of light curve breaks which may be of the jet break variety or may,
alternatively, support continued central engine activity out to late times. In GRBs
060124 and 060210 I also use high-energy observations of the prompt emission in
order to understand possible emission mechanisms. In the case of GRB 060210 the
flaring gamma-ray and X-ray emission is likely due to internal shocks while the
flat optical light curve at that time is due to the external shock – showing that the
optical and high energy emission originates at different regions. The afterglow of
this burst is best explained by continued central engine activity up to the time of
the break; the required collimation corrected energy of ∼ 2 × 1052 erg is at the high
end of the known energy distribution of GRBs.

In GRB060206 (Chapter 4) a break is clearly seen in the optical light curve
but is not obvious in the X-ray light curve. This is a common issue in Swift-era
bursts, which have a perceived lack of achromatic breaks compared to the pre-Swift
bursts. Specifically, relatively few breaks, consistent with jet breaks, are observed
in the X-ray light curves of these bursts. If these breaks are truly missing, it has
serious consequences for the interpretation of GRB jet collimation and energy re-
quirements, and the use of GRBs as cosmological tools. I find that while the break
appears more pronounced in the optical and evidence for it from the X-ray alone is
weak, the data are actually consistent with an achromatic break. This break and the
light curves fit standard blast wave models, either as a jet break or as an injection
break.

Following on from the ‘hidden’ break of GRB 060206, in Chapter 5 I study
the possibility that X-ray breaks are hidden and hence the light curves are misin-
terpreted as being single power laws. I do so by synthesising XRT light curves and
fitting both single and broken power laws, and comparing the relative goodness of
each fit via Monte Carlo analysis. I find that, even with the well sampled light
curves of the Swift era, these breaks may be left misidentified and hence caution is
required when making definite statements on the absence of achromatic breaks. If
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one were to compare this to the principal of Occam’s razor, it is the case that the
simplest numerical model, or fit, is not necessarily the simplest physical model.

In Chapter 6 I apply the same methods to a large sample of GRB afterglows,
that were previously applied to individual bursts in Chapters 2, 3 and 4. I analyse
all available data from a sample of afterglows and being aware of the possibility that
breaks might be hidden, I compare the observed light curves and spectra to those
expected from the blast wave model. From the spectra and broad band SED we
obtain values for the electron energy distribution index, p, and circumburst density
profile index, k. A statistical analysis of the distribution of p reveals that, even
in the most conservative case of least scatter, the values are not consistent with a
single, universal value.

Previously detected in only a few GRBs, X-ray flares are now observed in about
50% of all Swift bursts, though their origins remain unclear. Most flares are seen
early on in the afterglow decay, while some bursts exhibit flares at late times of
104 to 105 seconds, which may have implications for flare models. In Chapter 7
I investigate whether a sample of late time (� 1 × 104 s) X-ray flares are different
from previous samples of early time flares, or whether they are merely examples
on the tail of the early flare distribution. The burst sample I use show late flare
properties consistent with those of early flares, where the majority of the flares can
be explained both by internal or external shock, though in a few cases one origin is
favoured over the other. If confirmed by the ever growing sample this would imply
that, in some cases, prolonged activity out to late times or a restarting of the central
engine is required.

Though theory suggests that about 10% of Swift-detected GRBs will originate
at redshifts greater than 5, many of these bursts are left unidentified as high-z bursts
due to the lack of measured redshifts. In Chapter 8 I describe our code, GRBz,
a method of simultaneous multi-parameter fitting of GRB spectral energy distri-
butions. It allows for early determinations of the photometric redshift, spectral
index and host extinction to be made. We assume a power-law spectral emission
from a GRB afterglow and model the effects of absorption due to the Lyman forest
and host extinction. We use a genetic algorithm-based routine to simultaneously
fit the parameters of interest, and a Monte Carlo error analysis. We use bursts of
previously determined spectroscopic redshifts to prove our method, while also in-
troducing new infrared data of GRB 990510 which further constrain the value of
host extinction.


