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No, we are all in the gutter, but some of us are looking at the stars.

Oscar Wilde,Lady Windermere’s Fan, 1891

We are all born mad. Some remain so.

Samuel Beckett,Waiting for Godot, 1949



Observatory, n.
A place where astronomers conjecture away the guesses of their predecessors.

Ambrose Bierce,The Devil’s Dictionary, 1911

The cover illustration is by Ralph Steadman and originally published in the 2003
Bloomsbury edition of Ambrose Bierce’sThe Devil’s Dictionary, where it illus-
trated the definition of Observatory.
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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. Thesebursts 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 thematter
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 explorationof space, it is
possible that we should, at least in part, credit him with the discoveryof GRBs. If
it were not for his ratification of theTreaty banning Nuclear Weapon Tests In The
Atmosphere, In Outer Space And Under Water(often abbreviated as thePartial 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. Theorig-
inal Vela satellites were equipped with 12 external X-ray detectors and 18 internal

1



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, solong
as they were not nuclear explosions in the atmosphere or nearby space. It wasnot
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 etal.
1973).

For decades the behaviour of these fleeting, though intense, sources was only
studied through limited spectral and temporal gamma-ray data. Even the mostba-
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 originatedin 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, withoutwhich
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 GRB 970228 (which follows the standard GRB nomenclatureof
GRB YYMMDD 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.



1.1 A brief history of the enigma 3

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 breakthroughwas fol-
lowed a few months later when the afterglow of GRB 970508 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 bottomof the
Pacific.

Almost 8 years after the first afterglow, in November 2004, NASA launched
theSwiftsatellite, 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; theshort-hardGRBs
and thelong-softGRBs.

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; Falconeet 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 byT90 (or t90;
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Figure 1.3— X-ray (0.3-10 keV) light curves of a number ofSwiftbursts (Nousek et al.
2006) showing the unexpected features detected bySwift, such as steep decays, plateau
phases and a large number of X-ray flares. Before the launch ofSwift, observations were
not usually obtained until a number of hours past the burst but Swiftallowed 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 bySwift(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 burstas 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; theshort-hardGRBs and thelong-softGRBs,
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 longbursts 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 thecollapsarmodel (MacFadyen
& Woosley 1999) since it is based on the collapse of a massive star (theprogenitor
star) to a black hole, accompanied by a supernova. The massive star, probablya
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 musthave
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 the Wolf-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 reservoirof
energy produces extremely hot, relativistic (up to 0.999999 times thespeed 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 arein fact common
in many astronomical objects and are normally associated with the extractionof
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 stateas 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 GRB 030329 (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 causedby 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 emissioncan 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/SN 2003dh 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 toohigh 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 havea 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 GRB 060614 (z = 0.125) (Fynbo et al. 2006b)
were two long GRBs with no associated supernova, even though they were atlow
enough redshifts that they should have been detected if they were of similar energy
to GRB 030329. As supernovae have a limited distribution in theirrange 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 ispossible
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 havebeen
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 holeor 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 significantamounts of
energy as gravitational waves.

In this binary merger model there is no conventional (non-degenerate) starto
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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 toevolve
from standard binary systems which undergo an evolution, including accretion and
at least one supernova explosion in the distant past. This supernovamay impart a
significant ‘kick’ velocity to the binary system which can cause it to travelfar from
the area in the host galaxy where it originated, possibly outside thehost 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 thekick
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 anothermodel
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 mostmassive
flare from a soft gamma repeater was from SGR 1806-20 (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. Theupper six
images are a selection of long GRB host galaxies imaged by theHubble 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 portionof 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 shockwhich 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 blackhole.
This central engine powers an outflow which causes electromagnetic radiation that
allows us to see GRBs from across the Universe. The burst itself, whichis 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 andtime.

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 beof 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 informationabout
the shock and external medium back into the jet. Initially the blast waveacceler-
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 itbegins
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 whereF ∝ 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 asF ∝ ν−β, whereβ
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,
wherek is the density profile power-law index. In the blast wave model theelec-
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 withtime,
as the dynamics of the blast wave evolve with time as shown in Figure1.7, 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 lightcurve, over
time.

The spectrum is divided into four regimes by the three break frequencies and
within each regime the spectrum is described byF ∝ ν−β, whereβ 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, andνm < 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 thatνm < 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 slowcooling 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 ofthe 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 whereνm < 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 aregime, 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



1.3 Multi-wavelength emission from the GRB 17

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 nearimpossible
to explain, even given the extreme progenitor models of GRBs (Section1.2). 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 achromaticbreak 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 willreceive
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 thejet, 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 sphericalsource akin to
a supernova remnant, which may be studied via radio observations. It mayreach
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 theenergy is a
smoothly decreasing function of angle from the jet axis or that the jet ismade 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 theSwiftsatellite 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., Lianget 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 curveswere
obtained by ground based optical telescopes with little X-ray temporal coverage,
while, sinceSwiftmost 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 makesthe identi-
fication of the break, and accurate determination of the temporal slopes and break
time difficult.

1.4 Rediscovery of the enigma: TheSwift effect

In November 2004, NASA launched theSwiftsatellite (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.Swifthas the ability to slew rapidly and
autonomously after the detection of a burst by its gamma-ray Burst AlertTelescope
(BAT). Within minutes its narrow field instruments, the X-ray Telescope (XRT)
and Ultraviolet and Optical Telescope (UVOT), are on target obtaining dataon the
prompt and afterglow emission. At the same time positional information about the
burst is sent to the ground, via a network of communication satellitesand 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 systemallows 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 ofSwiftwas its localisation
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Figure 1.8— A schematic representation of the system wherebySwiftsends 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;
butSwiftwas 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 underSwift 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 ofSwift
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 alower
proportion of bursts with detected optical afterglows, or well sampled optical after-
glows, due to the sample’s faintness.

Swiftdetects 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 numberof
ground based telescopes available to follow up bursts can put a strain on telescopes
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and observers. Before the launch ofSwift 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 thanin
X-rays. However,Swiftcontinues 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. Aswell
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 theobserved 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 ofSwift 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, bySwift. 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, allowingSwift 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
whereFν ∝ 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 asα ∼ 2 + β (whereFν ∝ 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 assumedt0. 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 theSwiftsatellite (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 ofSwift, while the others have been discovered bySwift. Phase
0 corresponds to the prompt gamma-ray emission, which for the first time was observed
in X-rays due toSwift’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 oft0 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 oft0, 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 shockhas also been
suggested (Genet et al. 2007; Uhm & Beloborodov 2007). The extra energyneeded
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 SwiftX-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,∆t, 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 tothat 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 avoiddirect 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 lightcurve
does have some overlap with the other wavelength regimes. The promptemission
is obviously also observed in gamma-rays, while the normal and post jetbreak 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 flaresis 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 externalmechanisms
suggested.

1.5 Multi-wavelength interpretations

Gamma-ray burst afterglows, though governed by the simple temporal andspec-
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 eitherthe
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 from modelling 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 ofSwiftGRBs, 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 emissionof
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, 3and4, I analyse three individual bursts: GRBs 060210, 060124
and 060206. Each of the three are studied via multi-wavelength analysisof 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 promptemission 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 GRB 060206 (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, areobserved
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 whilethe 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, inChapter 5I study
the possibility that X-ray breaks are hidden and hence the light curves aremisin-
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 theSwiftera, 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 thatthe
simplest numerical model, or fit, is not necessarily the simplest physicalmodel.

In Chapter 6I apply the same methods to a large sample of GRB afterglows,
that were previously applied to individual bursts inChapters 2, 3and4. 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 ofp 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 allSwift 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. InChapter 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 oneorigin 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-zbursts
due to the lack of measured redshifts. InChapter 8I 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 thevalue of
host extinction.
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Abstract

We present our analysis of the multiwavelength photometricand spectroscopic ob-
servations of GRB 060210 and discuss the results in the overall context of current
GRB models. All available optical data underwent a simultaneous temporal fit,
while X-ray andγ-ray observations were analysed temporally and spectrally. The
results were compared to each other and to possible GRB models. The X-ray after-
glow is best described by a smoothly broken power-law with a break at 7.4 hours.
The late optical afterglow has a well constrained single power-law index which has
a value between the two X-ray indices, though it does agree with a single power-
law fit to the X-ray. An evolution of the hardness of the high-energy emission is
demonstrated and we imply a minimum host extinction from a comparison of the
extrapolated X-ray flux to that measured in the optical. We find that the flaringγ-
ray and X-ray emission is likely due to internal shocks whilethe flat optical light
curve at that time is due to the external shock. The late afterglow is best explained
by a cooling break between the optical and X-rays and continued central engine
activity up to the time of the break. The required collimation corrected energy of
∼ 2 × 1052 erg, while at the high end of the known energy distribution, is not un-
precedented.
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2.1 Introduction

Since the launch of theSwift satellite (Gehrels et al. 2004) we have been allowed
observations of Gamma Ray Bursts (GRBs) at very early times, occasionally ob-
serving in X-rays and optical light even as the promptγ-ray emission is ongoing.
Gradually, evidence has emerged for a fairly canonical behaviour ofγ-ray and X-
ray light curves in which the X-rays decay fairly rapidly after the prompt emission
and then decay more slowly for a while before becoming steeper again (Nousek
et al. 2006). This behaviour is seen in many of the bursts, but a significant minority
decay more gradually from early times. These differences may be due to the differ-
ent relative strengths of emission components due to internal and external processes
(O’Brien et al. 2006). Similar complexity is seen in the optical, where some bursts
show optical behaviour which does not exactly mimic the X-ray, again suggesting a
contribution from several emission components. Here we present multiwavelength
observations of GRB 060210, covering the early to late-time emission and compare
the data to the expected canonical behaviour and the blast wave afterglow model
(e.g. Zhang & Mészáros 2004).

GRB 060210 is a long burst, detected by the Burst Alert Telescope (BAT)on
boardSwift (Barthelmy et al. 2005) on February 10th, 2006 at 04:58:50 UT. The
X-Ray Telescope (XRT; Burrows et al. 2005a), which started observing theregion
95 seconds after the BAT trigger, identified the X-ray counterpart position to within
an error of 5.4′′ (Beardmore et al. 2006). While the Ultraviolet/Optical Telescope
(UVOT; Roming et al. 2005) was unable to identify an optical counterpart,the
robotic Palomar 60” telescope observed the R-band counterpart at approximately
5.5 min post trigger (Fox & Cenko 2006). The redshift was estimated asz = 3.91
(Cucchiara et al. 2006) and a host galaxy has been proposed based on near infrared
observations (Hearty et al. 2006). No radio emission has been observed downto a
3σ limit of 72 µJy at 8.64 GHz (Frail 2006).

In this paper we present our multi-wavelength analysis of the burst fromγ-ray,
through X-ray to optical wavelengths. Throughout, we use the convention that a
power-law flux is given asFν ∝ t−αν−β whereα is the temporal decay index andβ
is the spectral index. The power-law of spectra is given as dN/dE ∝ E−Γ whereΓ is
the photon index and is related to spectral index asΓ = β + 1. In §2.2 we introduce
our observations and reduction methods of each wavelength regime. In §2.3we
present the results of our spectral and temporal analysis, while in §2.4 we discuss
these results in the overall context of the burst.
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Figure 2.1— Full BAT light curve (15 – 350 keV) of GRB 060210, clearly showing the
main peak and post-trigger activity, as well as the pre-trigger activity at∼ T0 − 230 s.

2.2 Observations

2.2.1 γ-ray

The Swift-BAT triggered and localised GRB 060210 atT0 = 04:58:50 UT and
promptly distributed the coordinates via the Gamma-ray burst Coordinates Net-
work (GCN). Data for the burst were obtained in event mode, coveringT0 − 300 s
to T0+300 s, giving spectral coverage from 15 – 350 keV and time resolution of 64
ms.

BAT event data were reduced and analysed within FTOOLS v6.0.4. Light
curves and spectra were extracted by the standard methods, and standard correc-
tions applied (O’Brien et al. 2006). From the light curve (figure 2.1) the main
period of activity is identified as being fromT0−75 s toT0+20 s with the brightest
peak atT0. However significant emission was recorded fromT0 − 230 s to the last
peak atT0+200 s, which represents a significant fraction of the total recorded event
data. TheT90 in the BAT range (15-350 keV) is calculated as 220± 70 s, covering
the period from∼ T0 − 149 s to∼ T0 + 70 s.
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2.2.2 X-ray

The XRT started observing at 05:00:25 UT, 95 seconds after the initial BAT trigger,
and found an uncatalogued, variable X-ray source which was identified as the after-
glow. XRT observed up to March 3, or approximately 2× 106 seconds post-burst,
by which time only an upper limit detection was obtainable from the data. Data
were initially collected in Windowed Timing (WT) mode (Hill et al. 2004, 2005),
which gives no positional information but high temporal resolution. After the initial
∼ 500 s of WT mode, data were collected in Photon Counting (PC) mode.

The XRT data were initially processed with the FTOOL,xrtpipeline
(v0.9.9) withwtbiasdiff applied to correct for potential WT bias-row subtrac-
tion problems, caused by bright Earth or CCD temperature variations. Background
subtracted 0.3-10keV light curves were extracted from the cleaned event lists with
a minimum of 20 counts/bin. Likewise, source and background spectra were ex-
tracted for analysis withXspec. The first orbit of PC mode data were corrected
for pile-up as detailed in Vaughan et al. (2006). A correction was also made, using
xrtexpomap, for fractional exposure loss due to bad columns on the CCD, which
arose after damage caused by a micrometeroid strike (Abbey et al. 2006).

Spectral fits are used to convert count rates of both WT and PC mode data to
fluxes, and to extrapolate the BAT light curve to the XRT energy range (O’Brien
et al. 2006; figure 2.2). Initial analysis of the early time part of thislight curve
shows two strong flares at∼200 s and∼380 s, after an initial decay that seems to be
a continuation of a flare at∼100 s as observed inγ-rays.

2.2.3 Optical

Optical observations in B, R and i′ bands were obtained by the robotic, 2.0 m
Faulkes Telescope North (FTN) at Haleakala on Maui, Hawaii; FTN is the sis-
ter instrument of The Liverpool Telescope (Guidorzi et al. 2006). At 05:04:36
UT, approximately 5.8 min post-burst, the telescope triggered its automatic 1 hour-
sequence and to ensure good time coverage of the light curve, a second 1 hour
sequence was manually triggered at 06:05:27 UT, 66 min post-burst. Theprevi-
ously reported optical transient (Fox & Cenko 2006) was clearly visible in R and
i′ but not in B (Table 2.1). This is not unexpected, as the high redshiftof the burst
and the associated extinction due the Lyman forest causes significant dimming in
the B-band while i′ remains unaffected.

The data were analysed using the IRAF package1, wherein reduction and dif-
ferential photometry were carried out. Landolt photometric standards taken on the
night were used to calibrate the magnitude of the optical counterpart. The i′ mag-
nitudes were converted to the corresponding I-band magnitudes using the observed

1IRAF is distributed by the National Optical Astronomy Observatories, whichare operated
by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement
with the National Science Foundation.
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Table 2.1— FTN optical observations of GRB 060210 calibrated to the Cousins photo-
metric system, uncorrected for Galactic extinction ofE(B−V) = 0.093. Magnitude errors
are at 1σ level.

Tmid − T0 Texp Band Mag
(min) (min)
65.58 31.33 B 22.10a

5.85 0.1667 R 18.50± 0.20
6.20 0.1667 R 18.36± 0.15
6.55 0.1667 R 18.36± 0.15
11.85 0.5 R 18.51± 0.12
16.35 1.0 R 18.87± 0.10
23.20 2.0 R 19.43± 0.10
33.04 3.0 R 19.74± 0.10
43.25 2.0 R 20.14± 0.15
53.18 3.0 R 19.98± 0.15
72.00 2.0 R 20.57± 0.20
88.84 5.0 R 20.8± 0.4
115.26 9.0 R 21.2± 0.3
167.0 30.0 R 22.4± 0.5
9.43 0.1667 I 16.94± 0.08
13.19 0.5 I 17.20± 0.05
18.11 1.0 I 17.66± 0.05
25.95 2.0 I 18.25± 0.06
36.98 3.0 I 18.56± 0.06
46.00 2.0 I 18.80± 0.08
57.10 3.0 I 19.18± 0.08
70.12 0.1667 I 19.35± 0.25
73.73 0.5 I 19.43± 0.20
78.73 1.0 I 19.55± 0.20
86.41 2.0 I 19.85± 0.30
97.26 3.0 I 20.0± 0.3
106.13 2.0 I 20.2± 0.3
116.97 3.0 I 20.3± 0.3

a 3σ upper limit



32 Multiwavelength analysis of GRB 060210

Figure 2.2— High-energy light curve of GRB 060210 composed of the XRT data (after
∼ 102 seconds) and the BAT data (up to∼ 102 seconds) extrapolated to the XRT energy
range. The dashed line shows a single power-law fit to the lateafterglow withα =
1.11± 0.02, but the solid line showing a smoothly broken power-law with indicesα1 =

0.89± 0.05 andα2 = 1.35± 0.06 is a significantly better fit.

filter transformations of Smith et al. (2002), which for normal colours are in agree-
ment with those of Fukugita et al. (1996). The magnitudes are uncorrected for
Galactic extinction ofE(B−V) = 0.093 (Schlegel et al. 1998). Astrometric calibra-
tion was carried out with respect to the NOMAD catalogue2 to refine the position
of the burst to within 0.2′′ to be 03:50:57.36,+27:01:34.4 (J2000).

2.3 Results

We have split our discussion of the emission into two phases, covering what we
refer to as theearly emissionand thelate afterglow. We take the early emission
as being theγ-ray and the flaring X-ray emission at times. 600 seconds, which
follows from the X-ray light curve (figure 2.2). We also include upto∼ 600 seconds
of optical observations, those not displaying a power-law decay, as being early

2http://www.nofs.navy.mil/nomad/
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emission. The late afterglow, we take as the smooth X-ray and optical light curves,
obeying power-law decay. All uncertainties of light curve analysis, spectral fits and
other are quoted at the 90% confidence level.

2.3.1 Early high-energy emission

The prompt emission as measured by BAT shows a main peak which decays
smoothly until∼10 s (figure 2.2). From∼10 s to∼600 s, GRB 060210 is observed
to display flaring in both theγ-rays and X-rays. One flare, at∼100 s, is observed
by both BAT and XRT. This flaring behaviour seems to be superimposed onan
underlying power-law decay due to the afterglow. The time-averaged BAT spec-
trum (15 – 150 keV) overT90 was fit with an unabsorbed power-law inXspec and
a photon index,Γ = 1.55± 0.09 was found (χ2

ν = 0.84, 56 d.o.f.). This spectral fit
corresponds to a fluence of (6.0+0.1

−0.7) × 10−6 erg cm−2.

When the XRT WT-mode spectrum, from 103 s – 614 s is fit with an absorbed
power-law, we find a photon index ofΓ = 2.09± 0.04 and a column density of
NH = (16± 1) × 1020 cm−2 (χ2

ν = 1.020, 316 d.o.f.). This is significantly higher
than the Galactic value ofNH = 8.5× 1020 cm−2 (Dickey & Lockman 1990). This
excess extinction may be explained either by rest frame extinction or by abroken
power-law. Fitting an absorbed broken power-law gives a column density consistent
with that of the Galactic value, so we fix the parameter to be the Galactic value.
This leads to a photon index ofΓ = 1.96± 0.03 above a break energy,Ebreak =

0.71± 0.07 keV and an index ofΓ = 0.6± 0.3 (χ2
ν = 0.923, 315 d.o.f.) below the

break. Alternatively, assuming solar abundances, a rest frame column density of
NH = (2.3±0.3)×1022 cm−2 in combination with the Galactic value gives an equally
good fit (χ2

ν = 0.936, 316 d.o.f.) and implies a photon index,Γ = 2.03± 0.03.
Assuming LMC and SMC abundances (Pei 1992) in the host impliesNH = (5.7±
0.7) × 1022 cm−2 (χ2

ν = 0.948, 316 d.o.f.) andNH = (10.3 ± 1.2) × 1022 cm−2

(χ2
ν = 0.950, 316 d.o.f.) respectively, while leaving the photon index unchanged

within uncertainties.Though it is not possible to favour one model over the other,
we see that the photon index,Γ ∼ 2.0 is marginally different to that of the earlier
γ-ray spectrum. A hardness ratio (1-10 keV/0.3-1 keV) plot of the X-ray emission
(figure 2.3) confirms spectral evolution, though theγ-rays are too faint to obtain a
similar plot. This evolution is similar to that observed in theγ-rays for a number of
BATSE bursts (Bhat et al. 1994).

Using the average photon index of the BAT and XRT spectra, we get a con-
version from BAT count rate to unabsorbed flux in the 0.3 – 10 keV range of
4.38× 10−7 erg cm−2 cts−1. Using the same fit of the XRT spectrum, yields a con-
version of 4.83× 10−11 erg cm−2 cts−1 which we apply to the WT mode data.
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Table 2.2— Rest frame column densities as found in combination with Galactic extinc-
tion.

NH

(×1022 cm−2)
SMC 10.3± 1.2
LMC 5.7± 0.7
Galactic 2.3± 0.3

Figure 2.3— (top)Light Curve of the Windowed Timing mode data of GRB 060210 and
(bottom)the hardness ratio (1-10 keV/0.3-1 keV) plot which clearly displays an evolu-
tion coupled to the count rate.

2.3.2 Late X-ray afterglow

The late X-ray afterglow was observed from∼1 hour to∼23 days, at which stage
only an upper limit determination was possible. The light curve for this period is
quite smooth, with no obvious signs of flares or bumps, and a hardness ratio plot
of the afterglow shows no signs of evolution. The spectrum gives results compara-
ble with the prompt spectrum (§2.3.1), including an excess extinction over that of
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Table 2.3— Simultaneous temporal fit of optical data, where Mag is the model magni-
tude evaluated at 1 second. The common temporal decay index,αopt is fit as 1.15±0.04.

Band Mag
FTN R 10.22± 0.34
FTN I 8.92± 0.30
KAIT I 9.28 ± 0.30
KAIT unfiltered 9.81± 0.30
MDM R 10.11± 0.34

the Galactic value. A broken power-law with Galactic absorption suggestsa pho-
ton index ofΓ = 2.13± 0.06 above a break atEbreak = 1.04± 0.15 keV and an
index ofΓ = 1.4± 0.2 (χ2

ν = 1.021, 225 d.o.f.) below the break. Assuming a sin-
gle power-law with Galactic absorption, the rest frame absorption assuming solar
abundances is consistent with that found during the prompt emission and hence is
fixed at that value. The photon index is thenΓ = 2.14± 0.03 (χ2

ν = 1.015, 227
d.o.f.). It is not possible to favour one model over the other butwe can assume a
corresponding spectral index,β = 1.14± 0.03, at least at energies& 1.0 keV. Using
the single power-law fit with rest frame absorption yields a PC mode,count rate to
flux conversion of 5.12× 10−11 erg cm−2 cts−1.

Fitting a power-law to the temporal decay we findα = 1.11± 0.02 (χ2
ν = 1.69,

144 d.o.f.), though an F-Test shows that a smoothly broken power-law with α1 =

0.89± 0.05, α2 = 1.35± 0.06 and a break attbreak = 7.4+2.1
−1.6 hr (χ2

ν = 0.954, 142
d.o.f.) is a significantly better fit, in agreement with the analysis of Dai& Stanek
(2006). Extrapolating the power-law fit to early times, we see that it does not match
the early emission, which implies a break at∼ 103 s. Doing likewise for the broken
power-law fit, we see that it matches quite well with the troughs of theflares and
the extrapolated BAT emission (figure 2.2). To investigate any possible spectral
difference, we split the spectrum into pre- and post-break sections but the resultant
fits were consistent with each other and the combined fit. This implies that any
difference in spectral indices must be smaller than the errors,δβ . 0.05.

2.3.3 Optical emission

Fitting our optical light curves of the late afterglow (T & 500 s) with a single power-
law, we findαR = 1.07± 0.11 (χ2

ν = 1.07) andαI = 1.19± 0.05 (χ2
ν = 0.86). To

make full use of the available data we simultaneously fit our data and previously
publised data, at times> 540 s, over 5 bands: FTN R, FTN I, MDM R, KAIT I,
and KAIT unfiltered (Li 2006; Stanek et al. 2007). To do this we assume that each
has the same temporal decay but we make no assumptions regarding the relative
offsets – thus eliminating any error in absolute magnitude estimates. Thisfit uses
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Figure 2.4— Faulkes Telescope North R and I band light curves, supplemented by
previously published data, shifted to the FTN R-band offset. Fit shown is a 3-index
smoothly broken power-law.

thesimulated annealingmethod (§ 10.9 of Press et al. 1992, and references therein)
to minimise the combinedχ2 of the data sets and hence find the best fit parameters,
while a Monte Carlo analysis with synthetic data sets is carried out to estimate the
errors. From this we find an optical temporal decay,αopt = 1.15± 0.04 (χ2

ν = 1.12,
38 d.o.f.) and magnitude offsets, which are the model magnitudes evaluated at 1
second, as detailed in table 2.3. This decay is shallower than theα ∼ 1.3 found by
Stanek et al. (2007).

Shifting all the data to the FTN R magnitude offset confirms that there is no
structure above noise in the optical light curve (figure 2.4). It ispossible that the
light curve is breaking at∼ 5000 seconds, but there are not enough data to support
this. Fitting a smoothly broken power-law with three indices to this shifted data,
we find that the two break times are at 310± 8 s and 540± 6 s and the indices are
α1 = 0.10± 0.10,α2 = −0.90± 0.35,α3 = 1.175± 0.016 (χ2

ν = 0.89, 47 d.o.f.).
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2.4 Discussion

It has been claimed (Stanek et al. 2007) that this burst closely resembles
GRB 050801 (Rykoff et al. 2006) which is true insofar as both display an ini-
tially flat optical light curve. However GRB 060210 displays a peak beforede-
caying as a power-law, while GRB 050801 shows no such peak. Furthermore, the
X-ray behaviour of GRB 050801 seems to be consistent with the optical,but in
GRB 060210 they seem to be unconnected. This suggests that in GRB 050801
the X-ray and optical emission is originating in the same region, while this is not
true for GRB 060210. In the case of GRB 060210 the early flaring X-ray and γ-
ray emission implies internal shocks, indicative of prolonged engine activity (King
et al. 2005). The optical emission, on the other hand, is consistent with an external
shock afterglow.

2.4.1 X-ray flares

The spectral evolution exhibited in the hardness ratio plot (figure 2.3) supports
internal shocks as the source of the flaring X-ray emission as suggested for
GRB 050607 by Pagani et al. (2006). Though in this case the spectral index of
the flaring period is similar to that of the late afterglow, the afterglow is softer, fol-
lowing the trend exhibited by the hardness ratio plot. It should benoted also, that
the spectral index of the flaring period is an average over that period. Thediffer-
ence between the two values and the lack of spectral evolution in the late afterglow
certainly suggests two distinct origins for energy emission. Combined with the
overlap of the lastγ-ray and first X-ray flare, it seems likely that these two would
share internal shocks as the common emission mechanism.

Liang et al. (2006) show that X-ray flares can be modeled by the curvature
effect (Kumar & Panaitescu 2000b) which causes a decay ofF ∝ (t − tej)−(2+β)

superimposed on the regular afterglow decay ofF ∝ t−α, wheretej is the energy
injection time of that flare. We tested the flaring X-ray data against the curvature
effect, using the average spectral index over that period and find ejection times for
the 3 main X-ray flares at∼ 100 s, 200 s and 380 s of 72±6 s, 155±16 s and 310±16 s
respectively. These are consistent with Liang et al. – insofar as the energy ejection
times are at the the start of the rising segment of the flare – supporting the claim
that the flares are indeed due to internal shocks.

2.4.2 Spectral indices and host extinction

From the fitted flux of the FTN optical data points at 5000 s, corrected forgalactic
extinction and extinction due to Lyman absorption (Madau 1995), we find an optical
spectral index ofβopt = 3.1±0.4. Converting the X-ray flux at the same time to mJy
using the X-ray spectral indexβX = 1.14, gives a fluxF1.732 keV= 3.27× 10−3 mJy.
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Table 2.4— Host extinction and column density to extinction ratio assuming SMC, LMC and Galactic extinction curves in the host as
discussed in §2.4.2. In the case whereν < νc, νc = 1017 Hz.

SMC LMC Galactic
Band Aν(1+z) EB−V NH/EB−V EB−V NH/EB−V EB−V NH/EB−V

×1022 cm−2 ×1022 cm−2 ×1022 cm−2

νc < ν R 6.7± 0.6 0.45± 0.04 23± 5 0.55± 0.05 10± 2 0.78± 0.08 2.9± 0.7
I 6.1± 0.6 0.57± 0.06 18± 4 0.65± 0.06 9± 2 0.81± 0.08 2.8± 0.7

ν < νc R 3.9± 0.7 0.26± 0.04 40± 10 0.32± 0.05 18± 5 0.45± 0.08 5.0± 1.6
I 3.0± 0.7 0.28± 0.06 37± 12 0.32± 0.07 18± 6 0.40± 0.09 5.8± 2.0
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These fluxes correspond to an optical to X-ray spectral index,βopt−X = 0.3 ± 0.1,
confirming the optical to X-ray flux ratio ofFν,opt/Fν,X ∼ 10 of Stanek et al. (2007).

The large differences betweenβopt, βX andβopt−X imply that there could be an
amount of host extinction that we have failed to take into account. To estimate
this host extinction, we extrapolate the X-ray flux to optical magnitudes to measure
the optical extinction, Aν(1+z) above that of Galactic. From this we can calculate
the corresponding value of EB−V assuming SMC, LMC and Galactic extinction
curves (Pei 1992) in the host galaxy (Table 2.4.2). We do this in the limits that
the cooling break is below the optical (βopt−X = βX = 1.14) and that the cooling
break is far above the optical but below the X-ray region (βopt−X = βX − 0.5 = 0.64
below 1017 Hz; Zhang & Mészáros (2004)). The R and I band values of EB−V

are consistent with each other at the 2σ level in all cases, so one case cannot be
favoured over the other. In the limit where the cooling break is just below the
X-ray region, we have lower limits on the host extinction.

Using the host column densities found for the various extinction curves (Table
2.2) we calculate the ratio of column density to optical extinction (NH/EB−V , Table
2.4.2) in the host and compare to the values of the SMC, LMC and Galaxy (Pei
1992). The expected ratios are 4.5, 2.4 and 0.48×1022 cm−2 respectively, clearly
well below the measured values. This is in agreement with previous work (Galama
& Wijers 2001) suggesting dust destruction in the circumburst environment.

2.4.3 Early optical emission

Stanek et al. (2007) suggest that the optical peak at∼ 540 s is the onset of the
external shock – i.e. the deceleration time, when the jet has swept up enough of
the circumburst medium so that the afterglow dominates emission – however if this
was the case we would expect the X-ray to exhibit a peak at the same time. While
the X-ray light curve at that time is highly obscured by flares, it does seemthat the
flares are superimposed on the already decaying X-ray afterglow.

Since early time data has become more common due to the rapid dissemina-
tion of burst information fromSwift, there has been much discussion regarding the
reference time,t0, for the onset of the power-law decay of the afterglow. Most com-
monly it is taken as the trigger timeT0 of the instrument which detected the burst,
which is clearly instrument dependent. We expect that the light curve willevolve
asF ∝ (t− t0)−α, and that it will exhibit a break if it has been assigned the incorrect
reference time (Quimby et al. 2006).

To test whether this is a plausible scenario, we fit the optical light curve at times
& 540 s lettingt0 as a free parameter. The best fit of this suggests that reference
time is in fact the trigger time of the burst but since theχ2 function is very flat
in that region (T ≪ 500 s), a definite minimum is difficult to estimate. This is in
agreement with the theoretical prediction of Kobayashi & Zhang (2007) who claim
that the reference time should be taken asT0. The X-ray slope, which is at later
times, is unaffected by changes in the reference time much less than the start time
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of the observations.
If the deceleration time is, as we claim, close to the trigger time, the flat optical

light curve from 70 s – 310 s is then likely due to external shock. The blast wave
model (Zhang & Mészáros 2004) in a slow-cooling wind-driven medium predicts
a temporal slopeαopt = 0, in agreement with the observations (αopt = 0.10± 0.10),
for all values ofp if ν < νm < νc whereνm is the peak frequency.

We suggest that the rebrightening ofαopt = −0.9 in the optical light curve
after 310 seconds could be explained by the change from a wind-driven medium
to one of a higher, constant density as detailed by Pe’er & Wijers (2006). If, as
expected, the progenitor of this burst is a massive star, the circumburst medium is
composed of the wind from the star moving into the ISM. This causes a forward
shock into the ISM and a reverse shock into the wind, separated by a region of
shocked wind with a constant density profile. When the blast wave crossesthe
reverse shock - shocked wind discontinuity, there is a drop in the cooling frequency.
This may shift the optical out of theν < νm < νc regime into eitherν < νc < νm
or νc < ν < νm. If this is matched by the standard evolution of the peak frequency,
the optical may end up in theνm < ν < νc or νm,c < ν regime. The shocked wind
has a higher density than the unshocked wind, necessitating a flux increase, causing
the observed rebrightening. However, as we shall show in §2.4.5, thefine tuning
of the energetics and circumburst medium parameters make this explanation ofthe
rebrightening less likely.

2.4.4 Late afterglow

The X-ray spectral index of the late afterglow,β = 1.14± 0.03 (§2.3.2), implies
an electron power-law index,p = 2.28± 0.06, assuming that the cooling and peak
frequencies are below the X-rays (Zhang & Mészáros 2004). If the observed X-ray
break was a jet break, we would expect the temporal index after the break to be
αX = p = 2.28 which is inconsistent with the observed decay ofα = 1.35. This,
in conjunction with the early time of the break (1.5+0.4

−0.3 hr in the rest frame of the
GRB), makes a jet break highly unlikely. In the absence of a jet break, the electron
power-law index,p, implies an X-ray temporal decay index ofαX = 1.21± 0.05
in all media, which is not consistent with either of the broken power-lawindices
(Table 2.5). It could however, be in agreement with the single power-law.

Assuming that the optical is in the same frequency regime as the X-raysi.e.
above the cooling and peak frequencies, the expected optical temporal decay and
spectral indices are predicted to be the same as the X-ray indices,αX = αopt = 1.21,
βX = βopt = 1.14. This temporal decay index is in agreement with the observed
value ofαopt = 1.15± 0.04 and consistent with the spectral index assuming host
extinction. If the optical is not in the high-frequency regime, i.e.above either the
cooling or peak frequencies, we can rule out a fast cooling regime (νc < ν < νm)
as that would implyα = 0.25, which is clearly an underestimate. A slow cooling
regime (νm < ν < νc) implies a decay ofα = 0.96 ± 0.05 in a homogeneous
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Table 2.5— Observed late afterglow temporal decays. The possible X-ray break is at
7.4+2.1
−1.6 hr.

X-ray (power-law) 1.11± 0.02
X-ray (pre-break) 0.89± 0.05
X-ray (post-break) 1.35± 0.06
Optical 1.154± 0.013

circumburst medium or one ofα = 1.46±0.05 in a wind driven medium, each with
a spectral index ofβ = 0.64± 0.06.

2.4.5 Blast wave energetics and circumburst medium

From the measured quantaties we can constrain various physical parameters of the
relativistic blast wave and its surroundings; the jet opening angle,the energy of
the blast wave, the density and structure of the circumburst medium, the energy in
the magnetic field and the relativistic electrons that emit the synchrotron radiation.
In order to obtain these constraints we use the formulas from Van der Horst et al.
(2008), while adoptingp = 2.28 and a luminosity distancedL = 7.97× 1028 cm
(ΩM = 0.27,ΩΛ = 0.73, H0 = 71 km s−1 Mpc−1).

Since the temporal behaviour ofνm, νc and the peak fluxFν,max depends on the
structure of the circumburst medium, we derive constraints on the physical param-
eters in two cases: a homogeneous medium, in which the density is constant,and a
stellar wind, in which the density as a function of radius is a power-law with index
k = −2. In the homogeneous caseFν,max is constant, andνm andνc are decaying
power-laws in time, which gives the constraints:Fν,max > FνI , νm < νI andνc < νI ,
all at 600 seconds. A fourth constraint comes from the measured I-band flux at600
seconds, corrected for galactic and host extinction,FνI = 150 mJy. In the stellar
wind case three of the four constraints are the same, except forνc, because its value
increases in time; this means thatνc < νI at 7× 103 seconds.

The limits on the isotropic equivalent energy we derive are lower limits of
5 × 1054 erg for the homogeneous medium and 2× 1055 erg for the stellar wind.
Since these limits are quite large, we assume that the energies are not muchlarger.
This results in values for the fractional energies in electrons and magnetic field of
εe ∼ εB ∼ 10−2 (homogeneous) andεe ∼ εB ∼ 5× 10−3 (wind). The density of the
homogeneous medium is then∼ 10 cm−3, while the wind density parameterA∗ ∼ 1,
i.e. a mass-loss rate of 10−5 solar masses per year and a wind velocity of 103 km s−1.
With these numbers and the lower limit on the jet break time of∼ 106 s we derive
a lower limit on the jet opening angle of 8◦(homogeneous) or 2◦(wind), resulting
in collimation corrected energies of 5× 1052 and 1× 1052 erg respectively. These
energies are quite large, but not impossible, especially if you consider that the early
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optical emission could be due to sustained energy injection by the progenitor, pro-
viding even more energy for the blast wave than there was for the prompt emission.
Furthermore, we note that a blast wave at this redshift and suffering significant host
extinction has to be very energetic to produce the observed fluxes.

We have suggested that the early optical behaviour could be explained by the
transition from a massive stellar wind to a homogeneous medium. To getthe correct
temporal slopes this implies thatνI < νm < νc from 70 – 310 s, andνm,c < νI
after 540 s. This requires some fine-tuning of the parameters, in particular νc has
to decrease significantly because of the density jump, and at the same timeνm
has to pass through the I band, since the peak frequency does not depend on the
density and only mildly on the density structure. The isotropic equivalent energy
that one derives in this case is even higher than before, namely 6× 1055 erg, while
εe ∼ 4×10−3 andεB ∼ 3×10−3. The density of the homogeneous medium is again
∼ 10 cm−3, but A∗ ∼ 0.15 in this case. From these parameters we get a lower limit
for the jet opening angle of 6◦and a collimation corrected energy of 3× 1053 erg.
This value for the energy is very high and difficult to accommodate within current
progenitor models, making the transition from a wind to a homogeneous medium a
less likely explanation for the early optical emission.

We note that with these physical parameters the synchrotron self-absorption
frequency,νa, lies well above 8.64 GHz at 3.95 days when the 3σ limit was obtained
by Frail (2006). The radio limit is hence consistent with both a homogeneous and
wind-driven circumburst medium.

2.4.6 Energy injection

Although the X-ray light curve is best fit with a broken power-law, it is difficult
to accommodate the temporal slopes within our current afterglow models. The
pre-break slope is shallower than the simultaneous optical slope, which is only
possible if the circumburst medium is a stellar wind andνm < νopt < νc < νX . This
would imply that the optical slope should beαopt = 1.46 and that the X-ray slope
αX = 1.21, which is much higher than the observed pre-break values. Continued
energy injection from the central engine (Nousek et al. 2006) would cause this
slope to be shallower for the period of injection before reverting tothe original
value. For the optical temporal slope this means that the energy has to increase
as t0.37±0.07, while the pre-break X-ray slope indicatest0.30±0.08. The break in the
X-ray light curve at∼ 7.4 hr is then the end of the energy injection phase. The
post-break X-ray temporal slope is consistent with the spectral slope ata 2σ level
for νm,c < νX . The temporal break can not be due to the passage ofνc, since there
is no spectral change observed between the pre-break and post-break spectra.

From the constraints on the ordering of the peak, cooling and observing fre-
quencies we can again obtain limits on the physical parameters of the blast wave
and its surroundings. For the calculations we adopt that the isotropic equivalent
energy is proportional tot0.34, changing the temporal scaling laws of the peak
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flux, peak frequency and cooling frequency intoFν,max ∝ t−0.33, νm ∝ t0.67 and
νc ∝ t−1.33. The values for the physical parameters we derive are quite similar to
the values in §2.4.5:εB ∼ 10−3, εe ∼ 10−2, A∗ ∼ 1, the isotropic equivalent energy
at the end of the energy injection phase∼ 5× 1055 erg, the jet-opening angle> 2◦,
and the collimation corrected energy∼ 2 × 1052 erg. So again, while the energy
requirements are at the high end of the distribution, they are not unprecedented.

2.5 Conclusion

We have analysed the optical, X-ray andγ-ray data of GRB 060210 from the time
of the prompt emission up until the X-ray afterglow was no longer detectable by
Swift-XRT.

The early flaring X-ray andγ-ray emission implies internal shocks, indicative
of prolonged engine activity. The light curves of the two regimes matchwell, even
displaying a common flare at∼ 100 s. The agreement of the X-ray flares to the
curvature effect and the clearly demonstrated spectral evolution support the claim
that the flares are indeed due to internal shocks. The simultaneous optical emission,
on the other hand, is consistent with an external shock afterglow with a frequency
below that of both the peak and cooling frequencies. We have shown that such
an external shock’s deceleration time is close to the trigger time and should hence
dominate the optical emission at the time of our observations.

The late afterglow (& 600 s) may be explained by either of two models with an
electron power-law index,p = 2.28, derived from the X-ray spectral index,βX : a
single temporal power-law in both optical and X-rays with both observing bands
above the cooling frequency; or a broken power-law in X-rays in which optical
and pre-break X-ray temporal slopes can be explained by continued activity of the
central engine. In the latter case the cooling frequency is between the optical and
X-ray frequencies and the observed X-ray temporal break indicates the termination
of the central engine activity. Though both are consistent with the temporal and
spectral slopes, we favour the continued central engine activity since theχ2 of
the single power-law fit is significantly worse. The collimation corrected energy
requirements of∼ 1052 erg in both cases, are at the high end of the distribution for
GRBs but are certainly not unprecedented.

Comparing the column density in the host to the optical extinction we find a
higher than expected value which supports the notion that GRBs can cause destruc-
tion of dust in the circumburst environment.
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Abstract

We present optical, X-ray and gamma-ray observations of theextremely long-
duration GRB 060124.Swift triggered on a precursor of this event, allowing the
satellite to observe the complete prompt emission episode,which began about 500 s
after the trigger, with its X-ray telescope, thus obtainingone of the best X-ray cov-
erages of a GRB so far. The bright main emission episode was also observed by
several other satellites, includingKonus-Wind, RHESSIandSuzaku WAM. We dis-
covered the optical afterglow of the event in observations obtained with the 1.34m
Schmidt telescope of the Thüringer Landessternwarte Tautenburg, starting one hour
after the GRB. We followed up the bright afterglow with multiple telescopes for a
week after the GRB, revealing that it evolves as a broken power-law. This break is
found to be achromatic in theBVRIbands and is also observed in X-rays at approx-
imately the same time. The post-break decay slopes are identical in the optical and
the X-rays, implying that this could be a jet break, possiblythe best documented
case so far. On the other hand, the post-break decay is anomalously shallow with a
temporal power-law decay index 1.46. We discuss mechanismswhich could lead to
such a shallow decay for a jet break.

45
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3.1 Introduction

The typical duration of the prompt gamma-ray emission of long gamma-raybursts
(GRBs) is∼ 101 s, but there are rare events with much longer durations: the ex-
tremely energetic GRB 940217 exhibited high energy emission several thousand
seconds after the main emission (Hurley et al. 1994) and GRB 020410 was an X-
ray rich event that lasted at least 1500 s and exhibited several broad peaks (Nicastro
et al. 2004). The analysis of brightBATSEbursts (Lazzati 2005) has shown that
about 20% feature weak precursor emission up to 200 s (the limit of the study) be-
fore the main emission that triggeredBATSE. An older study (Koshut et al. 1995)
found GRBs with precursors up to 350 s before the main emission. In asearch
throughBATSEdata, Tikhomirova & Stern (2005) found several examples of ex-
tremely long GRBs, lasting for 1000 s or more, although due to positional errors
the emission cannot be uniquely associated with the GRB in all cases.

With the advent of theSwiftsatellite (Gehrels et al. 2004), it has become pos-
sible to observe such very long events in their totality. Triggeringon the faint
precursor,Swift is able to slew within 60 to 120 s and start observing the GRB with
its narrow-field instruments, the X-Ray Telescope (XRT, Burrows et al.2005a) and
the Ultraviolet/Optical Telescope (UVOT, Roming et al. 2005), before the main
emission begins. Shortly after theSwift mission began, the first super-long GRB
showing the “precursor–quiescence–main phase” light curve shape was detected,
GRB 041219A (Gotz et al. 2004; Barthelmy et al. 2004), which lasted about550 s
in total. INTEGRAL triggered on the precursor, allowing the detectionof optical
(Vestrand et al. 2005) and near IR (Blake et al. 2005) emission during the main GRB
emission, which followed the peaks of the gamma-ray emission. ThoughSwiftonly
recorded the gamma-ray emission, as automatic slewing was not yet enabled.

The afterglow emission from GRBs is generally well described by the blast
wave model (Rees & Mészáros 1992; Mészáros et al. 1998). This model details the
temporal and spectral behaviour of the emission that is created by external shocks
when a collimated ultra-relativistic jet ploughs into the circumburstmedium, driv-
ing a blast wave ahead of it. The level of collimation, or jet opening angle, has
important implications for the energetics of the underlying physical process and
the possible use of GRBs as standard candles. The signature of the collimation,
according to simple analytical models, is an achromatic temporal steepening or‘jet
break’ at about 1 day in an otherwise decaying, power law light curve; the time of
this break is necessary to estimate the jet opening angle (Rhoads 1997). Since the
launch ofSwift, this standard picture of afterglows has been called into question by
the lack of observed achromatic temporal breaks, up to weeks in a few bursts (e.g.,
Panaitescu et al. 2006; Burrows & Racusin 2006). In some afterglows, a break is
unobserved in both the X-ray and optical light curves, while in other bursts a break
is observed in one regime but not the other (e.g., Liang et al. 2008).

In this paper we present broadband observations of GRB 060124, the third and
longest GRB to show the “precursor–quiescence–main phase” light curve shape
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detected bySwift. GRB 060124 also offers possibly the best sampled example of
a jet break in theSwift era; being observed in multiple optical bands and simul-
taneously in the X-ray. Our observations consist of gamma-ray and X-ray data as
well as a significant amount of photometric and spectroscopic optical observations.
The Swift andKonus-Winddata have previously been presented in Romano et al.
(2006) but as we aim to combine the X-ray and gamma-ray data with our optical
data, we re-reduced theSwift data. Preliminary analyses of our optical data have
been presented by Curran et al. (2006) and Covino et al. (2006). We describe the
observations and their results in sections 3.2 and 3.3 respectively. In section 3.4 we
discuss these results in the context of the blast wave model and, in section 3.5, we
summarise our conclusions. Throughout this article, we use the convention that a
power-law flux is given asFν ∝ t−αν−β, whereα is the temporal decay index andβ
is the spectral index. All errors and uncertainties are quoted at the 1σ confidence
level.

3.2 Observations

GRB 060124 was detected bySwifton January 24, 2006, at 15:54:51.82 UT (Hol-
land et al. 2006). The Burst Alert Telescope (BAT, Barthelmy et al. 2005) on board
Swift triggered on a low intensity precursor to the main period of activity, while
Konus-Windand HETE II triggered on the second of 3 peaks in the main burst
(Golenetskii et al. 2006; Lamb et al. 2006) attKW = tS wi f t+ 558.9 s. RHESSIand
Suzaku HXD-WAMalso triggered around this time. The early triggering by BAT
allowedSwiftto slew its narrow-field instruments, XRT and UVOT, to the burst and
start observing with them∼ 350 s before the main period of activity, which lasted
to at least 1000 s post-trigger. The refined BAT analysis (Fenimore et al. 2006)
revealed that this burst was extremely long (∼ 800 s). The long duration was con-
firmed by Konus-Wind (Golenetskii et al. 2006) and HETE II (Lamb et al. 2006),
both of which triggered on the main peak of the burst. This main peak was initially
thought to be an X-ray flare (Mangano et al. 2006), which often occur in GRBs
(Burrows et al. 2005b; O’Brien et al. 2006). An examination of early photometric
images revealed an afterglow candidate (Kann 2006) which allowed spectroscopic
observations (Mirabal & Halpern 2006; Cenko et al. 2006a; Prochaska et al. 2006)
to establish the redshift asz= 2.297.

3.2.1 High-energy

BAT

BAT event data were reduced and analysed within FTOOLS v0.11.4. Light Curves
and spectra were extracted by the standard methods, and standard corrections ap-
plied (O’Brien et al. 2006). However, event data only covers the time period
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∼ T0 − 300 s to∼ T0 + 300 s so does not include the main emission event. Spec-
tra for this time were produced from BAT survey mode detector plane histograms
(DPHs) using the FTOOLbatbinevt and were fit, usingχ2 statistics, inXspec
11.3.2. The BAT mask-tagged light curves and the count rate to flux conversion
of the spectra were used to produce light curves from 15–150 keV (Figure 3.2).

XRT

The XRT started observing at 15:56:02 UT, i.e. 104 s after the initial BAT trigger
but 455 s before theKonus-WindandHETE triggers. 867 s of data were taken in
Windowed Timing (WT) mode during the first sequence, until 16:11:34. A second
sequence started at 19:05:00, at which time XRT obtained data in Photon Counting
(PC) mode. These PC-mode observations were continued intermittentlyover 23
sequences up to 2006-02-23 (Table 3.1, sequences 020 – 023, see Romano et al.
(2006) for sequences 001 – 019).

XRT data was downloaded from the publicly accessibleSwiftarchive1 and pro-
cessed with the FTOOLxrtpipeline (v0.11.4), accepting grades 0 – 12 and 0 –
2 for PC and WT mode data, respectively. The burst was bright enough during the
prompt phase to cause pile up in WT mode which we corrected for by extracting, in
xselect, the data using a 40× 20 pixel region with a 4×20 pixel exclusion region
in the centre; the 1-dimensional “point-spread function” (PSF) was thenmodelled
so as to extrapolate the total count rate (Figure 3.2). Though other authors, such as
Romano et al., correct sequence 001 PC mode data for pile-up, we found no reason
to do so. However, a number of the PC mode observations were affected by bad
columns in the region of the afterglow, so these were corrected for by modelling
the PSF.

Source and background spectra were extracted and binned to have≥20 photons
per bin. Ancillary response files were created usingxrtmkarf. Thev010 response
matrices were used and spectra were fit, usingχ2 statistics, inXspec 11.3.2.
Spectral fits are used to convert count rates of both WT and PC mode data to fluxes.
Our light curve analyses are carried out on the pre-reduced, XRT light curvefrom
the on-line repository (Evans et al. 2007).

3.2.2 Optical

Photometry

Details of our optical observations and telescopes used, along with the results
of our photometric analysis (uncorrected for Galactic foreground extinction of
E(B − V) = 0.135, Schlegel et al. 1998), are presented in Table 3.6. The pres-
ence of a nearby star (R ≈ 15) made the photometric analysis complicated. In

1http://www.swift.ac.uk/
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Table 3.1— Extension of observation log of GRB 060124.

Sequence Obs/mode Start time (UT) End time (UT) Net exposure Time since trigger
(yyyy-mm-dd hh:mm:ss) (yyyy-mm-dd hh:mm:ss) (s) (s)

00178750020 XRT/PC 2006-02-18 00:31:23 2006-02-18 02:35:53 2884 2104591
00178750021 XRT/PC 2006-02-21 06:00:43 2006-02-21 18:55:58 2035 2383551
00178750022 XRT/PC 2006-02-22 00:50:19 2006-02-22 23:30:50 3286 2451327
00178750023 XRT/PC 2006-02-23 00:56:10 2006-02-23 23:32:57 3561 2538078



50 Broadband observations of GRB 060124

late-time images, obtained in good conditions (TNG, NOT, INT, WHT),the after-
glow, despite being relatively faint, was well-separated from the star, allowing us to
obtain aperture photometry using MIDAS2. In the case of blending with the star’s
PSF (TLS, Asiago, Shajn), we used PSF photometry in DAOPHOT under IRAF3.
In several early observations (Brno, AT-64, Gnosca), the afterglow was strongly
blended with the star, but still bright. Here, we obtained a precise magnitude of the
star from late-time observations without afterglow contamination, andsubtracted
the flux density from the integrated source. This resulted in usable detections, but
with large errors. In the case of the MAO as well as the NOT host observation, the
PSF of the star, which is very well sampled in both cases, was subtracted. We then
used aperture photometry on the unaffected afterglow (MAO) or took the limiting
magnitude of the image for the host observation as no host was detected. Calibra-
tion was performed using the Henden calibration (Henden 2006). Unfilteredim-
ages were calibrated against theR band, except for the GHO observations, where
the CCD response is close to theV band.

Using the high signal-to-noise TNGRband image, we carry out the astrometric
calibration with respect to the USNOB1.0 catalogue.We derive a positionfor the
GRB at R.A.= 05:08:25.88, Dec.= +69:44:27.1 (J2000,±0.3′′, dominated by the
inherent catalogue uncertainty).

Spectroscopy

One single 1-hour medium-resolution spectrum of the optical afterglow was ob-
tained at the “L. Rosino” Astronomical Observatory of Asiago (Italy), starting at
22:00:52 UT on January 24, 2006 (6.1 hr post trigger), with the 1.82 m “Coper-
nicus” telescope plus AFOSC. The telescope was equipped with a 1100× 1100
pixels SITe CCD. Grism #4 and a slit width of 2.1′′were used, providing a nominal
spectral coverage in the 3500-8000 Å range. The use of this setup secured a final
dispersion of 4.1 Å/pix.

The spectrum (Figure 3.1), after correction for flat-field, bias and cosmic-ray
rejection, was background subtracted and optimally extracted (Horne 1986)using
IRAF. Wavelength calibration was performed using Cd-Hg lamps, and was checked
by using the positions of background night sky lines, to obtain an accuracy of
∼0.5 Å. The spectrum was not flux calibrated as no spectroscopic standard was
available for the present observation.
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Figure 3.1— Normalised spectrum of the GRB 060124 afterglow in the 3800-7700
Å range (observer frame), smoothed with a Gaussian filter withσ=4 Å (i.e. comparable
with the spectral dispersion). The main spectral features are labelled. Telluric absorption
lines at 6870 and 7600 Å are also marked with the symbol⊕. From the blended C IV
line a redshift ofz = 2.302± 0.002 is derived, in accordance with other determinations
(Mirabal & Halpern 2006; Cenko et al. 2006a; Prochaska et al.2006).

3.3 Results

3.3.1 Early high-energy emission

The early, flaring period of activity lasted from approximately 300 s – 1000 s (Fig-
ure 3.2) and contains two main flares at∼ 575 s and∼ 700 s (A and B, respec-
tively). These flares are preceded, from 120 – 290 s, by a power-law flux rise of
α = 1.1 ± 0.3 (χ2

ν = 0.81). Our joint spectral fit (XRT, BAT, Konus-Wind) of
the time-integrated data give a photon spectral index over the frequency range of
Γ = 1.5 (β = Γ − 1 ∼ 0.5), with negligible hydrogen column density above that of
Galactic value (NH ∼ 9.2× 1020cm−2). There is however a break at 1.2 keV, below
whichΓ ∼ 0.7.

2http://www.eso.org/sci/data-processing/software/esomidas/
3http://iraf.noao.edu
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Figure 3.2— Prompt emission as measured by XRT (X-ray) & BAT (gamma-ray) on
boardSwift, and Konus-Wind (gamma-ray), scaled to the XRT energy range. The data
exhibit spectral evolution over the flaring period, indicative of central engine activity,
with the emission becoming much harder during the flares themselves.

From a contour plot of the interesting parameters of the fit, namely the column
density and photon index, we find that the two are related and hence we cannot
say with any certainty that one varies independently of the other. We investigated
the evolution of the photon index and hardness with respect to the count rate (Fig-
ure 3.3) and find that both show significant evolution which is correlated to the
flaring.

3.3.2 X-ray afterglow

Our afterglow data comprises both optical and X-ray light curves (Figure3.7). The
optical light curve covers the period from∼0.04 – 6.2 days after the burst, while
the X-ray covers∼0.13 – 28.4 days. The results of a broken power law fit are
given in Table 3.4. Initially both light curves were fit with break time,tb, pre-
break temporal decay index,α1, and post-break temporal decay index,α2 as free
parameters. However, as the break times were consistent and the optical break time
was less well constrained, we assume that the breaks are simultaneous, and fixthe
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Figure 3.3— Evolution of the 0.2–10 keV count rate (top), 0.5–10 keV photon index,Γ
(middle, Γ = β + 1), and hardness ratio,HR (bottom, HR = |2− 10keV| / |0.5− 10keV|)
during the 100 s – 1000 s flaring period.

Table 3.2— X-ray spectral indices,βX , and column densities,NH, derived before and
after the break.

βX NH(×1022) cm−2

pre-break 1.02± 0.04 0.91± 0.12
post-break 1.00± 0.04 0.90± 0.13

all 1.01± 0.03 0.91± 0.10

optical break to be equal to that found from the X-ray fit. We note that, from a visual
inspection of the X-ray light curve, there seems to be a break at. 0.2 days from a
period of shallower decay (Nousek et al. 2006). However, there is no quantitative
evidence to support this due to the lack of data points at earlier times; neither is
there evidence for a shallower decay phase at other wavelengths.

The spectral analysis of the X-ray data (Table 3.2) before and after the break
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give spectral indices consistent with each other so the data sets were combined
to maximise the counts per bin and reduce the error of the spectral index,βX =

1.01± 0.03 and the hydrogen column density,NH = (0.91± 0.10)× 1022cm−2.

3.3.3 Optical

Early optical behaviour

As noted earlier, the only optical afterglow detections during the prompt emission
of GRB 060124 are two UVOTV band observations with very long exposure times.
They were not taken in event mode and thus can not be split into smaller time
resolutions, resulting in the almost complete loss of any information on the early
optical variability during the prompt phase.

Still, using several assumptions, we can place qualitative constraintson such
an evolution. Vestrand et al. (2006) showed that the early afterglow of another
super-long GRB, GRB 050820A, was made of several components, of whichone
followed the evolution of the prompt emission. In comparison to the early afterglow
of GRB 041219A (Vestrand et al. 2005; Blake et al. 2005), the optical datawas
taken at high time resolution, and showed that this component followed the rapid
variability of the gamma-ray emission (as detected byKonus-Wind) well. This is
in contrast to the pulse width evolution as measured by Zhang & Qin (2008) for
GRB 060124, the X-ray pulses are much broader and more smeared apart than the
gamma-ray pulses (see also Romano et al. 2006). If this pulse width evolution
continues into the optical, one would expect almost nothing of the prompt structure
to be visible. On the other hand, the recent case of the contemporaneous high time-
resolution optical and gamma-ray observations of GRB 080319B (Racusin etal.
2008) has shown that the optical emission can be rapidly variable too, which may be
due to the actual GRB being nothing but the synchrotron self-Compton component
of the optical flash (Kumar & Panaitescu 2008).

Optical afterglow

To create as large a data set as possible, we also include the afterglow observations
of Deng et al. (2006) as well as Misra et al. (2007). The photometric errors given in
Misra et al. (2007) are very small initially (milli-magnitudes) and give unacceptably
high χ2

ν >> 1, so we added, in quadrature, a 0.05 magnitude error to all their data
points. In total, this results in 130 data points, all of which are corrected for Galactic
extinction ofE(B− V) = 0.135 (Schlegel et al. 1998).

TheBVRIoptical afterglow is shown in Figure 3.4. Except for some photomet-
ric scatter, the afterglow shows a simple evolution. It is rising early on, during the
prompt emission, then turns over at 0.025 days (Deng et al. 2006), before decay-
ing with a straightforward power-law decay and experiencing an achromatic break
at t = 1.3 days. In this fit, we shared all parameters between the bands (α1, α2,
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Figure 3.4— The optical afterglow of GRB 060124 inBVRI bands, fitted with a
smoothly broken power law. Except for the normalisation, the parameters of the fit
were shared. The early afterglow is clearly seen to be rising, turning over at≈ 0.025
days. At≈ 1 day, there is a smooth achromatic break, and the post-breakdecay slope is
quite shallow. Upper limits are not shown.

tb, n) except for the normalisation. These normalisations then automaticallyyield
the spectral energy distribution (SED, see section 3.3.4). The earliestdata points,
where the afterglow is still rising, are excluded from the fit. The results of the
optical-only fit are given in Table 3.4.

Spectral energy distribution

The normalisations derived by the 4-band optical afterglow fit are used tocreate
an optical SED of GRB 060124 (Figure 3.5). The magnitudes/flux densities are
measured at the optical break time (1.3 days), but due to the achromatic nature of
the light curves, this SED is valid at any time during the broken power-law decay.
The optical afterglow already shows a non-standard afterglow colour;V − R is
smaller than usual, whileR− I is larger in comparison. The SED reveals this to be
a suppression of theR band flux density in comparison to the neighbouring bands.
Such a spectral feature can be fit by a 2175 Å dust bump at a redshift ofz = 2.3,
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Figure 3.5— The BVRI spectral energy distribution (SED) of GRB 060124. Four fits
are shown, with no extinction (dotted), Milky Way dust (solid), Large Magellanic Cloud
dust (dashed) and Small Magellanic Cloud dust (short-dotted).

Table 3.3— Optical spectral indices,βopt, and host extinctions,AV, derived before and
after the break.

βopt AV

pre-break 0.56± 0.05 0.03± 0.08
post-break 0.75± 0.11 0.28± 0.16

all 0.62± 0.04 0.14± 0.05

which is usually detected along lines of sight in the Milky Way (MW) and the
Large Magellanic Cloud (LMC). The Small Magellanic Cloud (SMC) extinction
law does not include such a feature (e.g. Pei 1992). Usually, GRB afterglow SEDs
are well-fit by SMC dust (Kann et al. 2006; Starling et al. 2007; Schady et al.2007;
Kann et al. 2007) and show no spectral features except rest-frame UV curvature.
Though the MW extinction law offers the best fit, it is far from conclusive evidence
of a MW-dust-like bump. The derived rest-frame extinctionAV = 0.15 ± 0.05
and intrinsic spectral slopeβ = 0.62± 0.04 (Table 3.3) are very typical for GRB
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Figure 3.6— Detail of the deep NOT observation to look for the host galaxy. The PSF
of the star has been removed, leaving a central residual, whose extent is marked by the
largest circle. At the position of the optical afterglow (smallest circle, lower middle), no
host galaxy is detected. A faint source (R = 25.4 ± 0.12) is detected to the northwest
(medium circle, top right).

afterglows, both in the pre-Swift (Kann et al. 2006; Starling et al. 2007) as well as
theSwiftera (Schady et al. 2007; Kann et al. 2007).

Search for a host galaxy

We used the late time (238 days) NOT observation (Table 3.6) to try toidentify
the host galaxy. After subtracting the PSF of the star, no host galaxy is detected
at the afterglow position down to a limiting magnitude ofR ≥ 26.0 (Figure 3.6).
While the subtraction leaves a residual, it does not extend to the afterglow position.
Seeing-matched aperture photometry of the GRB position results in a flux density
indistinguishable from the surrounding background. To the northwest, at R.A.=
05:08:24.90, Dec.= +69:44:28.9 (J2000,±0.′′3), we detect a faint, extended source
for which we measureR= 25.40± 0.12.
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Figure 3.7— The X-ray (lower) and composite optical (upper) light curves of
GRB 060124. We find a simultaneous break, detected in both bands, at 1.09 ± 0.34
days, marked by a dotted vertical line. The break timetb and post-break decay slope
α2 were shared parameters in the fit, following the expectations from the fireball model.
The X-ray data are in AB magnitudes, transformed directly from the flux density inµJy
measured at 1.73 keV.

3.3.4 Joint X-ray and optical

Light curve

Since we have shown that the optical afterglow temporal evolution is achromatic,
we shift theBVI bands to theR zero point to create a composite light curve. Us-
ing this light curve, we perform a joint fit between the optical and the X-ray light
curves (Figure 3.7). While the pre-break slopeα1 is clearly different in the two
bands, the fireball model would lead us to expect that the break is achromatic be-
tween the optical and X-ray bands too, and that the post-break decay slope is iden-
tical. Therefore, we share the parametersα2 andtb. As we were unable to derive
the smoothness of the broken power-law,n, in the X-rays, we usen = 10 fixed in
the X-rays andn = 4.7 fixed in the optical (from the optical-only fit), though these
are not significantly different. In the X-rays, we use only data att ≥ 0.2 days, and
in the optical we exclude all data points that were excluded before. The results of
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Table 3.4— Temporal decay indices,α, before and after the break time,tbreak, and the
smoothness parameter,n.

α1 tbreak α2 n
(days)

X-ray 1.14± 0.06 0.9± 0.4 1.45± 0.05 10 (fixed)
Optical 0.82± 0.02 1.3± 0.2 1.42± 0.08 4.7± 2.6

X-ray + Optical –a 1.1± 0.3 1.46± 0.04 –a

a These were not free parameters in the joint fit.

the optical+ X-ray fit are given in Table 3.4. The independent X-ray and optical
fits already indicate that the break is simultaneous and the post-break decay slope
is identical in both bands within errors. Our joint fit is consistent with this result,
yieldingχ2

ν = 0.61 for 404 degrees of freedom. This strongly indicates that this si-
multaneous break is a jet break, although the post-break decay slope is anomalously
shallow.

Spectral energy distribution

We created two SEDs, in order to model the broadband spectral behaviour before
and after the jet break, by combining theBVRcIcphotometry with X-ray spectra
(Figure 3.8). These SEDs are centred at T0+31871 s and T0+260927 s (0.37 and
3.02 days). We calculated the transmission through the Lyman-α forest for each
optical band (e.g. Madau 1995) and applied this to the data. We find that at the
source redshift only theB band in this data set is marginally affected. The SEDs
were created in count space following the method given in Starling et al. (2007), and
having the advantage that no model for the X-ray data need be assumeda priori.
Galactic absorption and extinction were fixed at the values given in Kalberlaet al.
(2005) and Schlegel et al. (1998), respectively. We fit the SEDs inISIS (Houck
& Denicola 2000) using models consisting of an absorbed power law or broken
power law with slopes either free or tied toβ1 = β2 − 0.5 (whereβ = Γ − 1)
as expected for a cooling break in the blast wave model. To model the intrinsic
optical/UV extinction we use the three best known extinction curves: the Milky
Way (MW), Large Magellanic Cloud (LMC) and Small Magellanic Cloud (SMC)
curves as parametrised by Pei (1992). The intrinsic X-ray absorption ismodelled
with theXspecmodelzphaps and assuming Solar metallicity.

We find that a broken power law is a significantly better fit to the data from
both epochs than a single power law (Table 3.5). Both epochs show a spectral slope
change that is consistent with a cooling break within the errors, and an equally
acceptable fit is achieved by fixing the slope difference. The break energy lies



60
B

roadband
observations

ofG
R

B
060124

Table 3.5— Results (main parameters) of fits to the two spectral energydistributions. For the broken power law models we fit with
both the power law slopes free, and for the case of a cooling break whereΓ1 = Γ2 - 0 .5 (Γ = β+1). Galactic absorption,NH,Gal, is fixed
at 9.24×1020 cm−2 (Kalberla et al. 2005) and Galactic extinction,E(B−V)Gal, is fixed at 0.135 (Schlegel et al. 1998). Solar metallicity
is assumed in the X-ray absorption model. All errors are quoted at the 90 % confidence level (or 1.6σ).

Model NH E(B− V) Γ1 Ebk Γ2 χ2/do f
×1022 cm−2 keV

Epoch 1
PL+MW 0.15+0.13

−0.12 0.08±0.03 1.76±0.03 - - 250.7/136
PL+LMC 0+0.09

−0 0.0005+0.008
−0.0005 1.678+0

−0.004 - - 272/136
PL+SMC 0+0.09

−0 0+0.004
−0 1.678+0

−0.003 - - 272/136
BKNPL+MW 0.31+0.15

−0.11 0+0.03
−0 1.639+0.031

−0.002 1.6±0.2 2.25+0.12
−0.08 137/134

BKNPL+LMC 0.3±0.1 0+0.004
−0 1.639+0

−0.003 1.6+0.1
−0.2 2.25+0.08

−0.07 137/134
BKNPL+SMC 0.3±0.1 0+0.003

−0 1.639+0
−0.002 1.6+0.1

−0.2 2.25+0.08
−0.07 137/134

BKNPL+MW 0.3+0.2
−0.1 0.005+0.03

−0.005 = Γ2 − 0.5 1.5+0.2
−0.3 2.15+0.03

−0.01 140/135
BKNPL+LMC 0.3±0.1 0+0.004

−0 = Γ2 − 0.5 1.5±0.1 2.141+0
−0.003 140/135

BKNPL+SMC 0.3±0.1 0+0.003
−0 = Γ2 − 0.5 1.5+0.1

−0.2 2.141+0
−0.003 140/135

Epoch 2
PL+MW 0.7±0.2 0.11+0.05

−0.04 1.94±0.05 - - 112.8/107
PL+LMC 0.5±0.2 0.017+0.016

−0.015 1.85±0.02 - - 126.1/107
PL+SMC 0.5±0.2 0.009+0.011

−0.009 1.84±0.02 - - 127.7/107
BKNPL+MW 1.0+0.5

−0.4 0.036+0.10
−0.04 1.81+0.07

−0.18 0.7+1.1
−0.7 2.1±0.1 92.2/105

BKNPL+LMC 1.0+0.5
−0.4 0.01+0.10

−0.01 1.78+0.04
−0.12 0.7+1.0

−0.7 2.1±0.1 92.94/105
BKNPL+SMC 1.0+0.5

−0.4 0.005+0.065
−0.005 1.77+0.04

−0.06 0.7+1.0
−0.7 2.1±0.1 93.03/105

BKNPL+MW 1.2±0.3 0.08±0.07 = Γ2 − 0.5 0.07+0.3
−0.06 2.16+0.09

−0.08 93.4/106
BKNPL+LMC 1.2±0.3 0.02±0.02 = Γ2 − 0.5 0.1+0.3

−0.1 2.13+0.09
−0.07 93.2/106

BKNPL+SMC 1.2±0.3 0.02±0.01 = Γ2 − 0.5 0.1+0.3
−0.1 2.13+0.09

−0.07 93.42/106
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Figure 3.8— The spectral energy distribution of GRB 060124 at T0+31871 s, fitted
in count space and unfolded to remove the instrumental response in the X-ray regime.
Overlaid on the data points (crosses) is the best fitting model of an absorbed broken
power law extincted by an SMC-like extinction law at the hostgalaxy (line). The lower
panel shows the deviation from the model for each data point,in units of their measure-
ment error.

in the X-ray regime at both times, however, we cannot accurately constrain this
parameter as we find a degeneracy betweenEbk and X-ray column densityNH. Our
fits show no preference for a particular host extinction model from MW, LMC or
SMC, with all fitted values ofE(B− V) being low as is usual for GRB hosts.

3.4 Discussion

3.4.1 Prompt emission

Curvature Effect

It has been suggested that X-ray flares are affected by the curvature effect (Liang
et al. 2006) whereby their flux can be described by a power-law temporal decay,
(t−tej)2+β, superimposed on a regulartα afterglow. Heretej is the ejection time of the
energy of that flare. By assuming the curvature effect (Kumar & Panaitescu 2000a)
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Figure 3.9— Ejection times (dash-dot lines),tej, for the two main flares, A & B, as cal-
culated assuming the curvature effect and forcingFlux ∝ (t − tej)2+β. The light coloured
data points are those used in the fit, which is the light coloured line.

and forcing Flux∝ (t − tej)2+β, we can fit fortej. Since we are dealing here with
early prompt emission, we have not taken into account an afterglow component.
Also it is very unclear in this case what the afterglow component might look like
considering the lack of post-flare data, and the fact that the X-ray flux is seento rise
before the flares. We have usedβ = 0.50, derived from the average photon index
over the flaring period.

For the two main flares (Figure 3.9), we find ejection times oftA = 531± 1.5
(χ2
ν = 5.6, 14 d.o.f) andtB = 663± 2.0 (χ2

ν = 4.2, 7 d.o.f.). It is worth noting
that these values are independent of the choice oft0 and so are unaffected by our
choice of which trigger time to use. We have few data points in our fit of tej due
to the shortness of flares at early times (∆t ∝ t, Lazzati et al. 2002) and due to the
fact that at early times, flares are less likely to be well separated or unaffected by
neighbouring flares. The positions oftej, relative to the flares are consistent with
those of Liang et al. (2006) who did a similar fit on a number of bursts, i.e., at the
rising segment of the flare.
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Zero time

Since early time data has become more common after the launch ofSwift, there
has been much discussion (e.g. Quimby et al. 2006) on what the definition of t0
(i.e. zero time for the plotting of light curves and in flux formulaF ∝ (t − t0)−α)
should be. It is most common to taket0 as the trigger time,ttrigger, of the instrument
which detected the burst, which is clearly instrument-dependent. In the caseof
GRB 060124 there are two separate trigger times; that ofSwiftat tS wi f t = 15:54:52
UT and that of both Konus-Wind and HETE attKW = tS wi f t+ 558.9 s. For the cal-
culation of early-time power-law decay indices the choice is important, though for
the early time period when a power-law is not being calculated or whent0 is being
independently derived via the curvature effect, it is not an issue. We recalculated
the afterglow light curves usingtKW, but it does not make a significant difference,
less than errors, to the previously calculated temporal decays. This is consistent
with pre-Swift afterglows, wheret0 discrepancies were of no consequence since
most data were taken at times much greater than any possible discrepancy.

3.4.2 Afterglow

The X-ray and optical light curves display simultaneous achromatic breaks at1.09±
0.34 days. The spectral fits in optical and X-rays, both separately and combined,
show that the cooling break is situated in between both observing bands, causing a
spectral break of 0.5; and that the spectral indices do not evolve in time. Because
of the strong agreement in obtained values from the separate and combined fits,
both temporally and spectrally, we adopt for our analysis the combined fitvalues:
optical spectral indexβopt = βX −1/2 = 0.63+0.09

−0.07, pre-break optical temporal index
α1,opt = 0.82± 0.03, pre-break X-ray temporal indexα1,X = 1.17± 0.07, and post-
break temporal indexα2 = 1.46± 0.07 for both optical and X-rays. We note that
the results from the broadband SED fits do not provide a preference between the
various extinction models, the host galaxy extinction is negligible, and thus the
obtained spectral indices for these models are the same within errors. We adopt the
values for the SMC extinction model, since that is the most common model found
for GRB host galaxies.

Electron energy distribution and ambient medium

The pre-break temporal indices and spectral indices are consistent with the blast
wave model of GRB afterglows in a homogeneous circumburst medium. The
spectral indices imply a value for the electron energy distribution index p =
2βX = 2βopt + 1 = 2.26+0.18

−0.14, and the pre-break X-ray temporal index implies
p = (4α1,X + 2)/3 = 2.23 ± 0.09. Thep value derived fromα1,opt depends on
the structure of the circumburst medium: for a homogeneous medium weobtain
p = (4α1,opt + 3)/3 = 2.09± 0.04, marginally consistent with the other derivedp
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values; for a wind medium we findp = (4α1,opt + 1)/3 = 1.43± 0.04, which is not
consistent with the other values. From the optical spectral and temporal indices,
the power law indexk of the circumburst medium structure (n ∝ r−k) can be de-
rived (Starling et al. 2008):k = 4(3β − 2α)/(3β − 2α − 1) = −1.33+1.41

−4.19. Since
βopt = βX − 1/2 and the closure relationαX = (3βX − 1)/2, we derive an expression
for k as a function of∆αX,opt = αX −αopt: k = 4(4∆αX,opt−1)/(4∆αX,opt−3), which
in our case givesk = −1.00+1.00

−1.67. Both of these results fork are consistent with a
homogeneous medium (k = 0), and a stellar wind like ambient medium (k = 2) is
ruled out.

Jet spreading phase

Because of the simultaneous nature of the optical and X-ray breaks, it is likely due
to a change in the dynamics of the blast wave. After the break, however, there is a
deviation from the behaviour expected from a laterally spreading jet, as is observed
in the majority of bursts. In typical cases the post-break temporal decay equals
the electron energy distribution indexp in both optical and X-rays. Our analysis of
GRB 060124 shows a shallower decay and the derivedp = α2 = 1.46±0.04, though
fitting a broken power-law may underestimate the post break slope (Jóhannesson
et al. 2006). The latter expression forp is only valid if the blast wave expands
sideways rapidly, close to the speed of light in its own rest frame, afterthe blast
wave has decelerated so much that the bulk Lorentz factor drops below the inverse
of the jet opening angle. When there is, however, no significant lateral expansion,
the temporal decay index increases by∆α = (3− k)/(4− k), i.e. 0.75 in the case of
a homogeneous medium. This increase in temporal index, although much smaller
than for a rapidly spreading jet, is too large for the indices observed inGRB 060124,
especially in the X-ray band:∆αX = 0.29±0.08 and∆αopt = 0.64±0.06. Therefore,
this explanation of the post-break temporal indices is not valid.

Romano et al. (2006) suggested that the temporal breaks could be explained
by a structured jet having a homogeneous core surrounded by power-lawwings.
From our light curves it can be shown that the power-law index,l, of the energy
profile, i.e. dE/dΩ ∝ θ−l , is marginally consistent for the optical and X-ray bands.
Using the expressions from Panaitescu (2005) we get:lopt = 1.15± 0.20 andlX =
0.67± 0.34.

A second argument in favour of the latter explanation above the non-spreading
jet, is the fact that the cooling break evolves with an average temporal decay index
of −1.21+0.71

−0.69 between the two epochs of our SED fits. This index is marginally
consistent with the expected value of−0.5 for both the pre-break phase and the
post-break phase in the structured jet model (Panaitescu & Kumar 2003). Inthe
non-spreading jet model the cooling break would remain constant after the break,
leading to an average expected decay index of−0.26+0.09

−0.06, which is not consistent
with the measured decay index. We note that there is a degeneracy betweenNH

and the break frequency in the SED fits at the first epoch, since the spectral break
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is close to the X-ray observing band. Therefore, the actual uncertainty in the aver-
age temporal decay index of the cooling break is somewhat larger than the values
quoted above. The average temporal decay index is, however, still more consistent
with the structured jet model than with the non-spreading jet model.

3.5 Conclusion

We have analysed the X-ray and gamma-ray data of GRB 060124 from the timeof
the prompt emission, which was well sampled due to the early trigger on aprecur-
sor, until the afterglow was no longer visible in X-rays, a month later. The flaring
prompt emission displays spectral evolution, indicative of internalshocks and cen-
tral engine activity, similar to the behaviour observed in X-ray flares at later times
in other bursts. While the trigger time for this burst is significantly before the main
prompt emission, we find that this discrepancy has little affect on the calculation of
temporal decay indices.

After our discovery of the optical counterpart, we observed the afterglowwith
multiple telescopes for a week, revealing that it evolves as a broken power-law.
This break is found to be achromatic in theBVRI bands and is also observed, at
approximately the same time, in the X-rays. The post-break decay slopes areiden-
tical in the optical and X-rays, implying that this could be a jet break, possibly
the best documented case so far. The observed post break slope is anomalously
shallow withα2 = 1.46 compared to the value predicted by the blast wave model
of α2 = p ∼ 2.2 in this case. While the slope may be affected somewhat by the
difficulties associated with broken power-law fits to light curves it likely requires
some physical mechanism which could lead to such a shallow decay for a jet break;
we find that the data favour a structured jet, over a jet with no significant lateral
expansion.
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Table 3.6: GRB 060124 optical observations log

timea magnitude filter observatoryb

(days)
0.13284 18.70± 0.16 B UVOT
0.20729 19.03± 0.12 B UVOT
0.27396 19.56± 0.13 B UVOT
0.33925 19.72± 0.13 B UVOT
0.53256 19.97± 0.11 B Asiago
1.50899 21.23± 0.04 B USNO
3.29001 22.23± 0.16 B Shajn
5.22210 23.03± 0.03 B TNG
0.00193 17.04± 0.15 V UVOT
0.00596 16.83± 0.11 V UVOT
0.07461 17.76± 0.11 V TLS
0.07725 17.95± 0.13 V TLS
0.07989 17.85± 0.08 V TLS
0.08251 17.80± 0.10 V TLS
0.08516 17.89± 0.09 V TLS
0.08781 17.87± 0.14 V TLS
0.11563 18.25± 0.12 V GHOc

0.12047 18.00± 0.12 V GHOc

0.12530 18.33± 0.13 V GHOc

0.13012 18.53± 0.13 V GHOc

0.13496 18.31± 0.13 V GHOc

0.13979 18.45± 0.14 V GHOc

0.14462 18.47± 0.14 V GHOc

0.14945 18.38± 0.15 V GHOc

0.15429 18.42± 0.15 V GHOc

0.15913 18.53± 0.16 V GHOc

0.22171 18.80± 0.22 V GHOc

0.22654 18.77± 0.23 V GHOc

0.23137 18.89± 0.23 V GHOc

0.23620 18.77± 0.24 V GHOc

0.24104 19.05± 0.24 V GHOc

0.24587 18.91± 0.25 V GHOc

0.25005 19.19± 0.25 V GHOc

0.28179 18.90± 0.40 V UVOT
0.47471 19.35± 0.13 V UVOT
0.51329 19.65± 0.08 V Asiago
0.54139 19.68± 0.13 V UVOT
0.67026 19.55± 0.12 V UVOT
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time magnitude filter observatory
(days)

0.87252 19.78± 0.12 V UVOT
1.13679 20.18± 0.12 V UVOT
1.48935 20.77± 0.04 V USNO
1.64920 20.89± 0.06 V USNO
3.29223 21.63± 0.16 V Shajn
5.20125 22.38± 0.06 V TNG
6.17473 22.78± 0.05 V WHT
0.05867 17.24± 0.10 RC TLS
0.06083 17.42± 0.18 RC Brno
0.06131 17.34± 0.06 RC TLS
0.06395 17.27± 0.10 RC TLS
0.06659 17.39± 0.14 RC TLS
0.06923 17.35± 0.09 RC TLS
0.07186 17.44± 0.10 RC TLS
0.09891 17.58± 0.21 RC AT-64d

0.14285 > 17.5 RC AT-64d

0.16120 18.01± 0.18 RC Gnosca
0.30707 18.78± 0.04 RC Asiago
1.47986 20.39± 0.05 RC SARA
1.48224 20.38± 0.06 RC USNO
1.62864 20.53± 0.07 RC USNO
3.29337 21.44± 0.16 RC Shajn
4.32712 21.82± 0.13 RC NOT
4.33460 21.80± 0.04 RC NOT
5.19210 22.17± 0.03 RC TNG
6.16811 22.33± 0.11 RC INT
6.17705 22.32± 0.09 RC INT
6.18382 22.38± 0.10 RC INT
7.08710 22.61± 0.11 RC MAO
238.461 > 26.0 RC NOT
0.04273 16.63± 0.13 IC TLS
0.04537 16.55± 0.09 IC TLS
0.04801 16.65± 0.15 IC TLS
0.05065 16.80± 0.19 IC TLS
0.05329 16.79± 0.10 IC TLS
0.05593 16.92± 0.10 IC TLS
1.56790 20.06± 0.08 IC USNO
3.29416 20.90± 0.19 IC Shajn
6.19384 21.82± 0.05 IC WHT
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a Logarithmic mid-exposure time since the burst trigger at 20060124.663100
UT

b TLS: Tautenburg 1.34m Schmidt telescope, Germany; GHO: Golden Hill
Observatory 28 cm telescope, Great Britain; Asiago: 182 cm Copernicus
telescope, Italy; USNO: NOFS 1.0m telescope, United States of Amer-
ica; TNG: 3.6m Telescope Nazionale Galileo, Spain; NOT: 2.56m Nordic
Optical Telescope, Spain, WHT: 4.2m William Herschel Telescope, Spain;
INT: 2.5m Isaac Newton Telescope, Spain; AT-64: 64cm telescope, CrAO,
Ukraine; Shajn: 2.6m Shajn telescope, CrAO, Ukraine; MAO: 1.5m Maid-
anak Astronomical Observatory telescope, Uzbekistan; Gnosca: Gnosca ob-
servatory 40cm telescope, Switzerland

c Unfiltered observations calibrated to a V band zeropoint.

d Unfiltered observations calibrated to an RC band zeropoint.
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Abstract

Gamma-ray burst afterglow observations in theSwift era have a perceived lack
of achromatic jet breaks compared to theBeppoSAXera. We present our multi-
wavelength analysis of GRB 060206 as an illustrative example of how inferences
of jet breaks from optical and X-ray data might differ. The results of temporal and
spectral analyses are compared, and attempts are made to fit the data within the
context of the standard blast wave model. We 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 atabout 16 hours. This
break and the light curves fit standard blast wave models, either as a jet break or as
an injection break. As the pre-Swiftsample of afterglows are dominated by optical
observations, and in theSwift era most well sampled light curves are in the X-ray,
caution is needed when making a direct comparison between the two samples, and
when making definite statements on the absence of achromaticbreaks.
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4.1 Introduction

Gamma-Ray Bursts (GRBs) are well described by the blast wave, or fireball, model
(Rees & Mészáros 1992; Mészáros et al. 1998), which details their temporal and
spectral behaviour. In this model GRB afterglow emission is created by shocks
when a collimated ultra-relativistic jet ploughs into the circumburstmedium, driv-
ing a blast wave ahead of it. This causes a non-thermal spectrum widely accepted
to be synchrotron emission, with characteristic power-law slopes and spectral break
frequencies. The signature of the collimation is an achromatic temporal steepening
or ‘jet break’ at∼ 1 day in an otherwise decaying, power-law light curve. The level
of collimation, or jet opening angle, has important implications for the energetics
of the underlying physical process.

Since the launch of theSwiftsatellite (Gehrels et al. 2004), this standard picture
has been called into question by the rich and novel phenomena discovered in the
both the early and late light curves (e.g., Nousek et al. 2006). Here we focus on
the perceived lack of achromatic temporal breaks in theSwift era, up to weeks in
some bursts (e.g., Panaitescu et al. 2006; Burrows & Racusin 2006), which calls
into question the effects of collimation and therefore the energy requirements of
progenitor models. Some bursts show no evidence for breaks in either optical or
X-ray, while others show clear breaks in one regime without any apparent accom-
panying break in the other. Even in those bursts where an achromatic break is
observed, they may not be consistent with a jet break as predicted by the blast wave
model (e.g., GRB 060124, Curran et al. 2006 and chapter 3 of this thesis).We
should note that our expectations of the observable signature of a jetbreak, includ-
ing the fact that it ought to be perfectly achromatic, is based on highly simplified
models, notably those of Rhoads (1997, 1999) and Sari et al. (1999), and break
observations, pre-Swift, that were based predominately in one regime (i.e., optical).
So apart from well sampled multi-regime observations, more realisticmodels and
simulations of the light curves, beyond the scope of this Letter, will also be required
to settle this issue.

As the apparent lack of observed achromatic breaks is an important issue in the
Swiftera, we will discuss the perceived presence and absence of these achromatic
breaks, using the long burst GRB 060206 as an illustrative example. We present
our multi-wavelength analysis of the well sampled afterglow from X-rayto optical
wavelengths. In §4.2 we introduce our observations while in §4.3 we present the
results of our temporal and spectral analyses. In §4.4 we discuss these results in the
overall context of the blast wave model of GRBs and we summarise our findings in
§4.5.
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4.2 Observations

Throughout, we use the convention that a power-law flux is given asFν ∝ t−αν−β

whereα is the temporal decay index andβ is the spectral index. All errors and
uncertainties are quoted at the 1σ confidence level.

Optical observations inB, V, R andI bands were obtained at the 2.5 m Nordic
Optical Telescope (NOT), 2.5 m Isaac Newton Telescope (INT) and 3.6 m Tele-
scopio Nazionale Galileo (TNG) on La Palma, the 1.5 m Observatorio de Sierra
Nevada (OSN) in Granada, Spain, the 1.8 m Astrophysical Observatory ofAsiago,
Italy, and the 2.0 m Faulkes Telescope North (FTN) at Haleakala, Hawaii (Table
4.1). The optical counterpart was identified in initialR band frames. No counter-
part was detected in theB band frames, in agreement with the significant level of
line blanketing associated with the Lyman forest at a redshift ofz = 4.048 (Fynbo
et al. 2006a): the fluxes of theB, V andR bands are reduced to 8, 50 and 88 per
cent, respectively, of their true values (Madau 1995). The field was calibrated via
a standard Landolt (1992) field taken by the OSN on a photometric night. Differ-
ential photometry was carried out relative to a number of stars within∼ 5′ of the
burst, with resulting deviations less than the individual errors.The photometric cal-
ibration error is included in error estimates. We combine ourR band data with that
already published from the RAPTOR & MDM telescopes (Woźniak et al. 2006;
Stanek et al. 2007; where MDM was shifted+0.22 magnitudes as in Monfardini
et al. 2006) to extend the optical light curve past 1× 106 s since trigger.

The X-ray event data from theSwift X-Ray Telescope (XRT; Burrows et al.
2005a) were initially processed with the FTOOL,xrtpipeline (v0.9.9). Source
and background spectra from 0.3 – 10.0 keV in Windowed Timing (WT) and Pho-
ton Counting (PC) mode were extracted for analysis withXspec. The pre-reduced
XRT light curve was downloaded from the on-line repository (Evans etal. 2007).

4.3 Results

4.3.1 Light curves

Visual inspection of the optical light curve (Figure 4.1) clearly shows significant re-
brightening at∼ 4000 s and a “bump” at∼ 1.7×104 s, after which there is a smooth
decay with a break at∼ 5 × 104 s (Woźniak et al. 2006; Monfardini et al. 2006;
Stanek et al. 2007). Fitting a broken power-law to the data after the “bump” gives
α1 = 1.138±0.005,α2 = 1.70±0.06 and places the break attbreak= 5.9±0.5×104 s
(χ2
ν = 0.77, 71 degrees of freedom, d.o.f.). It is plausible that the late data suffer

from contamination due to the host galaxy which is estimated asR ∼ 24.6 (Thöne
et al. in prep.) and therefore we have included this in our model.

The X-ray light curve also displays a re-brightening at∼ 4000 s (e.g., Monfar-
dini et al. 2006) and a flattening after∼ 106 s which has been attributed to a nearby
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Table 4.1— Optical observations of GRB 060206. Magnitudes are given with 1σ errors
or as 3σ upper limits.

Tmid Texp Band Mag
(sec) (sec)
78373 1200 OSNB > 22.7
81977 300 OSNV 20.96± 0.18
816 60 INTR 17.28± 0.13
981 180 INTR 17.31± 0.14
1074 300 NOTR 17.45± 0.09
1391 600 INTR 17.44± 0.12
1468 300 NOTR 17.43± 0.08
1853 180 INTR 17.49± 0.12
1862 300 NOTR 17.55± 0.09
5363 120 OSNR 16.62± 0.09
8300 300 INTR 17.03± 0.14
18360 1200 FTNR 17.90± 0.04
29940 1050 FTNR 18.50± 0.02
68235 1200 AsiagoR 19.64± 0.04
75990 180 OSNR 19.87± 0.15
80917 180 OSNR 19.87± 0.09
82225 180 OSNR 19.91± 0.07
160557 1200 AsiagoR 20.92± 0.07
209760 960 FTNR 21.23± 0.10
248617 1500 OSNR 21.81± 0.28
382560 960 FTNR > 21.9
687323 120 TNGR 23.19± 0.25
1121271 600 NOTR 24.66± 0.41
2160836 600 NOTR > 23.6
5529 120 OSNI 15.77± 0.12
82424 180 OSNI 19.18± 0.15

contaminating X-ray source (Stanek et al. 2007). We use the count rate light curve
since, as we will show in Section 4.3.2, the X-ray data are best described bya
single, unchanging spectral index, so converting to flux only adds uncertainties.
The X-ray data from 4000 – 106 s are well fit by a single power-law decay with
α = 1.28± 0.02 (χ2

ν = 1.0, 65 d.o.f.). However, we also fit a broken power-law
with α1 = 1.04± 0.10,α2 = 1.40± 0.7 and a break time oftbreak= 2.2+2.0

−0.8 × 104 s
(χ2
ν = 0.79, 63 d.o.f.), giving a marginal improvement. To test whether the X-ray

is indeed consistent with the optical, we fix the temporal slopes and break time to
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Table 4.2— The temporal decay indices in X-ray and optical for a singlepower-law,α,
and a smoothly broken power-law,α1 & α2, with a break time,tbreak. Also the spectral
indices for X-ray, optical and combined X-ray/optical fits (Section 4.3).

X-ray optical combined
α 1.28± 0.02 – –
α1 1.04± 0.10 1.148± 0.005 –
α2 1.40± 0.07 1.70± 0.06 –
tbreak× 104 s 2.2+2.0

−0.8 4.9± 0.5 –
βpre−break 1.26± 0.09 0.84± 0.08 0.93± 0.01
βpost−break 0.92± 0.14 1.4± 1.0 1.00± 0.10

those of the optical and fit the X-ray data. We find that these parameters well de-
scribe the X-ray data (χ2

ν = 0.94, 66 d.o.f.; Figure 4.1). The results of our temporal
fits are summarised in Table 4.2.

4.3.2 Spectral analysis

The XRT spectra were fit with an absorbed power-law and in both the WT and PC
mode data, a significant amount of absorption over the Galactic value was required.
This excess extinction may be explained by host extinction in the restframe of the
burst. For the WT mode data (i.e., pre-break), a spectral index ofβX = 1.26± 0.06
was found (χ2

ν = 1.10, 94 d.o.f.) while the PC mode data (i.e., post-break) was
found to have a spectral index ofβX = 0.92± 0.09 (χ2

ν = 0.93, 59 d.o.f.).
Two optical spectral indices are found by fitting the optical spectral energy

distributions (SEDs) at∼ 1.0 × 104 s and∼ 8.2 × 104 s (i.e., pre- and post-break).
For the pre-break analysis we use the near-infrared data (JHKS) of Alatalo et al.
(2006) and the shiftedR band data, at that time, of Stanek et al. (2007). For the
post-break SED we use ourV, R and I band data. All data were converted to
fluxes and corrected for Galactic extinction ofE(B−V) = 0.013 (Schlegel et al. 1998)
and line blanketing due to the Lyman forest. We find optical spectral indices of
βopt = 0.84± 0.05 andβopt = 1.4± 0.6 for pre- and post-break, respectively.

To constrain these values further we use the simultaneous X-ray and optical
fitting detailed in Starling et al. (2007). In this method, the optical to X-ray SED
is fit in count-space, incorporating the measured metallicity (Fynbo et al. 2006a)
and including the effect host galaxy extinction. The above optical data points were
augmented by X-ray data at the given times: the pre-break SED by one orbit of
XRT data and the post-break SED by∼ 3 × 104 seconds of data. From this we
find that both epochs are well described by a single spectral power-law withβ =

0.93± 0.01 andβ = 1.00± 0.06, respectively, in agreement with each other and
with our previous values ofβopt andβX but inconsistent with the interpretation of a
possible spectral change in the optical between the two epochs. These results are
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Figure 4.1— Optical (R-band, upper light curve) and X-ray count rate (×200, lower
light curve) light curves of GRB 060206. The solid lines showthe smoothly broken
power-law (with host correction) fit to the optical data to the right of the vertical dot-
dash line, and those same parameters scaled to the X-ray. Thedotted line shows a single
power-law fit to the X-ray.

shown in Table 4.2 and agree, within errors, with those of Monfardiniet al. (2006).

4.4 Discussion

We have shown that the well sampled X-ray afterglow can be described by a single
power-law decay, though a broken power-law, which gives temporal indicesand
a break time similar to those in the optical, is as good a fit. While it is difficult
to accommodate the single power-law decay in the framework of the blast wave
model, an achromatic broken power-law decay can be interpreted in terms of a jet
break or an energy injection break, which we will now discuss in the contextof
the blast wave model (for a review and mathematical relations see, e.g., Zhang &
Mészáros 2004).

The spectral indices of the optical to X-ray spectrum are constant before and
after the optical break, i.e., at∼ 2.9 and∼ 23 hours with the break at∼ 16 hours
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(∼ 3 hours in the rest frame) after the burst. This indicates that the temporal break
is not caused by the passage of a break frequency through the optical regime in
the broadband spectrum. The conclusion one can draw from this is that the break is
caused by a change in the dynamics of the jet, e.g., the cessation of the energyinjec-
tion phase or the beginning of the jet-spreading phase (the jet break interpretation).
Assuming that the optical and X-ray emission is caused by the same mechanism,
the X-ray light curve is expected to show a break at the same time as the optical.

We note that Monfardini et al. (2006) ascribe the dynamical change of the blast
wave to a change in the circumburst density profile, the blast wave breaking out of a
homogeneous medium into a stellar wind like environment. This model agrees with
the observed spectral and temporal slopes but is not expected from the immediate
environment models of GRB progenitors which predicts a transition from a wind
like to a homogeneous medium, and not the converse (e.g., Wijers 2001;Ramirez-
Ruiz et al. 2005). In the following we explore the two possible explanations we
propose for the SEDs and light curves of the afterglow of this burst, a jet break and
an energy injection break.

4.4.1 Jet break versus energy injection

From the SED spectral indices the power-law index of the electron energy distribu-
tion, p, can be determined. For both possible explanations the interpretationof the
SEDs is the same, in that the single power-law SED from optical to X-rays is either
in between the peak frequency,νm and the cooling frequency,νc, or above both fre-
quencies. In the first casep = 3.00± 0.12, while in the latter casep = 2.00± 0.12,
using the spectral slopes from the optical to X-ray fit in count-space at 23hours
after the burst.

In the jet break interpretation of the achromatic break, the blast wave is moving
ultra-relativistically, but decelerating, before the break. When the Lorentz factor of
the blast wave drops below the inverse half opening angle of the jet, the observer
starts to see the whole jet and the jet begins to spread sideways, giving rise to the
so-called jet break. If both the X-ray and optical regimes are situated betweenνm
andνc, the temporal slope before the break, given the value ofp derived from the
SED, isα = 3(p − 1)/4 = 1.50 ± 0.09 or α = (3p − 1)/4 = 2.00 ± 0.09, for
a homogeneous or a stellar wind environment, respectively. The post-break slope
would then beα = p = 3.00± 0.12. All these slopes are too steep compared to the
observed temporal slopes. If, however, both observing regimes are above νm and
νc, the pre-break slope isα = (3p−2)/4 = 1.00±0.09, while the post-break slope is
α = p = 2.00±0.12. The pre-break slope in this case is consistent with the observed
slopes. The observed post-break slopes are slightly shallower than expected, but
they are consistent within 3σ, though further steepening to an asymptotic value of
α = p cannot be ruled out. To conclude, in the jet break interpretation we find that
p = 2.00± 0.12 andνm,c < νopt,X , but we cannot say anything about the structure
of the circumburst medium, i.e., homogeneous or wind, since that requires that the
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observing frequencies are belowνc.

If the achromatic break is interpreted as the cessation of an extended energy
injection phase, the post-break slopes are given by the expressions foran ultra-
relativistic blast wave. In this case, if both observing frequencies are situated in
betweenνm and νc, the temporal slopes after the break areα = 3(p − 1)/4 =
1.50±0.09 (homogeneous medium) orα = (3p−1)/4 = 2.00±0.09 (stellar wind).
If both observing frequencies are situated above the spectral break frequencies, the
temporal slope isα = (3p − 2)/4 = 1.00 ± 0.09, regardless of the circumburst
medium structure. Comparing these numbers with the observed post-break slopes,
the observations are best fit whenνm < νopt,X < νc and hencep = 3.00± 0.12, and
the ambient medium is homogeneous. Assuming that the energy injection canbe
described asE ∝ tq, the flattening of the light curves before the break is given by
∆α = (p + 3)/4 × q ≃ 1.5 × q, which givesq ∼ 0.3 from the observed average
flattening of∆α ∼ 0.4.

4.4.2 Energetics

In general, the jet break time is related to the half opening angle of the jet,from
which the isotropic equivalent energy can be converted into the collimation cor-
rected energy. If we interpret the achromatic break at∼ 16 hours as a jet break,
the half opening angle of the jet is found to beθ0 = 0.075× (E52/n0)−1/8 ∼ 4◦

or θ0 = 0.11× (E52/A∗)−1/4 ∼ 7◦, for a homogeneous medium or a stellar wind
environment, respectively (Panaitescu & Kumar 2002). If we adopt the energyin-
jection interpretation, the observations indicate that there has not been ajet break
up to 10 days after the burst, which results in a lower limit on the jet half opening
angle ofθ0 > 0.22× (E52/n0)−1/8 ∼ 13◦. In all these expressions for the opening
angle,E52 is the isotropic equivalent blast wave energy in units of 1052 ergs;n0

is the homogeneous circumburst medium density in cm−3; and A∗ = Ṁ/(4πv2
w),

with Ṁ the mass-loss rate in 10−5 M⊙ per year andvw the stellar wind velocity in
103 km s−1. These typical values for the energy and density (Panaitescu & Kumar
2002) are in agreement with the constraints on the values forνm andνc compared
to the observing frequencies. Also the fractional energies of radiating electrons
and magnetic field,εe andεB respectively, have typical values of∼ 0.1, although
in the energy injection interpretationεB ∼ 10−3.5, which has been found for other
bursts. With these opening angles we can convert the isotropic equivalent gamma-
ray energy of 6× 1052 ergs (Palmer et al. 2006) into collimation corrected energies
of 2 − 4 × 1050 erg for the jet break interpretation and> 1051 ergs for the energy
injection interpretation, consistent with the energy distribution of other bursts (Frail
et al. 2001).
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4.4.3 Implications

Many previously studied jet breaks do not display sharp changes in the temporal
decay index, but a shallow roll-over from asymptotic values which is described
by a smoothly broken power-law. The prototypical example of such a break is
GRB 990510 for which well sampledB, V, R and I band light curves display an
achromatic break (e.g., Stanek et al. 1999). This is accepted as a jet break even
though the X-ray light curve as measured byBeppoSAX(Kuulkers et al. 2000) is
satisfactorily described by a single power-law. A break at X-ray frequenciesat the
same time as the optical break is however, not ruled out and the temporal slopes
before and after that break are similar in the optical and X-rays. In the analysis of
GRB 060206 we are seeing the same phenomenon: the optical light curve displays a
break, while the X-ray is satisfactorily described by a single power-law fit, though a
broken power-law is not ruled out. However, an X-ray break is necessary to explain
the afterglow when interpreting it in the context of the standard blastwave model. A
similar issue has been addressed in SED fits by Starling et al. (2008), where adding
a cooling break to some SEDs gives only a marginal improvement according to the
statistical F-test, but is necessitated by considerations of the physical model. This
has significant implications for the analysis of the myriad of X-ray light curves
that theSwift satellite has afforded us. For those X-ray light curves extending up
to ∼ 1 day or longer, for which we do not have well sampled optical light curves,
caution is required when making claims about the absence of breaks in isolation,
without considering physical interpretations. This is particularly important when
performing statistical analyses on a large sample of temporal and spectral slopes,
for making collimation corrected energy estimates, and for using GRBs as standard
candles.

4.5 Conclusion

We identify a possible achromatic break in the X-ray and optical light curves of
GRB 060206 at∼ 16 hours, which is most successfully explained by a change in
the dynamics of the jet: either as a jet break or a break due to the cessation of energy
injection. Neither is favoured as both are consistent with the blast wave model and
the distribution of collimation corrected energies. The presence of a weak constant
source near the afterglow in both X-rays and optical precludes, in this case, an
examination of the light curves later than∼ 106 s. GRB 060206 was, up to now,
assumed to have a chromatic break (i.e., a break only in the optical) since the X-ray
data alone does not require a break. However, examining all X-ray and optical data
until late times, we find that the optical and X-ray light curves are consistent with
having the same break time and pre- and post-break temporal slopes. There is also
no evidence of chromaticity from a comparison of pre- and post-break SEDsthat
encompass optical and X-ray data.
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We should therefore be cautious in ruling out breaks as being achromatic from
comparing the nominal fitted slopes. This issue is important for determining true
GRB energies, but also has a strong bearing on recent attempts to use GRBs for
determining the geometry of the distant Universe. That said, there does seem to be
a tendency, if not yet strongly significant, for the X-ray light curvesto have less
pronounced breaks. Both 060206 and 990510, the achromatic break ‘posterchild’,
are examples of this. It would therefore be worthwhile to extend thesample of
Swiftbursts that have well sampled late-time optical light curves, which would be
helped by finding more afterglows in the anti-Sun direction. Also, more detailed
theoretical models of jet breaks (likely involving numerical simulationsof the jet
dynamics) should be preformed to clarify whether jet breaks could vary somewhat
between wavebands.

Acknowledgements We thank the referee for constructive comments. PAC,
RAMJW and KW gratefully acknowledge support of NWO under grant 639.043.302.
MRB, ER and RLCS gratefully acknowledge support from PPARC.DM acknowledges
the Instrument Center for Danish Astrophysics. ASJ acknowledges Wihuri foundation,
Finland. Partially supported by Spanish research programmes ESP2002-04124-C03-01
& AYA2004-01515. NOT operated by Denmark, Finland, Iceland, Norway, & Sweden,
in Observatorio del Roque de los Muchachos of the Instituto de Astrofisica de Canarias,
Spain.D The Dark Cosmology Centre is funded by the Danish National Research Foun-
dation. We acknowledge benefits from collaboration within the EU FP5 Research Train-
ing Network “Gamma-Ray Bursts: An Enigma and a Tool" (HPRN-CT-2002-00294).
This work made use of data supplied by the UK Swift Science Data Centre at the Uni-
versity of Leicester and the High Energy Astrophysics Science Archive Research Center
Online Service, provided by the NASA/GSFC.



5
Are the missing X-ray breaks in Gamma-ray Burst

afterglow light curves merely hidden?
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Monthly Notices of the Royal Astronomical Society, 386, 859 (2008)

Abstract

Gamma-ray burst afterglow observations in theSwift era have a perceived lack of
achromatic jet breaks compared to theBeppoSAXor pre-Swift era. 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, ithas serious consequences
for the interpretation of GRB jet collimation and energy requirements, and the use
of GRBs as cosmological tools. Here we address the issue of X-ray breaks that
are possibly ‘hidden’ and hence the light curves are misinterpreted as being single
power laws. We 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. Even with the well sampled light curves of theSwiftera, these breaks may
be left misidentified, hence caution is required when makingdefinite statements on
the absence of achromatic breaks.
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5.1 Introduction

The afterglow emission of Gamma-Ray Bursts (GRBs) is well described by the
blast wave, or fireball, model (Rees & Mészáros 1992; Mészáros et al. 1998). This
model details the temporal and spectral behaviour of the emission that is created
by external shocks when a collimated ultra-relativistic jet ploughs into the cir-
cumburst medium, driving a blast wave ahead of it. The level of collimation, or
jet opening angle, has important implications for the energetics of the underlying
physical process and the possible use of GRBs as standard candles. The signature
of the collimation, according to simple analytical models, is an achromatictempo-
ral steepening or ‘jet break’ at∼ 1 day in an otherwise decaying, power law light
curve; from the time of this break, the jet opening angle can be estimated Rhoads
(1997).

Since the launch of theSwift satellite (Gehrels et al. 2004), this standard pic-
ture of afterglows has been called into question by the lack of observed achromatic
temporal breaks, up to weeks in a few bursts (e.g., Panaitescu et al. 2006; Burrows
& Racusin 2006). In some afterglows, a break is unobserved in both the X-ray and
optical light curves, while in other bursts a break is observed in one regime but not
in the other (e.g., Liang et al. 2008). In theBeppoSAXera, most well sampled light
curves were in the optical regime, while in theSwift era most well sampled light
curves are in the X-ray regime. Our expectations 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 explained them, notably those of Rhoads (1997,
1999) and Sari et al. (1999). It is not clear that the breaks will be identicalin both
the X-ray and optical regimes. In the cases of GRB 990510 and GRB 060206,both
have clear breaks in the optical but only marginal breaks in the X-ray (Kuulkers
et al. 2000 and Curran et al. 2007b, chapter 4 of this thesis, respectively). Regard-
less of this, GRB 990510 is taken as a prototypical achromatic jet break, while the
achromatic nature of the GRB 060206 break is only evident when supported by the
broad-band spectral indices.

In this paper we address the issue of X-ray breaks which are possibly ‘hidden’
and hence the light curve misinterpreted as being a single power law. We do so
by synthesising X-ray light curves and fitting both single and brokenpower laws,
and comparing goodness of each fit via the F-test. In §5.2 we introduce our method
while in §5.3 we present the results of our Monte Carlo analysis. In §5.4 we discuss
the implications of these results in the overall context of GRB observations and we
summarise our findings in §5.5.
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Table 5.1— The values of temporal indices,α, for the given values ofp in the given
cases, from Zhang & Mészáros (2004).

p 1.8 2.4 3.0
νX > νc,m 0.96 1.30 1.75
νm < νX < νc (Wind) 1.23 1.55 2.00
νm < νX < νc (ISM) 0.71 1.05 1.50
post-break 1.95 2.40 3.00

5.2 Method

5.2.1 Models

In accordance with the fireball model, we ascribe the behaviour of the X-raylight
curve to be a single power law decay where the flux goes as:

Fν(t) ∝ t−α,

with a temporal decay index,α. Alternatively, if there is a break we use a smoothly
broken power law decay with a break attb:

Fν(t) = Fν(tb)
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whereS is the smoothing factor (a larger value corresponding to a sharper break)
and the light curve goes asFν ∝ t−α1 andFν ∝ t−α2 pre- and post-break respectively
(α1 < α2).

We have simulated both single and broken power law data for a limited,but
varied number of realistic parameter sets. The flux offsets are set at a reasonably
high rate of 0.1 cts/s at 1 day to give well sampled light curves. We take break
times at 0.35, 1 and 2 days, and input smoothing parameters,S = 1,2,5. The
temporal decay indices are chosen as a function of electron energy distribution
index, p, assuming i) X-ray frequency,νX > νc,m, ii) νm < νX < νc in a wind-like
environment and iii)νm < νX < νc in an ISM-like (constant density) environment,
whereνc andνm are the synchrotron cooling and peak frequencies (e.g. Zhang &
Mészáros 2004). We adopt three values ofp = 1.8,2.4,3.0 covering the observed
range ofp values (e.g. Panaitescu & Kumar 2001; Starling et al. 2008), which
imply the temporal indices,α as shown in Table 5.1.

5.2.2 Synthesis of data

In synthesisingSwiftX-Ray Telescope (XRT; Burrows et al. 2005a) light curves we
wanted them to be comparable to those produced by the online repository(Evans
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et al. 2007), so we tried to satisfy the criteria that were applied to theirproduc-
tion process. It is therefore instructive to describe briefly their method, and the
differences to ours. Firstly, Evans et al. present a reduction method dealing with
observed source and background counts whereas ours deals directly with the rate
predicted by an underlying model. Evans et al. demand that each bin (i.e., data
point) must have a minimum time span and number of counts from the source re-
gion. The minimum number of counts per bin is dependent on which mode the
XRT is observing in (i.e., Windowed Timing/Photon Counting (WT/PC); Hill et al.
2004, 2005) and the measured counts of the source region. As we will be dealing
with late time data (> 104 s) which is predominately measured in the PC mode, and
has low count rates (< 1 cts/s), we use a constant value for the counts per bin. We
do this by setting the bin interval so that the approximate numerical integration of
the rate, i.e., the counts, is constant. Also at these late times, it is unlikely that this
minimum count will be reached in less than the minimum time span so the time
span criterion may be ignored.

The main conditions of our synthesised light curves are as follows:

• Constant counts, and 1σ fractional error of 0.25, per data point

• 94 minute orbits (47 min on/off)

• Fractional exposure of 0.1 after 1 day

• Rate cut off at 5× 10−4 cts/s

• Time spans 104 to 2.6× 106 s (3 hours to 30 days)

Our constant counts per data point is not comparable to the constant used by
Evans et al., though we have chosen a value so that the number of data points over
our light curve is comparable to XRT light curves from the repository. The error
value of an individual data point is taken as a constant (since the counts per bin are
constant) fractional value of 0.25, to agree with the values obtained froma number
of well sampled XRT light curves in Evans et al..

As theSwiftsatellite is in a low Earth orbit with a period of 94 minutes it suffers
from 50 per cent time off target per orbit. We take this into account by not synthe-
sizing data for these off-target periods, assuming that we start our light curve at the
start of the on-target time. Even after this orbital time loss,Swiftdoes not dedicate
100 per cent of the time that the target is visible to the target itself. This is due
to other observing commitments and constraints. In fact the fractional exposure or
actual fraction of time on target after the orbital constraint, is 0.1 after∼ 1 day for
most bursts in Evans et al., leading to∼ 5 minutes of exposure time per orbit.

As we are only interested in the power-law decay or afterglow phase of GRBs,
we start our synthesis at 1× 104 s. This is a time after which many real XRT light
curves have data unaffected by early flaring or prompt emission (Chincarini et al.
2007). XRT can sometimes continue to observe for up to a month (∼ 2.6 × 106 s)
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Figure 5.1— A sample synthesised XRT (SXRT) data set including associated errors,
overlaid on the underlying smoothly broken power law with a break at 1 day, smoothing
factor,S = 5 andp = 2.4 (νX > νc,m).

so we synthesise data out to that same time, unless it drops below a threshold of
5× 10−4 cts/s before then.

From the data points that lie on the model curves, the simulated data, wesyn-
thesise the final data points by randomly perturbing the simulated data within the
Gaussian errors. We simulated both single and broken power law light curves from
all possible combinations of the parameters defined in section 5.2.1. Samples of
two synthesised XRT (SXRT) light curves are shown in Figures 5.1 & 5.2.

5.2.3 Monte Carlo analysis: Fitting of data and the F-test

The SXRT data, defined by given set of input parameters, are fit automatically
using thesimulated annealingmethod (§10.9 of Press et al. 1992 and references
therein) to minimise theχ2 of the residuals. The SXRT data are first fit to a single
power law, then a smoothly broken power law of fixed smoothing parameter, s,
and the two are compared via an F-test to evaluate their relative suitability. The
data points are then re-perturbed from their original, on-model, simulated values
and refit repeatedly (1000 trials) in a Monte Carlo analysis to get average values
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Figure 5.2— A sample synthesised XRT (SXRT) data set including associated errors,
overlaid on the underlying single power law withp = 2.4 (νX > νc,m).

and 1σ Gaussian deviations of the best fit parameters and F-test probabilities. This
process is then repeated for all possible single and broken power laws allowed by
the possible combinations of the parameters in section 5.2.1.

5.3 Results

5.3.1 The F-test

Before we discuss our results, let us first consider the interpretationof the F-test,
which returns an F-test statistic that we convert to an F-test probability, Fprob. In this
situation, the F-test is a measure of the probability that the decrease inχ2 associated
with the addition of the two extra parameters of a broken power law,α2 andtbreak,
is by chance or not. As is common practice in light curve analysis literature, the
following, though arbitrary, are approximately true:

• Fprob & 10−2⇒ favours single power law

• 10−5
. Fprob . 10−2⇒ neither favoured
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• Fprob . 10−5⇒ favours broken power law

We presume a broken power law only if the probability of a chance improve-
ment of theχ2 is very low (Fprob . 10−5), while a single power law is presumed
if the probability of a chance improvement is very high (Fprob & 10−2). For the
intermediate cases with moderate probability (10−5

. Fprob . 10−2) of a chance
improvement, a single power law is usually presumed as it is the simpler model.
An Fprob = 10−2 corresponds to a 3σ detection of a break while Fprob = 10−5 corre-
sponds to slightly less than 5σ certainty. We have modified the F-test somewhat to
return probabilities greater than 1 when theχ2 of the broken power law is greater
than the single power law. If the underlying power law is single, a broken power
law may give a worse fit as it is defined to break to a steeper slope only (α1 < α2),
not a shallower slope as may occur during the data synthesis.

When fitting the data, we use a number of different smoothing factors (s =
1,2,5,10) and find that the F-test probability does not have a strong dependency, if
any, on the smoothing factor of the model used to fit the data, only on the smoothing
factor used to generate the data,S. For this reason we present only our F-test results
for fits with a smoothing factors = 5. The values of log(Fprob) given in Tables
5.2, 5.3 & 5.4 show that a true, underlying broken power law could be mistaken
(−5 . log(Fprob) . −2, bold font) for a single power law in a number of cases.
Due to the 1σ distribution of the returned F-test probabilities for a given set of
parameters, it is clear that even in cases with Fprob . 10−5, a proportion could be
misidentified as single power laws (Figure 5.3).

For a given value ofp, those data sets where the underlying power law has a
quite smooth transition from the asymptotic values (S ∼ 1), are most likely to be
mistaken for single power laws. If the break is at the edge of the time range, it is
also more likely to be misidentified and this is especially true in the caseof a break
at later times, when there are few data points post-break. There are a numberof
conflicting dependencies on the value ofp itself. Firstly, the difference between the
two temporal decay indices,∆α (p > 2):

• ∆α = (2+ p)/4 (νX > νc,m)

• ∆α = (1+ p)/4 (νm < νX < νc, Wind)

• ∆α = (3+ p)/4 (νm < νX < νc, ISM)

so that a larger value ofp implies a more pronounced, easily detectable break.
However a larger value ofp also causes steeper decay indices and fewer SXRT data
points post break, making the break more difficult to confirm. If the break occurs
at an early enough time (e.g.,tbreak= 0.35 days) so that there is enough data post-
break, this effect is unlikely to be an issue. The values of∆α are also dependent on
the regime and environment, and we also observe a strong dependency on these. It
is clear from the results for a constant density medium withνm < νX < νc (Table
5.4) that there are far fewer misidentifications than in the results for awind-like
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Figure 5.3— The distribution of the log of F-test probabilities, log(Fprob) for the SXRT
data set described in the caption of Figure 5.1 (p = 2.4, νX > νc,m, tbreak = 1 day,
smoothing,S = 5). The vertical lines show the average value and 1σ distribution,
log(Fprob) = −8.3± 2.1 (as in Table 5.2) of the data while the curve is the Gaussian with
these values, for comparison.

medium withνm < νX < νc (Table 5.3). This may introduce a bias in the detected
breaks of GRBs as those in a constant density medium (νm < νX < νc) are most
obvious and hence easier to identify.

Looking at the results for the single power laws in Tables 5.2, 5.3 &5.4 it is
clear that if the underlying power law is not broken then log(Fprob) ∼ 0 or Fprob ∼ 1
and it is highly unlikely to be mistaken for a broken power law, even considering
the distribution of the results. Given that the cases where intermediate probabilities
(−5 . log(Fprob) . −2) are found all have underlying broken power laws, if a
broken power law does offer an improved fit then the underlying power law is likely
broken.

The above however, obviously depends on the intensity of the burstand dimmer
bursts will have less certain conclusions, while the brighter bursts are less likely to
have misidentifications. By normalising all our SXRT light curves at 1day, we
have made them as comparable as possible. We have simulated a number of rep-
resentative bursts with physical parameters, which show that in the circumstances
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Table 5.2— Log of F-test probabilities, log(Fprob) for SXRT data with given values of
p and νX > νc,m. The SXRT data are generated from a single power law, and from
smoothly broken power laws with given values ofS, and breaks at 0.35, 1 and 2 days.
The cases where the F-test favours neither fit model (−5 . log(Fprob) . −2), so a single
power law would normally be assumed, are in bold font.

tbreak

p = 1.8 p = 2.4 p = 3.0
no tbreak

-0.10± 0.42 -0.10± 0.31 -0.07± 0.34
0.35 days
S = 1 -5.3± 1.8 -4.4± 1.8 -10.0± 3.2
S = 2 -7.0± 2.1 -9.6± 2.6 -14.7± 4.3
S = 5 -11.1± 2.4 -16.5± 3.2 -27.1± 6.3
1 day
S = 1 -4.5± 1.6 -6.7± 1.9 -7.6± 2.3
S = 2 -8.4± 1.0 -11.7± 2.4 -13.2± 2.8
S = 5 -7.9± 2.0 -8.3± 2.1 -16.4± 2.8
2 days
S = 1 -4.9± 1.6 -3.9± 1.7 -3.8± 1.7
S = 2 -7.1± 1.8 -4.8± 1.7 -3.7± 1.6
S = 5 -7.3± 1.9 -4.3± 1.6 -2.7± 1.5

described above, a broken power law may be ‘hidden’, i.e., an F-test will not favour
the broken power law over the single power law, though the underlying power law
is indeed broken.

5.3.2 Return of parameters

Unlike in the case of the F-test probabilities, which have little orno dependency on
the smoothing factor,s, used to fit the data, the returned values of temporal slopes,
α1 & α2 and break time,tbreak do show some, though only marginally significant,
dependency on this. To demonstrate this effect we show the case which gives a me-
dian value of∆α (νX > νc,m, p = 2.4) and use a standard break time of 1 day (Table
5.5), though this discussion also holds for the other break times inour synthesis.

We see from the best fit parameters returned from a given SXRT data set, that
data fit with smoother breaks (s = 1) give latertbreak, shallowerα1 and steeperα2

than those fit with sharper breaks (s= 5). Fitting the data with a smoothing factor,
s = S seems to give the most accurate values of the returned parameters, though
in the case that the break is smooth (S = 1), the returned values of especiallyα2

andtbreak are not very accurate. As an example, we can see from the case ofS = 5
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Table 5.3— Same as Table 5.2 but for the case thatνm < νX < νc in a wind-like
environment.

tbreak

p = 1.8 p = 2.4 p = 3.0
no tbreak

-0.13± 0.36 -0.09± 0.38 -0.08± 0.37
0.35 days
S = 1 -2.4± 1.4 -2.0± 1.3 -5.8± 2.4
S = 2 -3.4± 1.6 -5.2± 2.0 -7.7± 3.1
S = 5 -6.5± 2.1 -10.4± 2.7 -17.4± 5.6
1 day
S = 1 -2.3± 1.3 -3.9± 1.8 -4.3± 2.0
S = 2 -5.4± 1.9 -3.6± 1.7 -9.2± 2.8
S = 5 -5.4± 1.8 -5.8± 2.0 -13.4± 3.1
2 days
S = 1 -1.8± 1.2 -2.5± 1.4 -2.4± 1.6
S = 2 -3.1± 1.5 -3.9± 1.7 -3.4± 1.6
S = 5 -3.8± 1.6 -4.2± 1.8 -2.6± 1.5

Table 5.4— Same as Table 5.2 but for the case thatνm < νX < νc in an ISM-like
(constant density) environment.

tbreak

p = 1.8 p = 2.4 p = 3.0
no tbreak

-0.05± 0.56 -0.08± 0.39 -0.09± 0.34
0.35 days
S = 1 -8.8± 2.1 -7.8± 2.2 -19.6± 3.7
S = 2 -10.5± 2.2 -14.5± 2.8 -22.4± 5.1
S = 5 -15.1± 2.6 -21.4± 3.2 -35.8± 6.7
1 day
S = 1 -6.7± 1.8 -9.3± 2.1 -11.9± 2.5
S = 2 -10.2± 1.9 -13.9± 2.3 -17.2± 2.7
S = 5 -9.2± 1.9 -9.8± 2.1 -7.8± 2.1
2 days
S = 1 -8.4± 1.7 -8.9± 2.0 -4.5± 1.9
S = 2 -10.1± 1.9 -10.1± 2.0 -3.7± 1.7
S = 5 -10.4± 1.8 -9.3± 1.9 -11.9± 2.3
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Table 5.5— The best fit parameters for a set of SXRT data for various values of fit
smoothing parameter,s. The SXRT data is generated from a broken power law with
p = 2.4 (νX > νc,m), a break at 1 day, and given values of smoothing parameter,S.

α1 α2 tbreak× 104 s
input 1.30 2.4 8.64
S = 1
s= 1 1.30± 0.18 2.53± 0.37 12.5± 8.3
s= 2 1.38± 0.15 2.32± 0.26 9.5± 6.1
s= 5 1.45± 0.11 2.20± 0.28 8.1± 5.4
S = 2
s= 1 1.19± 0.16 2.66± 0.28 11.6± 5.9
s= 2 1.28± 0.11 2.44± 0.20 9.3± 3.7
s= 5 1.35± 0.08 2.32± 0.20 8.3± 3.2
S = 5
s= 1 1.20± 0.12 3.27± 0.63 14.6± 4.7
s= 2 1.25± 0.09 2.78± 0.40 11.0± 3.1
s= 5 1.29± 0.07 2.50± 0.35 9.0± 2.5

and s = 1 that fitting with a smoothing parameter less than the real smoothness
(s < S) will underestimateα1 while overestimatingα2 and tbreak. The reverse is
also true, in that if the data are fit with a smoothing parameter greater than the real
smoothness (s > S, e.g.,S = 1 ands = 5), α1 is overestimated whileα2 andtbreak

are underestimated somewhat.
Whether or nots = S, there is quite a spread in the returned parameters for

a given set of input parameters. This is similar to the result of Jóhannesson et al.
(2006), which suggests caution in the interpretation of results of broken power law
fits to light curves. It could be an influence on the observed deviation ofpost-break
slopes fromα2 = p.

5.4 Discussion

We have shown that even an ideal, non-flaring, well sampled X-ray light curve
synthesised from an underlying broken power law can, in some cases, be as satis-
factorily fit by a single power-law decay as a broken power-law. This would lead
us, in the absence of further evidence, to assume a single power law and rule out
the possibility of a break. This effect is most pronounced in bursts with late break
times or high levels of smoothing (S ∼ 1), as many previously studied jet breaks
display (e.g., Zeh et al. 2006). In the cases of high levels of smoothing, the breaks
do not display sharp changes in the temporal decay index but a shallow roll-over
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from asymptotic values, well described by a smoothly broken power-law, which
makes accurate determination of the temporal slopes and break time difficult.

The prototypical example of such a break is GRB 990510 for which well sam-
pledB, V, RandI band light curves display an achromatic break (e.g., Stanek et al.
1999). This is accepted as a jet break even though the X-ray light curve as mea-
sured byBeppoSAX(Kuulkers et al. 2000) is satisfactorily described by a single
power-law, though the possibility of a break is not eliminated. Likewise, in the
case of GRB 060206 (Curran et al. 2007b, chapter 4 of this thesis), the X-ray break
is not well pronounced but supported by spectral and optical data.

This has significant implications for the analysis of the numerous X-ray light
curves that theSwiftsatellite has afforded us. For those X-ray light curves extend-
ing up to∼ 1 day or longer, for which we do not have well sampled optical light
curves, caution is required when making claims about the absence of breaks based
solely on a comparison of the nominal fitted slopes. Multi-wavelength(optical &
X-ray) temporal and spectral data up to late times are required to make a confident
statement on the absence or presence of an achromatic break, and to determine the
break parameters. This is particularly important when performing statistical analy-
ses on a large sample of bursts, for making collimation corrected energy estimates,
and for using GRBs as standard candles.

Judging from the cases of GRB 990510 and GRB 060206, there may be a ten-
dency, if not yet strongly significant, for X-ray light curves to haveless pronounced
or smoother breaks than optical light curves and more detailed theoretical models
of jet breaks are necessary to clarify whether jet breaks could vary somewhat be-
tween wavebands. A full population synthesis, which is beyond the scope of this
paper, is necessary to estimate the percentage of observed bursts that may have
hidden X-ray breaks.

5.5 Conclusion

As underlying smoothly broken power laws may behiddenas single power laws,
in XRT light curves, we should exercise caution in ruling out breaks based solely
on a comparison of the nominal fitted slopes. We hence need to be cautious in
implying chromatic breaks from optical and X-ray light curves where an X-ray
break is not ruled out with a high degree of certainty. Multi-wavelength temporal
and spectral data are required to make a confident statement on the absence or
presence of an achromatic break. There may be a bias towards detecting breaks
from bursts with a constant density circumburst medium, as these are most obvious
and easily detectable.

We have shown that the fitted temporal slopes of smoothly broken powerlaws
show significant variation about central values and that, especially in the case of
a smooth break, the underlying values are difficult to extract via a fit. More ac-
curate and wavelength specific descriptions of breaks, likely involving numerical
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simulations of the jet dynamics, are necessary to better understand the observable
signature of breaks and to clarify whether the breaks could vary somewhat between
wavebands.
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Abstract

The complex structure of the light curves ofSwiftGRBs has made the identification
of breaks, and the interpretation of the blast wave of the burst, more difficult than
in the pre-Swift era. We aim to identify breaks which are possibly hidden and to
constrain the blast wave parameters; electron energy distribution, p, density profile
of the circumburst medium,k, and the continued energy injection index,q. We
do so by comparing the observed multi-wavelength light curves and X-ray spectra
of our sample to the predictions of the blast wave model. We can successfully
interpret all of the bursts in our sample, except two, withinthis frame work and
we can estimate, with confidence, the electron energy distribution index for 7 of
the sample. Furthermore we identify the need for hidden breaks in a number of
the bursts and we identify a jet break in GRB 060729. A statistical analysis of the
distribution ofp reveals that, even in the most conservative case of least scatter, the
values are not consistent with a single, universal value.
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6.1 Introduction

The afterglow emission of Gamma-Ray Bursts (GRBs) is generally well described
by the blast wave model (Rees & Mészáros 1992; Mészáros et al. 1998). This
model details the temporal and spectral behaviour of the emission that is created by
external shocks when a collimated ultra-relativistic jet ploughs into the circumburst
medium, driving a blast wave ahead of it. The level of collimation, or jet opening
angle, has important implications for the energetics of the underlying physical pro-
cess, progenitor models, and the possible use of GRBs as standard candles. The
signature of the collimation, according to simple analytical models, isan achro-
matic temporal steepening or ‘jet break’ at approximately a day in an otherwise
decaying, power-law light curve; from the time of this break, the jet opening angle
can be estimated (Rhoads 1997).

Since the launch of theSwiftsatellite (Gehrels et al. 2004) it has become clear
that this model for GRBs cannot, in its current form, explain the fullcomplexity of
observed light curve features and the lack of observed achromatic temporal breaks.
The unexpected features detected, such as steep decays, plateau phases (e.g., Tagli-
aferri et al. 2005b; Nousek et al. 2006; O’Brien et al. 2006) and a large number of
X-ray flares (e.g., Burrows et al. 2007; Chincarini et al. 2007; Falcone et al.2007)
have revealed the complexity of these sources up to about 1 day since the initial
event, which is yet to be fully understood. These superimposed featuresalso make
it difficult to measure the underlying power-law features on which the blast wave
model is based, and may lead to misinterpretations of the afterglows.

Achromatic temporal breaks are not observed in the majority of bursts, up to
weeks in a few bursts (e.g., Panaitescu et al. 2006; Burrows & Racusin 2006). In
some afterglows, a break is unobserved in both the X-ray and optical light curves,
while in other bursts a break is observed in one regime but not the other (e.g., Liang
et al. 2008). Previous comprehensive studies ofSwift light curves in multiple wave-
lengths (Liang et al. 2007, 2008) have attempted to identify achromatic temporal
breaks due either to jet breaks, or the cessation of continued energy injection(i.e.
end of the plateau phase), mainly as they concern the energy requirement of bursts.

Identification of jet breaks is also important as a test of the blast wave physics
as it represents the time at which sideways spreading of the jet becomes important
and the edges of the jet become visible. The post jet break phase also gives a direct
measurement of the electron energy distribution,p, as the temporal decay, at all
wavelengths, during this phase should have a value equal to that ofp. However,
due to differences between broken power-law fits and the underlying parameters
(Jóhannesson et al. 2006), this method may systematically underestimate the true
value ofp. The value ofp may also be measured from the spectral information of
the optical or X-ray bands; the accuracy of this method is then dependent on the
quality of the spectra used. A study ofBeppoSAXbursts used broadband optical
to X-ray Spectral Energy Distributions (SEDs) to accurately constrain the value of
p via the spectral and temporal parameters of both bands, and a comparison to the
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blast wave model (Starling et al. 2008). The same authors also use thismethod to
estimate the density profile of the circumburst medium,k, as the temporal slope
may depend on this value as defined byρ ∝ r−k; a constant density medium,k = 0
causing a more shallow decay than a wind like medium,k = 2. Similar interpre-
tations of the temporal and spectral information may also be used to estimate the
affect, if any, that continued energy injection has on the light curves. Continued
energy injection is used to explain the shallow decay phase observed in manySwift
GRBs and is usually assumed to take the form ofE ∝ tq (Nousek et al. 2006). The
additional energy can be due to slower shells of matter catching up with the blast
wave, or a continued activity of the central engine. In either case, the addition of
the extra energy to the blast wave causes the flux to drop off less rapidly than it
would otherwise, and is observed as a shallower than expected decay.

In this paper we interpret a sample of afterglows ofSwift GRBs, to constrain
the blast wave parameters: electron energy distribution,p, density profile of the
circumburst medium,k, and the continued energy injection index,q. In §6.2 we
introduce our sample and the method of reduction, while in §6.3 we present the
results of our temporal and spectral analysis. In §6.4 we interpret the results in
the context of the blast wave model and discuss their implications in the overall
context of GRB observations. We summarise our findings in §6.5. Throughout,
we use the convention that a power-law flux is given asF ∝ t−αν−β whereα is the
temporal decay index andβ is the spectral index. All uncertainties are quoted at the
1σ confidence level.

6.2 Observations and analyses

6.2.1 Sample selection

The bursts in our sample were chosen from an inspection of previous papers on
samples of temporal breaks (Liang et al. 2007, 2008). Bursts were also chosen
from a comparison of the pre-reducedSwiftX-ray Telescope (XRT, Burrows et al.
2005a) light curves in the on-line repository (Evans et al. 2007) up to the end of
February 2008, and from the literature of optical data.

We did not confine our sample to bursts with clear breaks in either the X-ray or
optical bands as we wanted to include the possibility of hidden breaks, particularly
in the X-ray (Curran et al. 2008; Chapter 5 of this thesis) , or late, unobserved
breaks. Neither did we necessarily include those bursts with clear breaks inboth
the X-ray and optical, as we will require accurate spectral indices to constrainthe
value of electron energy distribution index,p.

Our sample (Table 6.1) consists of bursts with X-ray and optical light curves
with good enough time coverage to allow for the underlying single power-law, or
broken power-law, to be determined. The bursts are also well sampled enough in
the X-ray and optical to constrain the spectral indices,βX andβopt. Bursts with pub-
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Table 6.1— Galactic absorption,NH (Kalberla et al. 2005), Galactic extinction,E(B−V)

(Schlegel et al. 1998), and spectroscopic redshift,z, for the GRBs in our sample.

GRB NH E(B−V) z
×1020 cm−2

050730 2.99 0.051 3.967a

050801 6.33 0.096 1.56†b

050802 1.86 0.021 1.71c

050820A 4.41 0.044 2.6147d

051109A 16.1 0.190 2.346e

060124 8.98 0.135 2.297f

060206 0.889 0.012 4.048g

060729 4.49 0.054 0.54h

061121 3.99 0.046 1.314i

061126 10.2 0.182 1.1588j

† photometric redshift

aChen et al. (2005),bde Pasquale et al. (2007),cFynbo et al. (2005),
dLedoux et al. (2005),eCenko et al. (2006a),f Quimby et al. (2005),
gFynbo et al. (2006a),hThöne et al. (2006),iBloom et al. (2006),jPerley
et al. (2008).

lished optical data were preferred over bursts with only GCN (Gamma-ray bursts
Coordinates Network Circular) data which, by their very nature, are preliminary
and hence difficult to compare with other data sets. However, in the cases of bursts
with significant amounts of data from a single source, which we assume to be self-
consistent, these data were included even if published only in GCNs.

6.2.2 X-ray

The XRT event data for our sample bursts were initially processed withthe FTOOL,
xrtpipeline (v0.11.4). Bad columns and pile-up were tested for and corrected
for where necessary. Source and background spectra from the Photon Counting
and Windowed Timing mode data (PC and WT; Hill et al. 2004) were extracted
using suitable extraction regions. The PC mode source extraction regions were
circular (30 pixel radius), circular with a central exclusion radius for sequences
suffering pile-up, or circular with exclusion radii to exclude nearby sourceswhich
would have contaminated the spectra. WT mode source extraction regionswere
rectangular, and WT mode data did not suffer from pile-up during the time ranges
for which we extracted spectra. Spectra were binned to have≥20 photons per bin
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Figure 6.1— The power-law fits to the XRT (upper data) and optical (lowerdata) light
curves of each of the bursts in our sample. Data in grey were not used in the power-law
fits. Optical hosts, where available, were included in the models.
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Figure 6.1— Continued.
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Figure 6.1— Continued.
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Figure 6.1— Continued.
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Table 6.2— Optical references for the GRBs in our sample.

GRB Filters Reference
050730 B,V,R, r ′, I , i′, J,K 1
050801 UVM2,UVW1,U,V,RC 2
050802 UVW2,UVM2,UVW1,U, B,V 3
050820A U, B,V,g,R, IC, z′ 4
051109A rR,CR 5
060124 B,V,RC, IC 6
060206 V,R, I , J,H,KS 7
060729 UVW2,UVM2,UVW1,U, B,V 8
061121 UVW2,UVM2,UVW1,U, B,V,R 9
061126 B,RC, r ′, i′ 10

1 Pandey et al. (2006), 2 Rykoff et al. (2006); de Pasquale et al. (2007), 3
Oates et al. (2007), 4 Cenko et al. (2006b), 5 Yost et al. (2007), 6 Cur-
ran et al. (2006); Misra et al. (2007), 7 Curran et al. (2007b); Alatalo
et al. (2006); Stanek et al. (2007); Woźniak et al. (2006), 8 Grupeet al.
(2007), 9 Page et al. (2007); Halpern & Armstrong (2006a,b); Halpern
et al. (2006a,b); Melandri et al. (2006); Yost et al. (2006), 10 Gomboc
et al. (2008).

and thev010 response matrices were used.
Our light curve analyses are carried out on the pre-reduced, XRT light curves

from the on-line repository (Evans et al. 2007). These light curves were fit with
single or broken power-laws (Beuermann et al. 1999) where the early, flaring data
were eliminated from the fit. For bursts where there was a possible light curve break
(Figures 6.1), spectra were extracted pre-break (early) and post-break (late). If there
was no possible break, early and late spectra were extracted for times before and
after the approximate log mid-time of the afterglow, to test for any possible spectral
change. The early and late spectra (0.3-10.0 keV) were fit both individually and
simultaneously (early+late) with absorbed power-laws inXspec 11.3.2 (Table
6.4). χ2 statistics were used and the Galactic values of Column Density,NH, were
fixed to the values of Kalberla et al. (2005) (Table 6.1).

6.2.3 Optical

Optical photometric points in various bands were taken from the literature (Ta-
ble 6.2) and combined via a simultaneous temporal fit as detailed in Curran etal.
(2007a; Chapter 2 of this thesis). This fitting allowed us to find the common tempo-
ral slope of the optical data and the colour differences between bands. Using these
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colours, the optical data were then shifted to a common magnitude and converted
into an arbitrary, scaled flux to produce joint optical light curves (Figures 6.1).
These light curves were fit with single or broken power-laws (Beuermannet al.
1999), including host galaxy contributions where known. Early times at which the
underlying behaviour was ambiguous, or flaring, were excluded from the fit. Where
we deemed the errors to be unrealistically small and where they gave unacceptable
values ofχ2 >> 1, they were increased so as to giveχ2 ∼ 1, specifically in GRBs
050730 (×5), 050801 (×2), and 050820A (×2).

6.2.4 Broadband SEDs

The fit of optical colour differences and X-ray spectra described above were used
to produce broadband spectral energy distributions (SEDs) at early and late times
for each burst in our sample. Optical observations were interpolated to thelog
mid-time of the X-ray spectra (i.e., only bands with observations closest to that
time were included in the SED). The optical SED points are corrected for Galactic
extinction,E(B−V) (Schlegel et al. 1998), if not already done so, and for line blan-
keting associated with the Lyman forest (Madau 1995). We used the simultaneous
fitting method detailed in Starling et al. (2007), where the optical to X-ray SED is
fit in count-space, having the advantage that no model for the X-ray data needbe
assumed a priori. We fit the SEDs using models consisting of an absorbed single
or broken power-law (SPL or BPL) with slopes either free or tied toβ1 = β2 − 0.5,
as expected for a cooling break in the blast wave model (Rees & Mészáros 1992;
Mészáros et al. 1998). We use this in conjunction with the previouslypublished
SED analyses to estimate whether or not there was a break between the two regimes
(Table 6.6). When theχ2 of the single power-law fit to the broadband SED is ap-
proximately 1, or the optical spectral index is consistent with the X-ray spectral
index, we are unable to say if the broken power-law is a significantly better fit, so
consider both cases in our discussion.

6.3 Results

Our results of the temporal (Figures 6.1) and X-ray spectral fits are summarised in
Tables 6.3 and 6.4, and the details for individual bursts are discussed below. We
defer the interpretation of these results to section 6.4.

6.3.1 Individual bursts

GRB 050730

There is a clear break in both the optical and X-ray light curves at approximately
the same time (∼ 1×104 s). Fits of the X-ray light curve before this break are com-
plicated by the lack of data and the possibility that the early flaring may continue to



104
B

reaks
and

the
blastw

ave
m

odelin
S

w
iftG

R
B

s

Table 6.3— Temporal fits of the light curves in our sample; pre-break temporal index, break time in seconds and post-break index for
the X-ray and the optical light curves.

GRB αX,1 tX,break αX,2 αopt,1 topt,break αopt,2

s s
050730 0.91± 0.07 (1.06± 0.03)× 104 2.56± 0.04 0.55.± 0.03 1.4+1.2

−0.3 ×104 1.70+0.4
−0.12

050801 -0.6± 0.4 290+50
−30 1.39± 0.04 0.13± 0.03 230± 10 1.16± 0.01

050802 0.70± 0.04 (7.8± 0.1)× 103 1.58± 0.04 0.81± 0.04 – –
050820A 1.29± 0.02 (2.0± 0.4)× 106 2.5± 0.5 0.91± 0.01 (5.5± 1.0)× 105 1.60± 0.12
051109A 1.07± 0.03 (8± 4)× 104 1.36± 0.05 0.66± 0.01 (5.7± 0.7)× 104 1.54± 0.13
060124 1.01± 0.08 (5.8± 1.0)× 104 1.45± 0.03 0.83± 0.01 1.0+0.1

−0.07× 105 1.35± 0.02
060206 1.04± 0.10 2.2+2.0

−0.8 × 104 1.40± 0.07 1.022± 0.006 (6.23± 0.05)× 104 1.99± 0.05
060729a 0.23± 0.02 (7.4± 0.3)× 104 1.28± 0.02 -0.26± 0.02 (4.2± 0.1)× 104 1.28± 0.02
061121b 0.97± 0.02 (2.9± 0.4)× 104 1.55± 0.03 0.96± 0.02 2.9×104 (fixed) 1.55 (fixed)
061126 1.29± 0.01 – – 0.91± 0.01 (1.33± 0.08)× 105 1.9± 0.1

a Fitting a doubly broken power-law to the X-ray, as plotted, also reveals a latebreak at (1.4 ± 0.4) × 106 s to
αX,3 = 1.70± 0.09.

b Fitting a doubly broken power-law to the X-ray, as plotted, also reveals an early break at 2000± 400 s fromαX,0 =

0.32± 0.04.



6.3
R

esults
105

Table 6.4— X-ray spectral fits for the GRBs in our sample; spectral indices,βX , and host extinctions,NH, for early and late time X-ray
spectra (see section 6.2.2). The difference betweenβX,early andβX,late, ∆βX , is given as the number ofσ, whereσ is the quadrature sum
of the errors.

GRB βX,early NH,early βX,late NH,late ∆βX βX,early+late NH,early+late

×1022 cm−2 ×1022 cm−2 σ ×1022 cm−2

050730 0.56± 0.03 1.1± 0.2 0.73± 0.03 0.90± 0.3 4.0 0.63± 0.02 1.08± 0.17
050801 0.9± 0.2 ≤ 1.0 0.79± 0.10 ≤ 4.25 0.5 0.82± 0.10 ≤ 0.24
050802 0.75± 0.04 0.28± 0.06 0.89± 0.04 0.30± 0.07 2.5 0.81± 0.03 0.29± 0.05
050820A 1.03± 0.04 0.80± 0.12 0.90± 0.05 0.29± 0.17 2.0 1.00± 0.03 0.68± 0.10
051109A 1.04± 0.04 1.1± 0.2 1.05± 0.09 1.0± 0.45 0.1 1.04± 0.04 1.1± 0.2
060124 1.02± 0.04 0.91± 0.12 1.00± 0.04 0.90± 0.13 0.4 1.01± 0.03 0.91± 0.10
060206 1.26± 0.08 1.2± 0.4 0.92± 0.13 1.3± 0.7 2.2 1.17± 0.08 1.2± 0.4
060729 1.11± 0.03 0.16± 0.01 1.12± 0.02 0.25± 0.01 0.3 1.11± 0.02 0.20± 0.1
061121 1.01± 0.05 0.79± 0.09 0.83± 0.04 0.68± 0.10 2.8 0.94± 0.04 0.74± 0.08
061126 0.84± 0.06 0.68± 0.13 0.95± 0.03 0.69± 0.08 1.6 0.91± 0.04 0.69± 0.08
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the break, hence the pre-break X-ray decay ofαX,1 = 0.91± 0.07 should be treated
with caution and as an upper limit. Similar deviations from power-law decay are
observed in the optical but a greater time range of data before the break implies that
the underlying slope here is less likely to deviate from the measured value. After
the break the lack of optical data is reflected in the fit errors of the slope, which
may be steeper than measured if there is a significant flux contribution froma host
(for which there is no estimate).

There is an apparent X-ray spectral change across the break but the sparsity of
optical data after the break makes a statement regarding the possibility ofa spectral
break here impossible. Pandey et al. (2006) find no evidence for a spectral break
between the X-ray and optical, with an optical spectral index equal to that of the X-
ray, at least before the break. From our broadband fits we cannot make a conclusive
statement on the existence of a spectral break but a single power-law offers an
reasonable fit.

GRB 050801

A simultaneous break is observed in both bands and the optical light curveis well
constrained both before and after the break. There is no detectable late break inthe
optical, as the last data point is consistent with the extrapolation from early times.
The X-ray light curve is less well constrained due to few data points. Fitting the
decaying X-ray data, after its peak at 290 s, with a single power-law, as opposed
to a broken power-law including the apparent rising segment, gives a significantly
shallower decay ofαX,2 = 1.16± 0.03, in agreement with the optical. There is
no measurable change in the X-ray spectral index over the break. Both Rykoff

et al. (2006) and de Pasquale et al. (2007) find an X-ray to optical spectral index
consistent with that of the X-ray, implying that there is no spectral break between
the two regimes.

GRB 050802

In agreement with the results found by Oates et al. (2007), the X-ray light curve is
well described by a broken power-law ofαX,1 = 0.70±0.04 andαX,2 = 1.58±0.04,
while the optical is described by a single power-law ofαopt,1 = 0.81± 0.04. If a
broken power-law is fit to the optical, the fit returnsαopt,1 = αopt,2, however the
slopes and break time of the X-ray light curve may be forced, to increase theχ2

from 0.89 to 1.47. This may be an acceptable fit since we cannot apply a correction
for a host galaxy as it was not observed.

Oates et al. (2007) find an X-ray to optical spectral index consistent with the
X-ray spectral index so there is no need to imply a spectral break between the two
regimes. However it is not possible to rule out a break either, as we find in our
broadband SED fit. We find no measurable change in the X-ray spectral index over
the temporal break.
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GRB 050820A

After an initial optical rise and X-ray flaring, both light curves are well fit by broken
power-laws with consistent break times. Fixing the X-ray break time toequal the
optical break time causes a shallowing of the post-break slope fromαX,2 = 2.5±0.5
to αX,2 = 1.57± 0.07, while leaving the pre-break slope unchanged within errors.
This post-break slope is in better agreement with the optical slope at thattime.
According to Cenko et al. (2006b) a host contribution may affect the last (HST)
points so the fit decay and break time may be treated as lower limits. We find
no need to fit a decaying segment from 500 - 5000 s, as they have done, as an
extrapolation of the later data back to this time does not support a break. Cenko
et al. (2006b) also find an optical spectral index∼ 0.67±0.08, lower than the X-ray
spectral index ofβX = 1.00± 0.03. The optical spectral index may be affected
by extinction in the host galaxy so it is unclear whether the difference implies a
spectral break between the two regimes, and our broadband SED fit does not favour
one over the other.

GRB 051109A

There is a clear break in the optical light curve and even though it is not obvious,
an F-test probability of 5× 10−5, supports a break at a consistent time in the X-
rays, with a confidence of almost 5σ. Fixing the X-ray break time to the optical
break time only affects the decay indices within uncertainties. From our broadband
SED, we find both single and broken power-laws offer acceptable fits. This is in
agreement with Yost et al. (2007) who find an X-ray to optical spectral index of
∼ 0.7± 0.2,∼ 1.5σ lower than the X-ray spectral index ofβX = 1.04± 0.04 but it
is unclear whether this implies a spectral break between the two regimes.

GRB 060124

After the initial X-ray flaring, when the optical is not sampled well enough to be
able to judge its behaviour, both afterglows are well described as brokenpower-
laws with consistent break times and post-break slopes ofαopt,1 = 1.35 ± 0.02
andαX,1 = 1.45± 0.03. We find no X-ray spectral change over this break. Our
broadband SED conclusively requires a spectral break between the two regimes.

GRB 060206

After initial rising in the optical and flaring behaviour in the X-ray light curves, both
decay as power-laws. The optical afterglow is clearly a broken power-law, while
the X-ray is well fit by a single power-law ofα = 1.28± 0.02. However, the X-ray
can also be fit by a broken power-law if the data past 1× 106 s are eliminated. This
is valid as there is significant contamination from a nearby source as discussed by



108 Breaks and the blast wave model inSwiftGRBs

Curran et al. (2007b; Chapter 4 of this thesis) and shown in the reduction of Butler
& Kocevski (2007). The post-break X-ray temporal index should hence be treated
as a lower limit. Curran et al. (2007b) find that the optical to X-ray SED is best
described by a broken power-law both before and after the break and here we find
no change in X-ray spectral index greater than 3σ.

GRB 060729

Both light curves follow parallel slopes after an almost simultaneous breakat
∼ 6× 104 s which shows no X-ray spectral change. Before this break, from 5000 s,
the X-ray light curve is decaying withαX,1 = 0.23± 0.02, though this is some-
what dependent on the time one chooses to start the fit. The optical flux over this
time is increasing withαopt,1 = −0.26 ± 0.02, though if the earlier optical data
is included, this is reduced toαopt,1 = −0.05+0.04

−0.06, leaving the post-break slope
unchanged, within uncertainties, and causing the break time to increase but not sig-
nificantly. Fitting a doubly broken power-law to the X-ray light curve, we also find
a second break in the X-ray light curve at (1.4±0.4)×106 s toαX,3 = 1.70±0.09. An
F-test comparison of theχ2 of the doubly broken power-law and the broken power-
law give a highly significant probability of 2.5× 10−7, which is much greater than
5σ. The optical light curve does not sample this time so is unable to confirm or
refute the break, which was not identified in the light curve analysis of Grupe et al.
(2007).

Grupe et al. (2007) find a constant optical to X-ray spectral index of∼ 0.8 ±
0.05, compared to our X-ray spectral index ofβX = 1.11± 0.02. Our SED analysis
finds a broken power-law is favoured and hence there is likely a spectral break
between the two regimes.

GRB 061121

The X-ray light curve displays a clear steepening from early to late times which
is modelled by a doubly broken power-law. This a significantly better fit than a
broken power-law with a break at∼ 9 × 103 s (F-test probability∼ 10−20). After
a rise to 212 s, the optical light curve appears to decay with a single power-law
of αopt,1 = −0.92± 0.021. However, when the effects of the host galaxy, which
Page et al. (2007) estimate to be∼ 2.5µJy in theR band, are taken into account, a
break is detectable. There is not enough data after the break to constrain the optical
break time or temporal decay so they are set at the X-ray values, which gives an
acceptable fit.

We find a 2.8σ change in the X-ray spectral index over the break at∼ 3×104 s,
one of the largest changes in our sample, but the pre-break spectra includes two
decay phases and may be affected by the early prompt emission. Page et al. (2007)
find a significant improvement in the description of the optical to X-raySED, when
a broken power-law is used in favour of a single power law.
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GRB 061126

Before the effect of the host is taken into account, the optical light curve is well
described by a single power law ofαopt = 0.930±0.005. When the host is modelled,
a break fromαopt,1 = 0.91±0.01 toαopt,2 = 1.9±0.1 becomes clear. The X-ray light
curve does not seem to be consistent with a break since when a broken power-law,
with a break time equal to that of the optical, is fit we findαX,1 = αX,2. However,
forcing the post-break slope to equal that of the optical only increases theχ2

ν from
1.35 to 1.60 and while there is no obvious source of contamination tothe X-ray light
curve, we cannot rule out a break. We find in our broadband SED fit, as do Gomboc
et al. (2008), that the optical to X-ray SED is best fit by a broken power-law.

6.4 Discussion

We use the blast wave model (Rees & Mészáros 1992; Mészáros et al. 1998) to
describe the temporal and spectral properties of the GRB afterglow emission. The
relations between the temporal and spectral indices and the blast wave parameters
that we use are summarised in Table 6.5 (see also Starling et al. 2008 and Nousek
et al. 2006). Our general method was to estimate the value of the electron energy
distribution index,p, from the X-ray spectral index (section 6.4.1) and use this to
calculate the predicted values of temporal decay (which are sub-scripted withp,
section 6.4.2). We derivep from the spectral index as opposed to the temporal
index since for a given spectral index there are only two possible values ofp, while
for a given temporal index there are multiple possible values. Spectralslopes are
dependent only onp and the position of the cooling break. Temporal indices,α, are
dependent onp, the position of the cooling break, the circumburst density profile,k,
and on possible continued energy injection (Table 6.5). We assume that continued
energy injection takes the form ofE ∝ tq whereq is dependent on the shallowing
effect of the injection,∆α = αp − αobserved, and on the value ofp (Nousek et al.
2006). Temporal indices are also prone to being incorrectly estimated frombroken
power-law fits (Jóhannesson et al. 2006), underestimating post-break indices.

6.4.1 Derivation of p

The values of the electron energy distribution index,p, are derived from the X-
ray spectral index of the afterglow,βX (Table 6.4), following the relations in Table
6.5. As most of the sample show no evolution of X-ray spectral index, we used
the average spectral index,βearly+late in all cases except two. For GRB 050730 and
GRB 061121 there was apparent spectral evolution so we used only the latetime
spectral index,βlate, since this was less likely to be contaminated by flux from the
prompt emission. In these two cases, the late spectra better overlap with the time
range where we apply the blast wave model to the light curves so it is more proper
to use them alone.
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Table 6.5— A summary of the relationships for temporal and spectral indices,α andβ,
for a given value of electron energy distribution index,p, in the different regimes (from
Starling et al. 2008, assumingp > 2). The shallowing effect,∆α, of continued energy
injection from Nousek et al. (2006).

α ∆α β

ν > νc,m (k) (3p− 2)/4 q(2+ p)/4 p/2
ν > νc,m (jet) p – p/2
νm < ν < νc (k) 12(p−1)−k(3p−5)

4(4−k) q(3− k+ p)/4 (p− 1)/2
νm < ν < νc (k = 0) 3(p− 1)/4 q(3+ p)/4 (p− 1)/2
νm < ν < νc (k = 2) (3p− 1)/4 q(1+ p)/4 (p− 1)/2
νm < ν < νc (jet) p – (p− 1)/2

Table 6.6— Possible values ofp, derived from the X-ray spectral index of the afterglow,
βX . Also included is whether the broadband SED is described by asingle or a broken
power-law (SPL or BPL).

GRB p p SED
(νc < νX) (νX < νc)

050730 1.46± 0.06 2.46± 0.06 SPL/–
050801 1.64± 0.20 2.64± 0.20 SPL/–
050802 1.62± 0.06 2.62± 0.06 SPL/BPL
050820A 2.00± 0.06 3.00± 0.06 SPL/BPL
051109A 2.08± 0.08 3.08± 0.08 SPL/BPL
060124 2.02± 0.06 3.02± 0.06 –/BPL
060206 2.34± 0.16 3.34± 0.16 SPL/–
060729 2.22± 0.04 3.22± 0.04 SPL/–
061121 1.66± 0.08 2.66± 0.08 –/BPL
061126 1.82± 0.08 2.82± 0.08 –/BPL

For a given value of X-ray spectral index, there are two possible values of p
(Table 6.6) depending on whether the cooling break,νc, is below (p = 2β) or above
(p = 2β + 1) the X-ray frequencies,νX . If the optical to X-ray SED does not dis-
play a break then the cooling break can either be above the X-ray regime or below
the optical regime and the blast wave predictions of eachp are compared to the
observed temporal slopes to discern which is correct. If the SED requires a bro-
ken power-law, it implies that a break lies between the two regimes, and is below
the X-ray regime. However, a break between the two regimes does not necessarily
imply a cooling break; it may either be a cooling break which would have a differ-
ence between spectral slopes,∆β = 0.5, or it may be a break due to the fact that
each regime has a different spectral index since they are originating from different



6.4 Discussion 111

emission regions, as seems to be the case for GRB 080319B (Racusin et al. 2008).
A spectral break due to two different emission regions does not have a predictable
difference between slopes but for this interpretation to work, one must be able to
explain why each emission region is only visible in one regime. A cooling break
is a more likely explanation in the majority of cases but again, a comparison of the
blast wave predictions of eachp with the observed light curves is required.

Broadband versus X-ray

We use the X-ray spectral index to derive the value ofp because the value ofβX

is relatively unaffected by environmental unknowns. The main unknown in the
X-ray spectral fits is that of the absorption due to the column density in the host
galaxy; this is easily fit and only affects the low energies of theSwift XRT spec-
tra. X-ray spectra may also suffer contamination from nearby sources but this can
be minimised through careful extraction of spectra. The optical spectral index is
dependent on and suffers somewhat of a degeneracy with extinction in the host
galaxy. The extinction affects the whole range of the optical wavelengths some-
what, while absorption only significantly affects less than about half a decade of
the X-ray range. In fact, as the redshift increases, extinction has a greater effect,
while absorption is shifted out of the X-ray range. The optical data ideally spans
from the near infraredK band to the ultravioletU band, offering approximately a
decade of spectral range with which to constrain the spectral index. This isa range
similar to that offered by the XRT (0.3–10 keV) but is rarely reached and given
the narrow range of commonly observed bands (UBV or VRI), may not be able to
constrain the spectral index very well.

Broadband (optical to X-ray) spectra are used: to eliminate some of the diffi-
culties associated with the optical data, increase the fitting range, and reduce the
number of free parameters by tying the optical and X-ray spectral indices to each
other. This has proved successful in a number of cases and especially forBeppoSAX
(∼0.1–10 keV) bursts (Starling et al. 2008) where the quality of the X-ray spectra
did not always allow the spectral index to be sufficiently constrained without the
optical data; the mean spectral index error ofBeppoSAXdata is 0.30 (de Pasquale
et al. 2006).Swift XRT allows for more accurate X-ray spectral indices with the
mean error on XRT PC spectra being 0.22 (P.A. Evans, private communication) but
this overestimates the error on many bursts of interest asSwiftdetects many more
faint bursts. In our sample the average spectral index error is only 0.043 or less
than 5% of the average spectral index of 0.94, from our early+late spectra.

While the spectral index should only be constrained further in a broadband fit,
the difficulties associated with the combination of data from different telescopes,
may introduce errors and incorrect estimates ofp. There may also be an unknown
or uncertain contribution from a host galaxy, or there may be errors on the zero-
points used to convert from magnitude to flux. It is also worth noting that data used
for the optical SEDs, if taken from literature, may have to be converted into dif-
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ferent quantities for fitting and these conversions can add significant errors. While
broadband SEDs may offer excellent constraints on optical spectral indices, ex-
tinction and absorption, they are not generally necessary to constrain theX-ray
spectral index and hence the possible values ofp. They are however invaluable in
the identification of spectral breaks between the two regimes which is necessaryin
the interpretation of a GRB within the blast wave model and the correct choice of
p.

6.4.2 Blast wave interpretation

Here we compare the derived values ofp and the blast wave model predictions to
the observed temporal and spectral properties. Given the complexity and ambiguity
of some of the temporal results summarised in Table 6.3, we advise reference to the
text of section 6.3 also.

GRB 050730

The steep X-ray temporal decay ofαX = 2.56 ± 0.04 in this burst can only be
consistent withνX < νc, and the implied value ofp = 2.46± 0.06, after a jet break
whereαX,p = p. The optical slope, while shallower is also consistent, within 2σ,
with a post jet break decay equal top. However, this implies that pre-break slopes
of between 1.10 and 1.60, depending onk, are required for both regimes and it is
in disagreement with the lack of a spectral break in the SED. Given this, thevalue
of p is inconclusive.

GRB 050801

If the value of post-break temporal X-ray slope is adopted from the single power-
law, as opposed to that from the broken power-law, both regimes are parallel after
the break, in agreement with the lack of a break in the SED. This impliesνX < νc
and p = 2.64± 0.20, which predicts a slope ofαX,p = αopt,p = 1.23± 0.09 for
k = 0, in agreement with the observed values. The break of∆α ∼ 1.0 observed in
the optical, could then be due to energy injection at early times ofq ∼ 0.7. The
behaviour of the X-ray at that time is unclear, though it does not rule out a break.

GRB 050802

The post-break X-ray slope ofαX = 1.58± 0.04 is consistent withνX < νc, p =
2.62± 0.06 andk ∼ 1.7. Since it is not certain whether there is a break in the
SED, the positioning of the X-ray frequency below the cooling frequency is valid.
Given that we cannot rule out a temporal break in the optical light curve, itis also
possible thatαX = αopt as required. The pre-break slope of∆α ∼ 0.9, consistent in
both regimes, would then be due to energy injection ofq ∼ 0.9.
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If there is not a break in the optical, then the only explanation may be that the
two regimes are originating from different emission regions as proposed by Oates
et al. (2007), though this raises the question as to why only one regime is observed
from each emission region.

GRB 050820A

The inconsistency of the optical and X-ray slopes, in agreement with the inconclu-
sive SED, suggests that the cooling frequency is between the two regimes. This
would imply thatp = 2.00± 0.06 andαX,p = 1.00± 0.03, significantly (8σ) under-
estimating the observed value ofαX = 1.29± 0.02. The post-break slopes could be
consistent with the predictedαjet = p = 2.00± 0.06 of this interpretation.

If the cooling break is above the X-ray regime, the required equality of the
temporal slopes of both regimes display an even greater inconsistency with the
data. The apparent simultaneity of the breaks means that it cannot be caused by the
passage of the cooling break through the observing regimes, so these light curves
seem inconsistent with the blast wave model.

GRB 051109A

In this burst it is unclear whether or not there is a cooling break between the two
regimes so we consider both cases. IfνX > νc thenp = 2.08±0.08 implies an X-ray
temporal slope ofαX,p = 1.06± 0.04, in agreement with the X-ray slope before the
break. The optical is then below the cooling break andp impliesαopt,p = 0.81±0.03
for k = 0, which is greater than the observed valueαopt = 0.66± 0.01 by 4.7σ. The
break, which is consistent in optical and X-rays is then interpreted as a jet break,
which should go asαjet = p = 2.08± 0.08.

Alternatively, if νX < νc then p = 3.08 ± 0.08 implies temporal slopes of
αX,p = αopt,p = 1.56± 0.03 with k = 0, comparing well with the observed post-
break slopes of both. The break can then interpreted as the cessation of continued
energy injection. The difference between the observed pre-break indices and the
values predicted by the blast wave are, on average,∆α ∼ 0.7, which corresponds
to q ∼ 0.6. However, the 13σ difference between these slopes, which should be
parallel, is difficult to explain, making our first explanation more likely.

GRB 060124

The broken power-law SED and unequal pre-break decays requires that the cooling
break lies between the optical and X-ray frequencies, which impliesp = 2.02±0.06.
The predicted slopes ofαX,p = 1.02± 0.03 andαopt,p = 0.77± 0.02 (k = 0) are
in agreement with the observed values before the break. The observed post-break
values of∼ 1.4 are shallower than the predicted value ofαjet = p, but may be
rolling over to the asymptotic value.
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GRB 060206

The single power-law SED from optical to X-rays and the fact that both have equal
temporal decay indices before the break, imply that both regimes are either above,
or below, the cooling frequency. In the first casep = 2.34 ± 0.16, implying
αp = 1.26± 0.09 before the break, which is slightly steeper than, but within 3σ

of the observed slopes. The predicted post-break slope for a jet break,αjet = p,
could agree with the optical slope rolling over to an asymptotic value and with the
‘hidden’ X-ray break.

In the second case, the observed bands are below the cooling frequency and
p = 3.34 ± 0.16, implyingαp is between 1.76 ± 0.08 (k = 0) and 2.26 ± 0.11
(k = 2). The post-break optical slope could then be caused by a circumburst density
profile of k ∼ 1.3. The pre-break slopes, which are shallower than predicted by
∆α ∼ 1.0, could be caused by continued energy injection withq ∼ 0.8. Given that
we can equally well explain a cooling break either above or below the observed
frequencies, we cannot say which of the two explanations is favoured.

GRB 060729

A single power-law from X-ray to optical is favoured in the SED of this burst so
both the X-ray and optical regimes are either above, or below, the cooling break.
ForνX,opt > νc, p = 2.22±0.04 impliesαp = 1.17±0.02 in agreement with both the
X-ray and optical temporal slopes. The break, toα = 1.70± 0.09, observed in the
X-ray at∼ 106 s is interpreted as a jet break, albeit a slightly shallow one, though it
may be rolling over to a steeper asymptotic value. Here, the early shallow phase is
likely due to continued energy injection of the form,q ∼ 1.1, causing the break of
∆α ∼ 1.2.

If νX,opt < νc, p = 3.22± 0.04 impliesαp = 1.67± 0.02 or 2.17± 0.03 for
a constant density and wind driven medium, respectively, steeper than either ob-
served slope before∼ 106 s but consistent with the slope after that time. The decay,
with ∆α ∼ 0.4, before that can be explained by energy injection ofq ∼ 0.25, which
means that the early shallow phase cannot, so we favour our initial explanation.

GRB 061121

The broken power-law SED implies that the X-ray regime is above the cooling
frequency, which in turn impliesp = 1.66±0.08 andαX,p = 0.9±0.05, in agreement
with the observed X-ray index ofαX,1 = 0.97 ± 0.02 after 2000 s. The optical
temporal slope is then explained as being below the cooling break and in a medium
with k = 1.8. The break observed in the X-ray light curve and consistent with
the optical data is interpreted as a jet break to the expected value ofαjet = p, in
agreement with the observed value ofαX,2 = 1.55± 0.03. It is unclear what the
X-ray emission before 2000 s is, but given the possible change of X-ray spectral
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Table 6.7— Most likely values for the blast wave parameters after our interpretation of
individual bursts (section 6.4.2). Where we interpret a jet break within the light curve,
this is also noted. Values are bracketed where we cannot favour one interpretation over
an other. For those bursts with no valid interpretation, values are not included.

GRB p k q
050730 νX < νc 2.46± 0.06 – – jet
050801 νX < νc 2.64± 0.20 0 0.7
050802 νX < νc 2.62± 0.06 1.7 0.9
050820A – – – –
051109A νc < νX 2.08± 0.08 0 – jet
060124 νc < νX 2.02± 0.06 0 – jet
060206 (νc < νX) (2.34± 0.16) (–) (–) (jet)

(νX < νc) (3.34± 0.16) (1.3) (0.8) ()
060729 νc < νX 2.22± 0.04 – 1.1 jet
061121 νc < νX 1.66± 0.08 1.8 – jet
061126 – – – –

index at this time and the fact no shallowing is observed in optical, we canassume
that it is not caused by continued energy injection, at least not in isolation. If it was
due to continued energy injection, it would have a value ofq ∼ 0.55.

GRB 061126

The inconsistency of the optical and X-ray slopes suggests that the cooling fre-
quency is between the two regimes andp = 1.82± 0.08, in agreement with the
SED which is best described with a broken power-law. WhenνX > νc, the pre-
dicted value ofαX,p = 0.97± 0.04 significantly (8σ) underestimates the observed
value ofαX = 1.29±0.01, though the optical can be explained in this scenario if the
circumburst density profile has an index ofk ∼ 1.5. The post-break optical slope
of αopt = 1.9± 0.1 and an assumed ‘hidden’ X-ray break could be consistent with
the predictedαjet = p in this interpretation. However, given the disagreement of
the pre-break X-ray temporal slope with the predicted value, it seems that the data
of this burst are inconsistent with the blast wave model.

6.4.3 Distribution of p

The universality of the electron energy distribution index,p, has been examined
by several authors; Chevalier & Li (2000), Panaitescu & Kumar (2002), Shen et al.
(2006) and Starling et al. (2008) applied different methods to samples ofBeppoSAX
and Swift bursts, all reaching the same conclusion that the observed range ofp
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Figure 6.2— Most likely values forp after our interpretation of individual bursts (Ta-
ble 6.7); from left to right: GRB 050730, GRB 050801, GRB 050802, GRB 051109A,
GRB 060124, GRB 060729, GRB 061121. The line represents the most likely value of
p over the plotted sample (Section 6.4.3).

values is not consistent with a single central value ofp. Shen et al. (2006) and
Starling et al. (2008) showed that the width of the parent distribution is∼ 0.3−0.4.
In the studies so far there have been some limitations: theBeppoSAXsample is
limited, both in the number of GRBs and the temporal and spectral sampling; and
the only study ofSwift bursts for this purpose so far by Shen et al. only used the
X-ray afterglows, which introduces a large uncertainty because the position of the
cooling break is unknown. Here we examine the universatily ofp for our sample
of Swift bursts by using the same methods as described in Starling et al. (2008).
We test the null hypothesis that the observed distribution ofp (Table 6.7 excluding
bracketed values and Figure 6.2) can be obtained from a parent distributionwith a
single central value ofp.

We minimise the log-likelihood as given in equation 3 of Starling et al., and
we find the most likely value ofp = 2.23 ± 0.02. To test our null hypothesis,
we generate 105 different synthetic data sets forp for the 7 bursts in our sample
by taking random numbers from probability distributions that are described by the
most likely value ofp = 2.23 and the 1σ uncertainties in the 7 values ofp. We
then take 7 values ofp coming from these synthetic data sets and calculate the
most likely value ofp and the accompanying log-likelihood. Comparing the log-
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likelihood of the synthetic data with that coming from the measuredp values, we
conclude that the null hypothesis is rejected at the> 5σ level. Following Starling
et al., we can also derive the width of the parent distribution, which is0.27 <
σscat< 0.38 at the 1σ level and 0.13< σscat< 1.13 at the 3σ level. We also tested
the 10 values ofp from Table 6.6 that offered the least deviation from the expected
canonical value of∼ 2.2, with no regard for the interpretation of the light curves
or SEDs. In this case, the most likely value ofp is 2.25± 0.02 and the values are
inconsistent with one population at the 5σ level.

This result confirms the results from previous studies and has important impli-
cations for theoretical particle acceleration studies. Some of these (semi-)analytical
calculations and simulations indicate that there is a nearly universal valueof
p ∼ 2.2 − 2.3 (e.g. Kirk et al. 2000; Achterberg et al. 2001), while other stud-
ies show a different picture, that there is a large range of possible values forp of
1.5− 4 (e.g. Baring 2004). Although there is not a universal value ofp, our values
for the width of the parent distribution indicate that it is not as wide as the latter
studies suggest. The width we find,σscat∼ 0.3 is comparable to the numbers found
by Shen et al. and Starling et al., but our results are based on a sample with better
temporal and spectral sampling per GRB, on average.

6.5 Conclusion

After an inspection of all theSwift X-ray light curves and a comparison with the
optical data available in the literature, we identified a sample of 10 bursts that had
enough data to well constrain the optical and X-ray temporal indices, and theX-
ray spectral indices, of the afterglows. We analysed these data, fitting power-law
decays to the light curves in an attempt to identify possible breaks; taking into
account the possibility of hidden breaks and the effect of host galaxy contribution
to the optical, where possible.

In the case of well constrained X-ray spectra, we show thatp can be estimated
from the X-ray spectra alone, with the caveat that it will give two possible val-
ues ofp; these must be differentiated by either broadband SEDs or a comparison
with the predictions of the blast wave model, or both. We compare theobserved
light curves and spectra of each burst in our sample to those values expected from
the blast wave model and find that we can successfully interpret all bursts,except
two, within this frame work; these interpretations require ‘hidden’ X-ray breaks
in GRB 051109A, GRB 060206 and GRB 061126. Furthermore, we identify a jet
break in GRB 060729 that was not identified in previous analysis of the light curve.

After interpretation within the blast wave model, we are able to confidently es-
timate the electron energy distribution index,p, for 7 of the bursts in our sample. A
statistical analysis of the distribution ofp reveals that, even in the most conserva-
tive case of least scatter, the values are not consistent with a single, universal value
as suggested by some studies. In a number of cases, we are also able to obtainval-
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ues for the circumburst density profile index,k, and the index of continued energy
injection,q, but are unable to conclude anything regarding their distributions.
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Abstract

Previously detected in only a few gamma-ray bursts (GRBs), X-ray flares are now
observed in∼ 50% ofSwiftGRBs, 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. We
investigate whether a sample of late time (& 1 × 104 s) flares are different from
previous samples of early time flares, or whether they are merely examples on the
tail of the early flare distribution. We examine the X-ray light curves ofSwiftbursts
for late flares and compare the flare and underlying temporal power-law properties
with those of early flares, and the values of these propertiespredicted by the blast
wave model. The burst sample shows late flare properties consistent with those of
early flares, where the majority of the flares can be explainedby either internal or
external shocks, though in a few cases one origin is favouredover the other. The
underlying power laws are mainly consistent with the normaldecay phases of the
afterglow. If confirmed by the ever growing sample of late time flares, this would
imply that, in some cases, prolonged activity out to a day or arestarting of the
central engine is required.

119



120 On the nature of late X-ray flares inSwiftGRBs

7.1 Introduction

The majority of gamma-ray bursts (GRBs) are well described by the blast wave
model (Rees & Mészáros 1992; Mészáros et al. 1998), which details their temporal
and spectral behaviour. In this model GRB prompt emission is caused by internal
shocks within a collimated ultrarelativistic jet while afterglow emission is created
by external shocks when the jet ploughs into the circumburst medium, causing a
blast wave. This results in a power-law temporal decay and a non-thermal spec-
trum widely accepted to be caused by synchrotron emission. Since the launch of
the Swift satellite (Gehrels et al. 2004), it has become clear that this model for
GRBs cannot, in its current form, explain the complexity of observed light curves –
Swift’s fast-slew capability allows for much earlier observations and a more elabo-
rate picture of the evolution of the emission, particularly in the X-ray regime using
the X-ray Telescope (XRT, Burrows et al. 2005a). The unexpected features de-
tected, such as steep decays, plateau phases (e.g., Tagliaferri et al. 2005b; Nousek
et al. 2006; O’Brien et al. 2006) and a large number of X-ray flares (e.g., Burrows
et al. 2007; Chincarini et al. 2007; Falcone et al. 2006, 2007) have revealedthe
complexity of these sources up to∼1 day since the initial event, which is yet to be
fully understood.

Prior toSwift, X-ray coverage typically began at∼ 0.5-1.5 days after the GRB
event, and X-ray flares were detected in only a few bursts (e.g., GRB 970508, Piro
et al. 1998; GRB 011121 & GRB 011211, Piro et al. 2005). However, they are now
observed in∼ 50% of allSwiftGRBs, typically superposed on the early light curve
steep decay and plateau phases. A clear clustering exists in the total flare distribu-
tion in time, with the vast majority occurring at early times up to∼1,000 seconds
(Chincarini et al. 2007; Burrows et al. 2007). Various possible explanations have
been put forward including external origins due to patchy shells (Mészáros et al.
1998; Kumar & Piran 2000), refreshed shocks (e.g., Rees & Mészáros 1998; Zhang
& Mészáros 2002), density fluctuations (Wang & Loeb 2000; Dai & Lu 2002)
or continued central engine activity (Dai & Lu 1998; Zhang & Mészáros 2002),
though a consensus has been slow to emerge. A very small number of GRBs have
exhibited flares on much later timescales of 104 to 105 seconds, or approximately
one day after the prompt event (including, in the optical, pre-SwiftGRB 000301C,
Sagar et al. 2000). These late flares, like the early flares, are difficult to accommo-
date within the external shock model if the width,∆t, is smaller than the observing
timescale,t, as is often the case (Lazzati et al. 2002; Lazzati & Perna 2007). They
can also be difficult to accommodate within the internal shock model because that
would require prolonged activity out to late times or a restarting of the central en-
gine, though a number of methods for doing so have been suggested (Zhang et al.
2006).

Here we examine the X-ray light curves ofSwiftGRBs for such late flares and
compare their properties with those of early flares to investigate whether they are
simply the tail of the early flare distribution or form a different sample. In section
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7.2 we introduce our sample while in section 7.3 we discuss the methods and re-
sults of our temporal and spectral analyses. In section 7.4 we discuss theseresults
in the overall context of the blast wave model of GRBs and the internal/external
flare models. We summarise our findings in section 7.5. Throughout,we use the
convention that a power-law flux is given asF ∝ t−αν−β whereα is the tempo-
ral decay index andβ is the spectral index. All uncertainties are quoted at the 1σ

confidence level.

7.2 Sample selection

From a visual inspection of the pre-reducedSwift XRT light curves in the on-line
repository (Evans et al. 2007) up to the end of December 2007, we identifieda
sample of 7 bursts which clearly exhibit very late (& 1× 104 s) flares (Figure 7.2).
The definition of the cutoff at 1× 104 s is entirely arbitrary but chosen so as to
study a sample of the latest flares possible. As the redshifts of the majority of our
sample are unknown, we are unable to correct the time of the flare to the rest frame
time; we therefore caution that these flares are not necessarily at such late times,
intrinsically. However, even if we assume that these bursts are at the averageSwift
redshift of∼ 2.8 (Jakobsson et al. 2006b), they are still on the tail of the temporal
distribution (Chincarini et al. 2007). These bursts are sampled well enough to allow
an unambiguous identification of a flare, i.e., sparsely sampled bursts where the data
could not rule out a flare were not used except for the case of GRB 070311 where
the presence of the late flare is confirmed via optical observations.

We only include bursts where we can unambiguously obtain the underlying
temporal decay so that we can better constrain the flare parameters. This approach
favours more obvious, sharper, stronger flares, while neglecting slower, dimmer
flares. Our selection also gives a biased sample towards bursts more easily followed
up with Swift, which are bright to late times such that they can be observed out to
1× 105 s and a flare detected. This also favours bursts of shallower temporal decay
as they are more likely to be observed out to these late times. Despite these biases,
the discovery of flares due to internal processes at late times would place strong
constraints on models.

The sample is summarised as follows: GRB 050502B, as previously discussed
by Falcone et al., displays an energetic early flare as well as two overlapping late
flares. GRB 050724 displays a late flare at X-ray and optical wavelengths (Cam-
pana et al. 2006; Malesani et al. 2007 respectively) . We note also that this iscon-
sidered a short burst with T90 = 3 s over 15-350 keV (Krimm et al. 2005) and 2 s
in softer energy bands (Remillard et al. 2005). GRB 050916 displays an obvious,
sharp late time flare, though the temporal coverage is poor. GRB 070107 displays
two early flares as well as the late flare (Stamatikos et al. 2007). GRB 070311 was
initially detected by INTEGRAL so only has XRT coverage past 7000 s, however,
coverage at optical wavelengths has confirmed the suspected flare and allowed a



122 On the nature of late X-ray flares inSwiftGRBs

full study of this burst (Guidorzi et al. 2007a,b). GRB 070318 displays both an
early and late flare which was also observed by UVOT in the optical (Cummings
et al. 2007) while GRB 070429A has a single late flare (Cannizzo et al. 2007).

Table 7.1— The spectroscopic redshifts,z, Galactic absorption,NH(Galactic) (Kalberla
et al. 2005) and total fitted absorption,NH(Total), for the bursts in our sample.

GRB z NH(Galactic) NH(Total)
×1022 cm−2 ×1022 cm−2

050502B – 0.0359 ≤ 0.11
050724 0.2581 0.140 0.75+0.5

−0.2
050916 – 0.810 1.3+0.5

−0.3
070107 – 0.299 0.47± 0.03
070311 – 0.236 0.6± 0.1
070318 0.842 0.0144 0.33± 0.03
070429A – 0.0839 0.22± 0.06

1 Prochaska et al. (2005).2 Chen et al. (2007).

7.3 Analysis& results

7.3.1 Spectra

The XRT event data for these bursts were initially processed with the FTOOL,
xrtpipeline (v0.11.4). Source and background spectra from the Photon
Counting mode data (PC; Hill et al. 2004) were extracted and bad columns cor-
rected for where necessary. Pile-up was tested for but, due to the lateness of the
data, was not an issue. Spectra were binned to have≥20 photons per bin and the
v010 response matrices were used. The spectra, from 0.3-10.0 keV, were fit with
absorbed power-laws inXspec 11.3.2 usingχ2 statistics. The Galactic value of
Column Density,NH, was taken from Kalberla et al. (2005).

Due to the lateness and hence dimness of these flares, spectral analysis of the
individual flares similar to that done by Falcone et al. (2007) was not possible.
Instead, we fit the spectra of the underlying afterglow so as to determinethe electron
energy distribution indices,p, via spectral indices,β. As the relationships between
p andβ (Zhang & Mészáros 2004) hold only for the underlying afterglow and not
the flaring region, the spectra extracted for analysis were taken from thestart of the
temporal power-law decay (i.e., after early flares or steep decay phases) and the late
flares were eliminated. This leads, in some cases, to spectra with low total counts
and hence poorly constrained fit parameters as can be seen from the results of the
fits (Tables 7.1 & 7.2).
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Figure 7.1— The power-law plus Gaussian fits to the XRT light curves of each of the
bursts in our sample, except for GRB 050916 which is better fitby a power-law plus
FRED like flare.
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Figure 7.1— Continued.
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Figure 7.1— Continued.
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Figure 7.1— Continued.

7.3.2 Light curve modelling

Our light curve analyses are carried out on the pre-reduced, science grade XRT
light curves from the on-line repository (Evans et al. 2007).We model the light
curves with a combination of power-law decay (Table 7.2) and Gaussian flares with
peak,t, width, σ, and full width at half maximum,∆t = 2

√
2 ln 2σ ∼ 2.3548σ

(Table 7.3). These fits (Figure 7.2) are used to find the relative temporal and flux
variability (∆t/t and∆F/F where∆F is the excess flux of the flare over that of the
underlying power-law).

In one burst, GRB 070107, a single power-law fit was unsatisfactoryso a
smoothly broken power-law was adopted. The break at (1.7 ± 0.4) ×105 s, after
which the temporal index drops toα = 1.9 ± 0.2, does not affect our analysis as
it occurs after the flare. In the case of GRB 050916 a FRED (fast rise exponential
decay) -like flare was a better fit than a Gaussian, returning a temporal power-law
index consistent with that of the Gaussian fit. This index overestimates the final
data point, a 3σ upper limit, but we can not imply a break from this as it is likely
just an outlier. The FRED-like profile of the flare had very fast rise (∼ 1800 s)
and decay (∼ 2100 s) times peaking at∼ 1.9 × 104 s. The analysis however, was
carried out on the parameters of the Gaussian based fit to be comparable with the
rest of the sample. GRB 070429A, after an initial steep decay phase, has littledata
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until the flare so the underlying power-law is more uncertain than theerrors would
suggest as we are unable to rule out other flares affecting the value. The fit also
overestimates the final data point, which we did not include in the fit as it intro-
duced a solution in the fit of the flare, not believed to give the true values of the
flare parameters. The overestimate may be related to a break which could not be
confirmed from the limited data available.

Table 7.2— Indices of the underlying temporal power-law,α, the spectral power-law,
β, the electron energy distribution,p and the value of the temporal decay it predicts,αp.

GRB α β p αp

050502B 0.89± 0.04 1.0± 0.2 2.0± 0.4 1.0± 0.2
050724 0.93± 0.09 1.4± 0.5 2.8± 1.0 1.6± 0.6
050916 0.71± 0.05 0.8± 0.2 1.6± 0.4 0.9± 0.2
070107 1.03± 0.03 1.27± 0.07 2.54± 0.14 1.41± 0.08
070311 1.2± 0.5 1.2± 0.2 2.4± 0.4 1.3± 0.2
070318 1.10± 0.15 1.4± 0.1 2.8± 0.2 1.6± 0.1
070429A 0.38± 0.05 1.10± 0.15 2.2± 0.3 1.15± 0.15

Table 7.3— Peak time,t, Gaussian widthσ, relative temporal and flux variability,∆t/t
and∆F/F, of the late flares.

GRB t σ ∆t/t ∆F/F
×104 s ×104 s

050502B 3.52± 0.14 0.61± 0.15 0.36± 0.09 3.0+1.2
−1.9

7.53± 0.18 2.2± 0.2 0.69± 0.06 5.3+1.3
−3.1

050724 5.72± 0.16 1.89± 0.16 0.78± 0.07 21+8
−16

050916 2.040± 0.005 0.12± 0.01 0.14± 0.01 70± 40
070107 8.9± 0.2 1.3± 0.2 0.35± 0.05 0.9+0.3

−0.4
070311 15.8± 1.7 7.0+2.0

−1.2 1.0+0.3
−0.2 ≤8.1

070318 17+4
−13 16+9

−5 2.2+2.1
−0.9 1.1± 0.2

070429A 26.27± 0.05 1.4+0.8
−0.3 0.12+0.07

−0.03 1.9+1.2
−1.5

7.4 Discussion

The early behaviour of the bursts is varied; of the 5 sources with early observations,
2 exhibit a steep decay phase while the other 3 display early flares over a power
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law decay. Since the redshifts of the majority of our sample are unknown, it is
impossible to confirm the apparent agreement of the time of the flares attavg ∼
1× 105 s, though this is certainly affected by our definition of late as& 1× 104 s.

7.4.1 Spectral and temporal indices and the blast wave model

The underlying temporal indices of the bursts range fromα ∼ 0.4 to α ∼ 1.2,
which are quite shallow, suggesting that these flares might occur duringplateau
phases (e.g., Nousek et al. 2006; O’Brien et al. 2006). To test this we compare the
observed values of temporal indices with those derived from the spectral indices,
assuming the standard closure relations (Zhang & Mészáros 2004). We usedthese
relations to calculate the electron energy distribution index,p, and the predicted
values of the temporal slope,αp, from the measured spectral indices of the X-ray
spectrum,β (Table 7.2). We have assumed that the cooling and peak frequencies
are below the X-rays,νc,m < νX , to estimate the shallowest slopes possible for a
given spectral index (steeper slopes may be estimated ifνm < νX < νc).

In all cases the predicted value of temporal decay overestimates the measured
value, though in 4 of the 7 cases the values overlap within the 1σ level, and 1 at
the 2σ level. It should however be cautioned that many of the predicted temporal
decays have significant errors because of the low total counts of their X-rayspectra.
In the case of GRB 070429A, there is no overlap until 3.7σ, implying that it does
not correspond to the regular decay in the blast wave model. It can be explained by
energy injection (Nousek et al. 2006) of the formE ∝ t∼0.6, which however, would
cause a break to regular behaviour which is not observed. Given the poor temporal
sampling of this burst and the uncertainty of the underlying power-law it is difficult
to make conclusive statements.

In the case of GRB 070107 the overlap is similarly marginal, at the 3.5σ level.
This is the one burst in our sample where we are able to say there is a break at
late times (∼ 1.7 × 105 s). This may be a jet break, though the observed slope of
α = 1.9 ± 0.2 is shallower than the expectedαp = p = 2.54± 0.14 but may be
rolling over to the asymptotic value expected. Another explanation maybe that
X-ray frequency is between that of the peak and cooling frequencies,νm < νX < νc,
in a constant density circumburst medium: in this case we findp = 3.54± 0.12
implying αp = 1.91± 0.06 which agrees well with our post break slope. The break
could then be interpreted as being due to the cessation of continued energy injection
of the formE ∝ t∼0.6.

The 1σ agreement of the majority of the bursts does not preclude the possibility
of energy injection in these cases, especially given the significant errors. Itis most
likely that the bursts are taken from both samples. The properties of the flares
themselves, i.e., relative flux variability,∆F/F, and temporal variability,∆t/t, do
not seem to be dependent on the underlying temporal decay power-law (Figure 7.2),
though with such a small sample this is inconclusive.
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Figure 7.2— The relative temporal and flux variabilities,∆t/t (lower) and∆F/F (upper;
Table 7.3) versus the underlying temporal power-law decay indices (Table 7.2) show no
correlation.

7.4.2 The origin of late flares: internal vs. external shocks

Applying kinematic arguments, Ioka et al. (2005) place limits on the timescale
and flux amplitude variabilities (∆t/t and ∆F/F) allowed by various flare, or
bump, afterglow origin models (i.e., external shocks): patchy shells,refreshed
shocks, on-axis density fluctuations and off-axis density fluctuations of many re-
gions. The limits they find are∆t/t ≥ 1, ∆t/t ≥ 0.25, ∆F/F ≤ 1.6∆t/t and
∆F/F ≤ 24∆t/t respectively, assumingF/νFν ∼ 1 and the fraction of cooling
energy, fc ∼ (νm/νc)(p−2)/2 ∼ 1/2 (Ioka et al. section 3.2, section 3.3, equation 7,
equation A2). Chincarini et al. (2007) plot their sample’s properties onthese re-
gions and find that while all flares may be explained as being due to internal shocks
(∆t/t < 1) caused by long-lasting central engine activity, about half could be due to
refreshed shocks of external shock origin and∼ 15 percent could only be explained
by prolonged central engine activity.

We have compared the values for∆t/t and∆F/F of the late flares with those
published by Chincarini et al. and with the theoretical limits of Ioka et al.. We
find that these properties of the late flares in our sample are in agreement with the
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Figure 7.3— Our relative temporal and flux variabilities,∆t/t and∆F/F (Table 7.3),
of the late flares (blue error bars) plotted on the allowable kinematic regions (Ioka et al.
2005). Also plotted are the early (squares) and late (triangles) sample of Chincarini
et al. (2007). The lines shown are for bumps due to patchy shells (∆t/t ≥ 1), refreshed
shocks (∆t/t ≥ 0.25), on-axis density fluctuations (∆F/F ≤ 1.6∆t/t) and off-axis density
fluctuations of many regions (dashed line;∆F/F ≤ 24∆t/t).

distribution of values found for early and late flares by Chincarini et al. (Figure
7.3). In this figure, the differences between the values for late flares in the Chin-
carini et al. sample (triangles) and ours (blue error bars), show that there are some
differences between the two analyses. While the properties of GRB 050724 agree
within our errors, those of GRB 050502B and GRB 050916 appear to be the most
deviant. In the case of GRB 050502B, Chincarini et al. fit the underlying temporal
power-law as a broken one, while our light curve does not support this so is fit by a
single power-law. We also find that the early flare is better fit by two Gaussians as
opposed to one. Both of these differences cause an offset of the properties in ques-
tion. For GRB 050916 we find that the late flare is well fit by only one Gaussian as
opposed to the two used by Chincarini et al..

We find that all the late flares in our sample, bar that of GRB 070318 with
∆t/t > 1 and which is also observed in the optical (Cummings et al. 2007), may be
explained by internal shocks, though only the FRED-like flare of GRB050916 can
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be explained only by internal shocks. GRB 050916 lies to the top left of the distri-
bution in Figure 7.3 and while it remains within the early-flare parameter space, it
shows more extreme properties than a typical early flare. This can be seen in the
shape of its flare, which has a very rapid rise-time and a FRED-like shape rather
than a Gaussian. Internal shocks are almost certainly responsible for this particular
flare as density enhancements or refreshed shocks would not be able to create such
a fast rise. The late flares of both GRB 050724 and GRB 070311 have also been
observed in the optical (Malesani et al. 2007; Guidorzi et al. 2007b respectively)
and this apparent achromatic nature suggests external origins. This is certainly con-
sistent with their flare properties as shown in Figure 7.3. Though, these flares they
do lie in the expected range for an internal origin and are not distinct from those of
early-time flares so this is inconclusive.

The majority of late flares in our sample, similar to the early flares, may be
explained both by internal shocks or one of the external models. The evidence
from this limited sample suggests that these flares are no different from the sample
of early flares. They are, most likely, late examples on the tail of the distribution
of early flares, though this needs to be confirmed by a larger sample with known
redshifts as it becomes available.

7.5 Conclusions

We have examined theSwift-XRT light curves of GRBs up to December 2007, and
identified a sample of 7 bursts which clearly exhibit late time flares. Theearly
behaviour of these bursts, where observed, is varied: either steep decay, or, flaring
overlaid on a power-law decay. Some of the underlying power-law decays, atthe
time of the late flares, are probably due to continued energy injection, while the
remainder are probably the normal decay phase of the afterglow. As the flares
occur at late times and may obscure possible underlying breaks (energy injection,
jet or spectral) we can only confirm a break in one burst.

The evidence does not suggest that these flares are any different from the sam-
ple of early flares, and hence they are most likely late examples on the tail ofthe
distribution. Like the sample of early flares, most can be explained both by internal
shocks or external models. We should caution however, that the sample presented
here is not unbiased and there are certainly selection effects which favour brighter
bursts, more easily followed up withSwift, and more obvious, sharper, stronger
flares. If this distribution is confirmed, as the sample with known redshifts and
well sampled light curves grows, it would imply that internal processes produce
significant flares up to a day after the prompt event. Hence, in some cases at least,
prolonged activity out to late times or a restarting of the central engineis required.
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Abstract

Theory suggests that about 10% ofSwift-detected gamma-ray bursts (GRBs) will
originate at redshifts,z, greater than 5 yet a number of high redshift candidates may
be left unconfirmed due to the lack of measured redshifts. Here we introduce our
code,GRBz, a method of simultaneous multi-parameter fitting of GRB afterglow
optical and near-infrared spectral energy distributions.It allows for early determi-
nations of the photometric redshift, spectral index and host extinction to be made.
We assume that GRB afterglow spectra are well represented bya power-law decay
and model the effects of absorption due to the Lyman forest and host extinction. We
use a genetic algorithm-based routine to simultaneously fitthe parameters of inter-
est, and a Monte Carlo error analysis. We use GRBs of previously determined spec-
troscopic redshifts to prove our method, while also introducing new near infrared
data of GRB 990510 which further constrains the value of the host extinction. Our
method is effective in estimating the photometric redshift of GRBs, relatively unbi-
ased by assumptions of the afterglow spectral index or the host galaxy extinction.
Monte Carlo error analysis is required as the method of errorestimate based on the
optimum population of the genetic algorithm underestimates errors significantly.
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8.1 Introduction

Theory suggests and observations agree that approximately 10% ofSwift-detected
gamma-ray bursts (GRBs) will originate at redshiftsz & 5 (Bromm & Loeb 2006;
Jakobsson et al. 2006b) and about 3% at redshiftsz & 6 (Daigne et al. 2006). Fur-
thermore, due to the favourableK-correction and cosmological time dilation, the
observed optical flux is not expected to fade significantly with increasing redshift.
Hence GRBs should be detectable out toz & 10 (Ciardi & Loeb 2000; Lamb &
Reichart 2000), making them the most distant observable objects in the Universe.
Yet a number of high redshift candidates may be left unconfirmed due to the lack
of observed counterparts or lack of observations (Ruiz-Velasco et al. 2007).

The most usual way of determining the redshift of a GRB is to spectroscopically
measure the redshift of the afterglow at early times if it is bright enough, or to
measure that of its host galaxy, either photometrically (e.g. Bolzonella etal. 2000)
or spectroscopically, once the optical afterglow of the burst has dimmed sufficiently.
Neither of these may be possible given the dimness of the afterglows andhosts, and
the extreme distances to them implied from their average redshifts (Jakobsson et al.
2006b). In addition, programs to obtain such measurements are frequently only
triggered if there is evidence to suggest a high redshift, or a burst of significant
interest. There are a number of redshift indicators, or pseudo redshiftmethods,
which rely on correlations between observable properties and redshift (Guidorzi
2005; Amati 2006; Pelangeon & Atteia 2006) that offer approximate redshifts to
varying degrees of success.

An alternative method of redshift determination, useful when the sourceis not
bright enough for spectroscopic observations, is to photometricallymeasure the
redshift of the afterglow itself, given enough simultaneous optical data points. At-
tempts at photometric redshift determination usually assume a spectral index and
a value for host extinction, while fitting for redshift, or fit fora limited number of
discrete values of spectral index and host extinction (e.g. Andersen et al. 2000;
Jakobsson et al. 2006b). Independently, many attempts have been made to fithost
extinction and spectral index to similar data, when the redshift is previously known
(Galama & Wijers 2001; Stratta et al. 2004; Kann et al. 2006; Schady et al. 2007;
Starling et al. 2007). This is important as the properties of the circumburst medium
and host galaxy can be used to constrain progenitor types and burst models them-
selves.

In this paper we present our code,GRBz, which, unlike other methods of pho-
tometric redshift determination, fits all three parameters simultaneously and allows
for determinations of the photometric redshift to be made, unbiased byassump-
tions of the spectral index or the host extinction. In section 8.2 wedescribe the
method of modelling and fitting that we apply to the data described in section 8.3,
including our previously unpublished near IR data of GRB 990510. In section 8.4
we present our results and in section 8.5 we discuss the results as they apply to the
fitting mechanism. We summarise our findings in section 8.6.
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8.2 Method

8.2.1 Model

Our method is based on calculating the flux at a frequency,F(ν), for a given set
of fit parameters: redshift,z, spectral index of afterglow,β and host extinction,
EB−V. This is done by assuming that the emitted flux from the afterglow is well
represented by a power-law decay (F(ν) ∝ ν−β), and adjusting this for extinction in
the host galaxy, line blanketing associated with the Lyman forest in theintervening
medium and extinction in the Milky Way. This flux is then integrated, numerically,
over the transmission curve of an individual filter,Tfilter(ν): νmin ≤ ν ≤ νmax, and
normalised to give the flux as measured by that filter,

Ffilter =

∫ νmax

νmin
F(ν)Tfilter(ν)dν

∆ν
,

where the effective width of the filter is

∆ν =

∫ νmax

νmin

Tfilter(ν)dν.

This is repeated for each of the filters in the Spectral Energy Distribution(SED) so
that the calculated fluxes may be compared to those measured, by a Chi Squared
(χ2) test, and best fit parameters estimated.

The extinction in the host galaxy and the Milky Way are calculated using the
models of Pei (1992) or Calzetti et al. (2000). We use the Pei model for the MW,
SMC or LMC, or the Calzetti model for a star forming region, with thecorre-
sponding values ofRV = AV/EB−V (Cardelli et al. 1989) from those authors, as an
approximation of a GRB host galaxy. Note that here we useEB−V to parametrise
the extinction – notAV as is often used – as it follows naturally from Pei’s treatment
and simplifies the calculation of extinction at a given frequency,Aν.

The Lyman absorption, by neutral hydrogen in the intergalactic medium,is cal-
culated from the model presented by Madau (1995). Though Madau only gives the
first 4 coefficients,A j (Lymanα, β, γ, δ) of the model, the remaining 13 (ǫ...ρ) may
be extrapolated from those in Madau et al. (1996) due to their linear relationship
with the wavelengths from the Balmer formula for the Lyman series:

1
λ
=

(

1−
1
n2

)

R,

where n= 2, 3, ... , 18 andR is the Rydberg constant. This does not take into
account the effect of a damped Lyman alpha absorber, which may or may not be
present in the host galaxy.

As the transmission curves of the filters are read into the fitting program directly
and the necessary effective frequencies and widths calculated, any filter can be
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used. We have initially used the JohnsonUBVRIK (Johnson 1965), 2MASSJHKS

(Cohen et al. 2003) andSwift UVOT filters (Roming et al. 2005), covering the
approximate frequency range 1014− 1015 Hz.

Independently of the fitting mechanism, it is useful to be able to approximate
the relative effect that Lyman absorption,TLyman(ν, z), will have on observed flux;
our code also allows us to calculate an effective transmission of a filter at a given
redshift,z, and for a given spectral index,β:

TeffectiveLyman(z, β,Tfilter) =

∫ νmax

νmin
Tfilter(ν)TLyman(ν, z)ν−βdν
∫ νmax

νmin
Tfilter(ν)ν−βdν

.

This gives a correction factor by which to divide the observed flux so as toesti-
mate the flux as if unaffected by Lyman absorption, as successfully implemented in
Starling et al. (2007).

8.2.2 Fitting

The fitting method implemented within our C-program is the genetic algorithm-
based optimisation subroutinePIKAIA (Charbonneau 1995), which we use to min-
imise theχ2 of the data points. Due to the complexity, and many local minima in
our solution space, this proved to be a much more robust, stable and reproducible
method than those based onsimulated annealingor downhill simplexmethods (sec-
tion 10.9 of Press et al. 1992 and references therein and Nelder & Mead 1965,
respectively). This method allows us to fix, or constrain, the possible values of
solutions – for example, if a spectroscopic redshift has been determined or the
spectral index has been constrained from a temporal index – while not beingoverly
dependent on the starting values. (For an example of the previous use of the genetic
algorithm in astronomy see Mokiem et al. 2005).

GRB afterglows can be faint and fade rapidly, so often only upper limits on the
afterglow brightness are available and we require a standard procedure for dealing
with this. In these cases we take the flux to be zero and use the limit as an estimate
of error. We have compared this method to a method where theχ2 is defined as
zero when the model flux is within the limit and very large elsewhere, and find that
the methods give consistent results.

Uncertainties of the fit parameters are estimated via a Monte Carlo analysis,
whereby the data are randomly perturbed within the Gaussian distribution of their
errors, and refit multiple times. Due to the slowness of these calculations caused
by the need to numerically integrate over the filters multiple times we choose a
modest number (∼ 102) of trials. The average of these perturbed fits should agree
with the initial unperturbed fit and the distribution of the parameters should give
an accurate approximation of the uncertainties. From the frequency distribution of
any one parameter, we see that the distribution is clearly not Gaussian so the usual
method of quoting sigma errors is not valid, though we do quote the uncertainties as
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Table 8.1— Optical SED references for the GRBs in our sample.

GRB Filters Reference
990510 KS,H, J, I ,R,V, B 1
000131 K,H, I ,R,V 2
050319 V, B,U,UVW1,UVM2,UVW2 3
050814 K, J, I ,R,V 4
050904 K,H, J, I ,R,V 5

1 Stanek et al. (1999); Holland et al. (2000); this article, 2 Andersen etal.
(2000), 3 Mason et al. (2006), 4 Jakobsson et al. (2006b), 5 Tagliaferri
et al. (2005a)

nominal, symmetric 68% confidence intervals. A population analysis method may
also be used to approximate errors directly from the fitting algorithm(Mokiem et al.
2005) but the Monte Carlo method is more robust. See also Figure 8.5 and section
8.5.2.

8.3 Data

8.3.1 Sample selection

The purpose of this paper is to introduce our method of photometricredshift deter-
mination, not to provide a statistical analysis of a large number of bursts, so we have
“cherry-picked” a small sample of bursts (Table 8.1). GRBs were selected from the
literature on the basis of availability of an SED and, knowing that theLyman forest
would only effect optical bands atz & 2.5, redshift. Bursts with previously de-
termined properties, especially a spectroscopic redshift, that could be compared to
our fit parameters were preferred though in the cases of GRBs 000131 and 050814
only photometric redshifts were available. The previously published optical data
for GRB 990510 were augmented by our near infrared (nIR) observations ofthe
source.

8.3.2 Near IR observations of GRB 990510

From May 10 to May 22, 1999, at 4 epochs, a total of 186 60-second expo-
sures, or frames, inJ, H and KS filters, were obtained of the optical afterglow
of GRB 990510. The data were obtained with the Son of ISAAC (SofI) infrared
spectrograph and imaging camera on the 3.58m ESO-New Technology Telescope
(NTT). The NTT-SofI data were reduced using theIRAF package wherein flatfield-
ing, sky subtraction and frame addition were carried out. Relative PSF photometry
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Table 8.2— Near IR Observations of GRB 990510. The magnitudes are uncorrected
for the Galactic extinction,EB−V = 0.203.

Tmid Seeing Band Nexp× Texp Magnitude
days ′′ × sec
0.601 0.68 J 10×60 17.51± 0.07
1.000 1.00 J 10×60 18.16± 0.08
3.837 1.44 J 26×60 20.66± 0.24
0.610 0.62 H 10×60 16.96± 0.08
1.014 1.26 H 10×60 17.52± 0.09
3.862 1.32 H 20×60 19.92± 0.28
11.815 0.65 H 60×60 22.10± 0.34
0.618 0.63 KS 10×60 16.25± 0.17
1.024 1.06 KS 10×60 16.85± 0.18
3.881 1.34 KS 20×60 19.25± 0.25

was carried out on the final images using theDAOPHOT package (Stetson 1987)
within IRAF. The PSF model was created using 16 stars in the field, one of which
was a 2MASS object suitable for calibration (2MASS designation: 13380057-
8029119, RA Dec (J2000): 13:38:00.58 -80:29:11.9). The resultant magnitudes
and 1σ errors of the nIR counterpart are shown in Table 8.2.

There is clearly a break to a steeper slope between our second and third epochs
of observation (Figure 8.1). This is consistent with the measurementof a jet break at
1.31 days after the trigger time (Zeh et al. 2006). Using the simultaneous fit method
outlined in Curran et al. (2007a) and this break time we find that the temporal
indices areα1 = 1.06± 0.20 andα2 = 1.82± 0.18 (1σ uncertainties). These values
differ from those found by Zeh et al. (2006), most likely because of the lack of
temporal sampling of the nIR light curve.

The nIR magnitudes of GRB 990510 were interpolated to a common time (t =
0.61 days) and then converted to flux values using the calibration of Cohen et al.
(2003). VRI data at the same epoch were calculated from the light curve fit of
Holland et al. (2000), whileB data was calculated from the light curve of Stanek
et al. (1999). All data were then corrected for Galactic extinction ofEB−V = 0.203
(Schlegel et al. 1998) at their various frequencies (Pei 1992).

8.4 Results

For all the fits presented here we have assumed that the host galaxy extinction
is well represented by the Pei (1992) SMC model; this is supported by studies
of GRB host extinction (Galama & Wijers 2001; Stratta et al. 2004; Kannet al.
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Figure 8.1— Near IR light curve of GRB 990510 with the simultaneous fit shown.

Table 8.3— Results of our simultaneous fits and previously published,spectroscopic or
photometric, redshiftszliterature, for comparison.

GRB zliterature z EB−V β

990510 1.619±0.002a < 0.05 0.35± 0.17
000131 4.500±0.015b 4.2± 0.4 0.10± 0.06 0.7± 0.4
050319 3.240±0.001c 3.0± 0.2 < 0.07 0.6± 0.3
050814 5.3±0.3d 5.77± 0.12 0.08± 0.05 0.9± 0.5
050904 6.295±0.002e 6.61± 0.14 < 0.03 0.05± 0.02

a Vreeswijk et al. (1999),b Andersen et al. (2000),c Jakobsson et al.
(2006a),d Jakobsson et al. (2006b),e Kawai et al. (2006).

2006; Schady et al. 2007; Starling et al. 2007). As explained in section 8.2.2,
best fit parameters are given as the average values of those returned from a Monte
Carlo analysis (Table 8.3), uncertainties are quoted as symmetric 68% confidence
intervals. Figure 8.2 shows the SEDs for each of the bursts in our sample. The flux
is calculated from the best fit parameters and clearly shows the cut off due to the
line blanketing associated with the Lyman forest.
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Figure 8.2— Fits to the SEDs of our sample GRBs (for filters used in each SED see
Table 8.1). The errors on the frequency axis represent the width at Transmission= 0.2.
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Figure 8.2— Continued.
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Figure 8.2— Continued.

GRB 990510

GRB 990510 has a known spectroscopic redshift,zspec= 1.619± 0.002 (Vreeswijk
et al. 1999, 2001) which is below the operational limits of our program, hence we
constrain the redshift in our fit to be within the errors of the known value while
leaving the other parameters free. We find thatβ = 0.35± 0.17 andEB−V < 0.05,
corresponding to a rest frame extinction,AV < 0.14. This spectral index is lower
than, but consistent with, the value found by Starling et al. (2007) of 0.53+0.07

−0.01
who utilised X-ray measurements as well as our nIR data. Our estimate of host
extinction is consistent with that of Starling et al. and Stratta et al. (2004) who also
utilised X-ray measurements; all of which indicate negligible extinction, though
Starling et al.’s approximation is much more tightly constrained than ours.

GRB 000131

While GRB 000131 has a well constrained photometric redshift ofz= 4.500±0.015
(Andersen et al. 2000), we have left it, as well as the other parameters in ourfit,
free. From Andersen et al.’s published SED, we have found thatz = 4.2 ± 0.4,
β = 0.7±0.4 andEB−V = 0.10±0.06 (AV = 0.29±0.18). This extinction is consistent
with that found by Andersen et al. who assumed a spectral slope,β = 0.70 based
on the constraints imposed by the temporal decay index.
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GRB 050319

The UVOT telescope onSwift observed this burst in the UV and optical at early
times (T0 + 240–290 s). Using the published SED (Mason et al. 2006) we find that
z= 3.0± 0.2, β = 0.6± 0.3 andEB−V < 0.07 (AV < 0.20). Jakobsson et al. (2006a)
determine a spectroscopic redshift ofzspec= 3.24 consistent with our result, while
Mason et al. (2006) infer a spectral index ofβ = 0.8 ± 0.1 from the X-ray light
curve. Though our spectral index is consistent with this, we cannot infer much
information about the spectral index or extinction since there is only one data point
above the Lyman break.

GRB 050814

Jakobsson et al. (2006b) find a photometric redshift,z = 5.3 ± 0.3, and fixing
β = 1.0 find an extinction of AV = 0.9. Using their data points we find a redshift
of z= 5.77± 0.12. Since there are only 2 data points above the break, the spectral
index and extinction may only be loosely constrained asβ = 0.9± 0.5 andEB−V =

0.08± 0.05 (AV = 0.23). This spectral index is consistent with that of the X-ray
index, βX = 0.8 ± 0.2 (Morris et al. 2005). Jakobsson et al. point out that their
extinction is marginally higher than inferred from other bursts withbright optical
counterparts (Kann et al. 2006). While a low extinction is not necessarily the case,
our result is in line with those that Jakobsson et al. compare theirs to. These authors
also point out that their extinction and spectral index would overestimate, slightly,
the X-ray flux at the time. The alternative spectral index they suggest tocompensate
for this (β = 1.1) is within the uncertainties of our estimate.

GRB 050904

The highest redshift GRB identified to date has been the spectroscopically mea-
sured,z = 6.295± 0.002 (Kawai et al. 2006), GRB 050904. Using the data pub-
lished by Tagliaferri et al. (2005a), we find a redshift ofz = 6.61± 0.14 which is
consistent at the 2σ level with the spectroscopic value. Since the nIR flux points,
unaffected by the break, are all consistent with a flat spectrum we can infer very
little from the obtained values ofβ = 0.05± 0.02 andEB−V . 0.03.

8.5 Discussion

8.5.1 Limitations

We are able to draw a number of general conclusions from the data sets that we have
analysed here, together with synthesised data sets that we initially tested the fitting
method on, regarding the operational limits of the program. Obviously, whether or
not any one of the three parameters with physical meaning (z, β andEB−V) can be
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Figure 8.3— Spectral index,β, versus host extinction,EB−V, for the Monte Carlo anal-
ysis of GRB 050814.

fit with accuracy is dependent on the data available. We may only fit the redshifts of
bursts withz & 2.5 (lower if UVOT data are available) as this is where the Lyman
forest starts to affect the high frequency filters (UB). Redshifts lower than this act
degenerately, so a fit that has a wide spread of redshifts under, or around 2.5 must
be assumed to be under this limit and can only be fit, in the other parameters, if the
redshift is previously known (e.g. GRB 990510).

The accurate approximation ofβ andEB−V is dependent on the number of data
points above the Lyman break. If there are few data points unaffected by Lyman
absorption we cannot expect to draw any firm conclusions regardingβ or EB−V as
the information is lost blue-ward of the break. Likewise there mustbe data points,
or limits, blue-ward of the break so as to constrain redshift.

Plotting the various fit parameters for individual bursts against each other we
see that there may be a dependency between host extinction and spectral index
(as an example see GRB 050814, Figure 8.3): increasing the spectral index of the
source reduces the need for host extinction at a given redshift. There may also
be a dependency between the redshift and host extinction, as a high redshift shifts
highly extincted light into the observed range, though this effect is not obvious in
our results.

These dependencies should be kept in mind when using the best fit parameters
but because in our Monte Carlo error analysis no one parameter is fixed, as it would
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be in a normal∆χ2 analysis, these dependencies do not affect the quoted uncertain-
ties. From Figure 8.3 one can also see the hard limits set on the value ofthe spectral
index in the fitting routine for this particular SED: 0.1 < β < 1.7. Limits are set,
out of computational necessity, to limit the parameter space being searched by the
fitting routine. These limits must be chosen carefully, after an initial trial fit, so
that they include a realistic range of parameters; wide enough to includethe best
fit parameters of each Monte Carlo trial but no so wide that the best fit parameters
will be difficult to localise in the parameter space.

8.5.2 Errors

In genetic algorithm-based optimisation, the population refers to every set of pa-
rameters that were fit in the search for the minimumχ2, though in the genetic
algorithm it is ‘fitness’ (inversely proportional toχ2) that is maximised. By plot-
ting the distribution of the fitnesses of the entire population, one can see that there
are many fits of poor fitness, and a number of high fitness that returned thebest fit
parameters. By filtering on that subset of the population that were most fit (the op-
timum population), one finds a distribution of the interesting parameters, the width
of which is taken as an estimate of the uncertainty of the fitting mechanism.

To illustrate, we show these distributions for one of the above bursts,
GRB 050814 (Figure 8.4). We, arbitrarily though conservatively, take the optimum
population to be those with a fitness greater than 0.8. This optimum population con-
sists of two sub-populations with fitnesses centred on∼ 0.9 and∼ 1.0, and these
two populations can also be seen in the distribution plots of redshift and host ex-
tinction. From these plots, we can estimate the best fit parameters of GRB 050814
to be: z ∼ 5.744± 0.003,EB−V ∼ 0.067± 0.001,β ∼ 1.1434± 0.0002. The opti-
mum population width method of uncertainty estimation as described by Mokiem
et al. (2005) is significantly quicker than a Monte Carlo analysis as it requires only
one trial of the fitting mechanism; however, if compared to the parameters for this
burst in Table 8.3, the errors are also significantly underestimated. They are more
likely an estimate of the accuracy of the fitting mechanism in finding the nominal
minimum for a given set of data points, than an estimate of the uncertainties due to
the errors on the data points.

The difference in error estimates between the optimum population width
method and the Monte Carlo analysis is clearly visible in Figure 8.5 where we
plot the distributions for all trials of our Monte Carlo error analysis of this burst,
overlaid on the re-binned distributions of the optimum population of the first trial
(Figure 8.4). Though many of these trials return unacceptableχ2 (plotted as op-
posed to the fitness of the population width), they are the best fits for the given
data and the average parameters and errors do not show any deviation when the
unacceptable trials are removed. The distributions of the interesting parameters
are clearly not Gaussian and hence the usual method of quoting sigma errorsis not
valid. We do quote the uncertainties as symmetric 68% confidence intervalsbut it is
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Figure 8.4— Distribution plots for the initial genetic algorithm fit ofGRB 050814.
Redshift, host extinction and spectral index distributions are plotted for members of the
optimum population with a fitness greater than 0.8.
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Figure 8.4— Continued.
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Figure 8.5— Distribution plots for the Monte Carlo error analysis of GRB 050814.
Redshift, host extinction and spectral index distributions are plotted for all trials of the
Monte Carlo analysis, and overlaid on the re-binned resultsof the genetic algorithm
optimum population from Figure 8.4 (in black).
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Figure 8.5— Continued.
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more correct to judge the errors from these distribution plots. One can see that the
host extinction and spectral index of this particular burst have almost flat distribu-
tions so it would be more proper to give each as a range as opposed to centralvalues
with errors: EB−V . 0.17, 0.1 . β . 1.7. Likewise the redshift would be better
described with non-symmetric, though still non-Gaussian, errors as∼ 5.75+0.15

−0.05.
We find similar situations, regarding the underestimate of errors bythe opti-

mum population width method and the non-Gaussian Monte Carlo errors, for the
other bursts in this sample as well as a number of synthesised data sets wetested
our code on. The 68% confidence interval of the Monte Carlo error analysisshould
hence be treated as an approximate estimate of error.

8.6 Conclusion

We have developed a method whereby early time photometric nIR, optical and UV
data of the afterglow can be used to estimate the photometric redshift ofGRBs. This
has advantages over the more usual methods of spectroscopic redshift determina-
tion, in that photometric observations do not require the source tobe as bright, and
over photometric estimates of the host galaxy as the afterglow is frequently much
brighter than the host. In this implementation, we assume that GRB afterglow spec-
tra are well represented by a power-law, and model the effects of absorption due to
the Lyman forest and host extinction. We use a genetic algorithm-basedroutine to
simultaneously fit the parameters of interest, relatively unbiased by assumption of
the spectral index or host extinction. We introduce new nIR data forGRB 990510,
which we have fitted along with the previously published data, to give new esti-
mates of the host extinction and spectral index. We offer a new photometric redshift
for GRB 050814, slightly higher than that previously suggested.

The Monte Carlo error analysis, though computationally time consuming, is
required as the method of error estimate based on the optimum populationwidth of
the genetic algorithm underestimates errors significantly. As the distribution of the
best fit parameters obtained via Monte Carlo analysis are not Gaussian, caution is
required when interpreting the nominal 68% errors of the average parameters.
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Gammaflitsen

Gedurende een korte maar heftige tijd is een gammaflits (“gamma-ray burst” of af-
gekort “GRB”) het helderste object aan de hemel in gammastraling (Figuur 9.1), en
zelfs in het hele heelal – hij produceert meer energie in slechts een fractie van een
seconde tot een paar seconden dan onze zon gedurende haar gehele leven. Deze
energie wordt uitgestraald door een extreem heet plasma dat met bijna de licht-
snelheid voortbeweegt. Dit plasma wordt weggeblazen vanaf dichtbij de horizon
van een nieuw gevormd zwart gat als een nauwe straalstroom (een zogenaamde
“jet”) die op ons gericht staat. Deze gammaflitsen zijn zo helder, energetisch en
extreem dat ze waargenomen kunnen worden vanaf de andere kant van het heelal,
vele miljarden lichtjaren van ons vandaan. Ze zijn daarom uitermate geschikt als
unieke laboratoria voor hoge-energieastrofysica, relativistische plasma’s, zwaarte-
kracht en magnetisme. Met de huidige gammastralings-satellieten detecteren we
ongeveer twee a drie gammaflitsen per week, hoewel het aantal dat waarneembaar
is vanaf de aarde maar ongedetecteerd blijft, ongeveer drie per dag bedraagt. De

Figuur 9.1 — Kaart van bronnen van gammastraling aan de hemel, gemaakt door het
EGRET instrument aan boord van de CGRO satelliet. De gammastralingsbronnen zijn
weergegeven in zwart en zijn met name gevonden in het vlak vande Melkweg. Wanneer
er een gammaflits plaatsvindt, kan het voorkomen dat deze gedurende enkele seconden
alle andere bronnen volledig overstraalt.
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XRT

BAT

UVOT

Figuur 9.2 — DeSwiftsatelliet, die het merendeel van de gammaflitsen detecteert. Aan-
gegeven is het gammastraling-instrument (Burst Alert Telescope; BAT), dat de gamm-
aflits detecteert; en de röntgentelescoop (X-ray Telescope; XRT) en de UV en optische
telescoop (Ultraviolet and Optical Telescope; UVOT), die de nagloeier blijven waarne-
men gedurende dagen tot weken na de gamamflits.

heldere gammaflits zelf wordt veroorzaakt door botsingen in de jet bestaande uit
het relativistische, extreem hete plasma. Deze jet beweegt zich voort in de materie
die om de gammaflits heen hangt, en veegt daarbij die materie rond de dode ster op
en verhit deze. Hierbij wordt de nagloeier van de gammaflits geproduceerd, welke
zichtbaar is in röntgen-, optische, infrarood-, en radiostraling, gedurende dagen tot
weken tot maanden en, in een aantal extreme gevallen, tot jaren na de gammaflits.

In november 2004 is door NASA deSwift satelliet (Figuur 9.2) gelanceerd,
waarvan verwacht werd dat deze de bestaande modellen voor gammaflitsen zou
bevestigen, en ook de gebeurtenissen in de eerste duizenden seconden na een gam-
maflits zou onthullen, die tot dan toe nauwelijks waren waargenomen.Swiftheeft
de mogelijkheid om zeer snel te wenden, en doet dat autonoom na de detectie van
een gammaflits door de Burst Alert Telescope (BAT). Binnen een minuut tot een
paar minuten zijn de instrumenten van Swift die een kleiner beeldveld hebben, de
X-Ray Telescope (XRT) en de Ultraviolet and Optical Telescope (UVOT), het ob-
ject aan het waarnemen. Op het zelfde moment wordt informatie over de positie van
de gammaflits aan de hemel naar de aarde gestuurd, via een netwerk van communi-
catiesatellieten en stations op aarde, en verspreid via het zogenaamde Gamma-ray
bursts Coordinates Network (GCN). De nauwkeurige röntgen- en optische posities
maken het mogelijk dat optische en radiotelescopen op aarde, waarvan sommige
volledig robotisch zijn en daar dus geen menselijke bemoeienis nodig is, zichrich-
ten op de positie van de gammaflitser aan de hemel, in sommige gevallen binnen
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Figuur 9.3 — De röntgen nagloeier van GRB 061126 zoals waargenomen doorXRT
aan boord vanSwift. De zwarte bron in het midden, gemarkeerd door streepjes, isde
nagloeier. De andere röntgenbronnen zichtbaar op het plaatje zijn objecten zo divers als
accretieschijven rond stellaire zwarte gaten en neutronensterren, en actieve melkweg-
stelsels.

een paar minuten. Dit systeem zorgt er voor dat waarnemingen op vele verschillen-
de frequenties, van gamma- en röntgenstraling tot zichtbaar licht en radiogolven,
kunnen worden uitgevoerd zo kort mogelijk nadat een gammaflits is gedetecteerd.

De mogelijkheid vanSwift om zeer snel te wenden heeft er voor gezorgd dat
er een veel uitgebreider beeld is ontstaan dan verwacht van de evolutie van de stra-
ling die er van gammaflitsen afkomt, vooral waar het de röntgenstraling betreft
(Figuur 9.3). Naast deze ontwikkeling is er ook twijfel gerezen over het huidige be-
grip van de nagloeiers van gammaflitsen, zoals bijvoorbeeld over de zogenaamde
“jet breaks”. Derhalve is het duidelijk geworden dat de modellen voor gammaflit-
sen, in hun huidige vorm, de complexiteit van de waargenomen lichtkrommen niet
kunnen verklaren. De onverwachte waargenomen kenmerken, zoals steile dalingen
in de lichtkrommen, fasen waarin de helderheid constant blijft, en een grootaantal
röntgenflitsen, onthulden de complexiteit van deze bronnen, welke nog steeds niet
volledig begrepen is. Een kanonieke röntgenlichtkromme voor het te verwachten
gedrag kon uiteindelijk worden afgeleid uit de waarnemingen met de XRT.
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Dit proefschrift

In dit proefschrift presenteer ik een groot deel van het werk dat ik de laatste vier jaar
heb gedaan aan de Universiteit van Amsterdam. Ik richt me hierin voornamelijkop
de analyse van gammaflitsen en hun nagloeiers over een breed golflengte-bereik.
Door de hoge gemiddelde roodverschuiving van de metSwiftgedetecteerde gam-
maflitsen is het merendeel niet gedetecteerd op radiogolflengtes, maar wel zijn ze
uitgebreid waargenomen in röntgen-, optische en infraroodstraling; optijdschalen
varierend van seconden (de gammaflits zelf) tot aan de late nagloeier - met wisse-
lend succes. Door van bepaalde gammaflitsen alle beschikbare data op alle golf-
lengtes te analyseren, verkijgen we meer inzicht in de fysica die aan de straling van
gammaflitsen en hun nagloeiers ten grondslag ligt.

Hoofdstuk 1geeft een inleiding in de geschiedenis, observationele eigenschap-
pen en de theorie van gammaflitsen, en dient tevens als een samenvatting van de
fysica die ik gebruik in dit proefschrift. In deHoofdstukken 2, 3en 4 analyseer
ik drie individuele gammaflitsen: GRBs 060210, 060124 en 060206. Elk van de-
ze drie bestudeer ik via een analyse van de eigenschappen van de nagloeier in een
breed bereik van golflengtes, en ik vergelijk de gemeten eigenschappen met de
voorspellingen van het zogenaamde “schokmodel” (of “blast wave model”), dat
de fysica van de jet en zijn straling beschrijft. Voor deze drie gammaflitsenzijn
voornamelijk de identificatie van “breaks” in de lichtkromme interessant:momen-
ten waarop de helderheid van de nagloeier plotseling sneller afneemt dan daarvoor.
Deze “breaks” zijn mogelijk te identificeren als “jet breaks”, maar kunnen wellicht
ook verklaard worden door een model dat stelt dat er ook nog lang na de gamm-
aflits energie in de jet wordt toegevoegd door de centrale motor: het netgevormde
zwarte gat.

In Hoofdstuk 5bestudeer ik de mogelijkheid dat “breaks” in de röntgenlicht-
krommen mogelijk verborgen blijven en dat daarom de vorm van de lichtkrommes
ten onrechte wordt geïnterpreteerd als één enkele machtswet. In deze studie vind
ik dat zelfs voor de hoge kwaliteit röntgenlichtkrommen vanSwift, met veel metin-
gen over alle tijdschalen, deze “breaks” verkeerd geïdentificeerd kunnen worden.
Zorgvuldigheid is dus vereist wanneer we met zekerheid willen vaststellen dateen
achromatische (kleur-onafhankelijke) “break” afwezig is in de data.

In Hoofdstuk 6gebruik ik dezelfde methodes die ik eerder toepaste op individu-
ele nagloeiers nu op een grotere groep nagloeiers. Door alle beschikbare gegevens
van een groot aantal gammaflitsen te gebruiken, en door rekening te houden met de
mogelijkheid dat “jet breaks” verborgen kunnen zijn in de data, kunnen we de waar-
genomen lichtkrommen en spectra met een grotere nauwkeurigheid dan voorheen
vergelijken met de voorspellingen van het schokmodel.

In ongeveer 50% van alleSwiftröntgen-nagloeiers detecteren we röntgenvlam-
men: kortstondige opvlammingen van röntgenstraling die uitsteken boven de nor-
male nagloeier - een fenomeen slechts zelden gezien in het tijdperk voorSwift. De
oorsprong van deze röntgenvlammen is onduidelijk. InHoofdstuk 7onderzoek ik
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of de eigenschappen van een groep van röntgenvlammen die lang na de gammaflits
plaatsvonden anders is dan die van een groep röntgenvlammen die heel kort na de
gammaflits plaatsvond, of dat deze late opvlammingen simpelweg exemplaren zijn
uit de staart van de distributie van vroege opvlammingen. De late röntgenvlammen
in mijn verzameling lichtkrommen van gammaflitsen laten eigenschappen zien die
consistent zijn met die van vroege opvlammingen, waarvan de meerderheid ver-
klaard kan worden door zowel straling van schokken in het inwendige van de jet,
als door schokken aan het grensvlak van de jet en het medium waarin de jet voort-
beweegt.

Hoewel de theorie suggereert dat circa 10% van de door Swift gedetecteerde
gammaflitsen afkomstig is van roodverschuivingen groter dan 5, blijven veel van
deze flitsen als zodanig ongeïdentificeerd vanwege een gebrek aan gemeten rood-
verschuivingen. InHoofdstuk 8beschrijf ik onze code,GRBz, een methode om
gelijktijdig meerdere parameters te fitten aan de de spectrale energie verdelingvan
een gammaflits. De code maakt het mogelijk dat de fotometrische roodverschui-
ving, de spectrale index en de extinctie van het signaal door het sterrenstelsel waar
het vandaan komt al vroeg bepaald kunnen worden.
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We wait. We are bored. No, don’t protest, we are bored to death, there’s no
denying it. Good. A diversion comes along and what do we do? We let it goto
waste... In an instant all will vanish and we’ll be alone once more, in the midst of
nothingness!

Samuel Beckett,Waiting for Godot, 1949




