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1
Introduction

Gamma-ray bursts (GRBs) are the most powerful sources of electromagnetic (EM)
radiation in the universe. They are the result of physical processes that convert huge
amounts of energy (an appreciable fraction of the rest-mass energy of the Sun) into
γ-ray photons within very short periods of time. We observe a few of them per week
with durations that span a range of several orders of magnitude centered around a few
seconds. Typically occurring at cosmological distances, GRBs are very rare events
and, as far as we know, not recurrent.

The extremity characterising all physical quantities we can measure (photonen-
ergy, duration, luminosity, total energy output) implies that the observed radiation
reveals some very unusual places in the universe. Never resolved and even poorly
localized in many cases, sources of GRBs can only be understood via reverse engi-
neering from the point-source observations we have. We now believe that theγ rays
originate from an outflow of (in general) magneto-hydrodynamic nature. This out-
flow is itself a product of a catastrophic event that has led to the formation ofa black
hole (BH) or a magnetar. Rapid accretion onto the newly formed compact object
causes the ejection of mass and energy at relativistic velocities. Part of thecopious
amounts of kinetic energy available is converted to theγ rays we observe while some
of it energizes the surrounding medium that in turn produces theafterglow. GRB
afterglows are observed at longer wavelengths, typically for a much longer time than
the prompt (γ-ray) emission. Their discovery and subsequent study has provided
a wealth of information contributing significantly towards understanding the GRB
phenomenon.

Owing largely to their extreme nature and manifestation, GRBs are interesting to
study in their own right. However, they can also be viewed as probes and tools. As
is many times the case in astrophysics, by studying GRBs we are given a chance to
take a look at an experiment of physical conditions far surpassing our own capabil-
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1 Introduction

ities. This experiment includes: the birth of a black hole – the most gravitationally
profound object in the universe, the launching of some of the fastest outflows seen
across all astrophysical sources, and the formation ofshocks– the most probable site
of particle acceleration, where the highest-energy cosmic rays are produced. Apart
from ‘labs’, GRBs also act as ‘flashlights’ illuminating otherwise dark areas of the
universe throughout its evolution. In that way they enable us to catch glimpses of the
physical conditions describing the interstellar and intergalactic medium at various
epochs after the big bang.

In the remainder of thisChapterI will highlight important aspects of GRBs and
analyse key points relevant to theChaptersthat follow. In the following Section I
present a short historical background of GRB observations. I proceed then in Sec-
tion 1.2 to analyse basic features of the leading theoretical model accountingfor the
whole range of available observations. In Section 1.3 I discuss advances that have
shaped our current understanding of GRB progenitors. In Section 1.4I turn to the
currently most important research topics of the field. In Section 1.5 I present a sim-
ple derivation of synchrotron spectra from relativistic blast waves in order to highlight
the important physical parameters that we will be concerned with in the remaining
Chapters. Finally, in Section 1.6 I link specific research topics to the work I have car-
ried out during my PhD, introducing in that way the aims and results of theChapters
that follow.

1.1 Observational timeline

GRBs were discovered in the 1960s by the U.S. Air Force Vela satellites, which were
flown to monitor compliance with the Nuclear Test Ban Treaty. It took severalyears
for the announcement of the scientific discovery (Klebesadel et al., 1973), during
which it was established that neither the Earth nor the Sun could be the sources of
those mysterious bursts, albeit with limited directional constraints. For 30 years γ
rays remained the only source of information on GRBs. However, as observations
of BATSEonboard the Compton Gamma-ray Observatory (launched in 1991) piled
up it became clear that the sources’ distribution was uniform and inhomogeneous
(Fishman & Meegan, 1995), strongly suggesting a cosmological origin. This picture
was soon confirmed (Metzger et al., 1997) by the measurement of redshifts placing
GRBs gigaparsecs away from Earth.

Redshift measurements of GRBs were facilitated by a major observational break-
through; the discovery of X-ray, optical and radio counterparts to theγ rays (Costa
et al., 1997; Groot et al., 1997; Frail et al., 1997). This was possible mainly thanks
to theBeppo-SAXsatellite (launched in 1996) which, within hours after a burst, pro-
vided location of the source that resulted in follow-up observations from ground-
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1.1 Observational timeline

Figure 1.1: Early sample of GRB light curves (Mészáros, 2006). Diverse complexity, durations and
profiles are evident. Variability can reach the level of milliseconds implying avery compact source.

based instruments. This longer-wavelength radiation (dubbedafterglow) led to more
accurate localization of GRBs on the sky, something which allowed for the identifi-
cation and study of their host galaxies (Bloom et al., 1998). Furthermore,by open-
ing observation windows in other wavelengths the analysis of afterglows has greatly
broadened our understanding of GRB events. This has mainly come in the form of
support for thefireball model (see next Section) which has been enjoying great pop-
ularity in the community for the last 15 years, or so. The localization and follow-up
observations of afterglows in the late 1990s also led to the discovery of associated su-
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pernova explosions, both in nearby and distant sources (Galama et al., 1998; Bloom
et al., 1999; Hjorth et al., 2003). These associations have strongly influenced the
progenitor models of GRBs by linking them to the death of massive stars.

The launch ofSwiftin 2004 provided some of the missing pieces of the puzzle. As
its name suggests it can slew quickly once it detects a burst and observe atX rays, UV
and optical wavelengths. By doing so it has unveiled the phase between thetail of the
γ-ray emission and the beginning of the afterglow, at timescales of minutes to hours.
During that phase, mainly X-ray but also optical light curves display a rather complex
behaviour, (Nousek et al., 2006) whose interpretation should enrich our knowledge
beyond the standard fireball model.Swift’ssensitive gamma-ray detector has recorder
bursts atz > 8 (Tanvir et al., 2009) but has also found a significant underluminous
population of bursts, revealing the broadness of the GRB energy distribution.

One ofSwift’sprimary objectives has been to study further the different GRB pop-
ulations. By the beginning of the 1990s (Kouveliotou et al., 1993) there wasalready
evidence of a bimodal distribution in the population of GRBs in terms of duration and
spectral hardness. Long/soft GRBs had been most common, with their subsequent af-
terglow detections placing them inside star-forming galaxies. Short/hard bursts, on
the other hand, were not adequately localized as no afterglow had been observed.
This has changed since 2005 when the first afterglow from a short GRBwas ob-
served (Gehrels et al., 2005). Afterglow observations of short GRBshave proven
that they are also at cosmological distances and have shed light in the nature of their
progenitors.

The year 2008 saw the launch of the Fermi Gamma-ray Space Telescope, equipped
with sensitive detectors over a broad range of photon energies, but most importantly
covering four orders of magnitude inγ rays (McEnery et al., 2012). Fermi has con-
tributed significantly to many areas of research and gamma-ray astronomy in partic-
ular (see, for example, Abdo et al. 2009 for the discovery of severalpulsars through
theirγ-ray emission). In the field of GRBs it has unveiled the high-energy behaviour
of the prompt emission. This has been found to lag the low-energyγ rays and last
longer (Zhang et al., 2011). The overall spectra display various components includ-
ing some of thermal origin (Guiriec et al., 2011). This inference has accompanied
theoretical developments towards a more thorough understanding of the exact mech-
anisms that shape the observed bursts ofγ rays.

These have been the pivotal observations in the field of GRBs. In the following
Sections I present how their interpretation has resulted in refining our views on these
objects.
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Figure 1.2: Schematic representation of the basic features of
the standard fireball model. The progenitor launches a rela-
tivistic outflow from a very compact region. Irregularities in
the flow allow for the development of internal shocks which
result inγ-ray emission. At the same time the blast wave re-
sulting from the interaction of the flow with the CBM builds
up and at larger radii dominates the spectrum by producing
radiation at longer wavelengths, the afterglow emission.

1.2 Fireballs in space

By the end of the previous century ever-growing amounts of data along withprogress
on the theoretical side strongly favoured thefireball shock scenario(Cavallo & Rees,
1978; Paczýnski, 1986; Goodman, 1986; Rees & Mészáros, 1992, 1994; Sari & Pi-
ran, 1997b) as a general framework that provided adequate description of the data.
What this model essentially does is to suggest a series of processes for energy con-
version that can accommodate the observations. The general picture is thefollowing:
a violent event deposits a large amount of energy (a fraction of a solar rest mass)
in a small volume leading to the formation of an expanding fireball. A small frac-
tion of the initial budget will be converted to kinetic energy of the outflow. Once
the outflow has become transparent, heating of the particles (due to internalshocks,
magnetic dissipation or even particle collisions) will result in the efficient release
of some of the available kinetic energy in the form ofγ rays. Meanwhile, part of
the remaining kinetic energy will slowly generate a blast wave that shocks and heats
matter from the circumburst medium (CBM). The shocked CBM will then radiateat
progressively longer wavelengths (afterglow) until the flux levels get buried in the
background noise. Below, I analyse critical aspects of the fireball scenario.
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1.2.1 Relativistic sources

One of the major consequences of revealing the cosmological distances associated
with GRBs was the implied total energy release, if isotropically emitted, which in
some cases is equivalent to a solar rest mass inγ rays alone. This energy crisis can
be somewhat resolved under the assumption that the emission is not isotropic;we
will come back to this very important point later on. But even then, the combination
of fast variability displayed in the light curves (see Fig. 1.1) and total amount of
released energy implies a compact region with energy many times higher than that
corresponding to its rest mass. The outcome of this state will be an expandingfireball
that reaches relativistic speeds, by converting (at least in original versions of the
model) heat to kinetic energy through pressure.

In fact, relativistic motion can be inferred for the source just by the simple fact
that we observe high-energy (> 511 keV) photons which would otherwise fail to
escape the compact region of emission due to pair creation. This is what is known as
the “compactness problem”, the resolution of which demands the source ofγ rays to
be moving at high Lorentz factors (Γ > 100) towards the observer (Schmidt, 1978;
Krolik & Pier, 1991; Lithwick & Sari, 2001). All GRB outflows that have been
analysed according to these limitations have been found to be ultrarelativistic with
Lorentz factors sometimes greater than 1000.

1.2.2 Prompt emission

During the 1990s it was realized that external shocks (arising due to the interaction
of the outflow with the CBM) could not produce the observed variability of GRB
light curves (Rees & Mészáros, 1994; Sari & Piran, 1997b). Instead, shocks between
different parts of the outflow are expected to form naturally if the central engine oper-
ates unsteadily. This realization gave rise to the internal-external fireball shock model
according to which internal shocks (within the outflow) are responsible for the accel-
eration of particles that produce the prompt emission, while external shocks (from
the ‘collision’ of the outflow with the CBM) are the energy source of the afterglow
radiation.

The radiation mechanism of the prompt emission was initially assumed to be syn-
chrotron, mainly due to the fact that observed power-law spectra (Bandet al., 1993)
suggested a non-thermal mechanism, but also because of the widespreadoccurrence
of synchrotron radiation in similar astrophysical sources (AGN, X-ray binaries, su-
pernovae etc.). However, thermal signatures have been found in spectra, in the past
decade (e.g. Ryde 2005), possibly revealing the long hidden photosphere of these
objects. Deviations from a pure power-law spectrum have only reinforced attempts
to investigate further the types of processes that could result in efficient heating of

6



1.2 Fireballs in space

particles at radii relevant to theγ-ray emission (Giannios, 2006; Beloborodov, 2010)
or even reconsider processed photospheric emission (Pe’er & Ryde,2011). Almost
half a century after their discovery, debate over the dominant physical processes of
GRB prompt emission continues as intense as it ever was.

1.2.3 Afterglow

Cosmological models for GRBs predict naturally a signal from the interactionof
relativistic outflows with the CBM (e.g. Rees & Mészáros 1992). In fact, detailed
calculations of spectra and light curves from this interaction proceeded observations
of afterglow radiation itself (Mészáros & Rees, 1997). Its subsequentdiscovery not
only confirmed the cosmological distances of GRBs, but it also provided support to
the fireball model. This support has been implicit, but consistent. It is basedon
successful modelling of the observations as radiation from decelerating relativistic
blast waves. An important ingredient of the modelling has been the work by Bland-
ford & McKee (1976) who derived a self-similar solution describing the dynamics of
such a spherical blast wave. On the radiation side, the observed power-law spectra
of afterglows reveal a non-thermal origin. Varying degrees of polarization have been
measured (van Paradijs et al., 2000), strongly hinting at synchrotron asthe dominant
radiative process.

Advances in sensitivity and response time of space- and ground telescopes have
been instrumental in collecting a wealth of observational data sets from numerous
afterglows. These have been studied extensively to uncover details of their behaviour
and to extract physical parameters through modelling. Afterglows are especially
handy for such an undertaking. The reason is that the details (duration,irregular-
ity and so on) of the central engine do not affect the manifestation of afterglows
after some point (typically hours to days after trigger, in the observer frame). This
fact, combined with multiwavelength coverage, poses rigorous constraints on physi-
cal quantities that can be deduced from the data through modelling. These quantities
are: kinetic energy of the blast wave, CBM density, as well as microphysics parame-
ters that regulate energy conversion at the shock.

One of the most important physical quantities, with repercussions on many as-
pects of GRB theory (energetics, rate, dynamics), is the opening angle ofjets. The
simple scenario of spherical outflow raises concerns regarding the totalenergy of
GRB explosions as well as the inferred efficiencies of the processes that are respon-
sible for converting part of this energy into observed radiation. Beyondeasing the
energy-budget issue, jets have also been observationally deduced from simultaneous
achromatic breaks in the light curves of some afterglows (e.g. Harrison etal. 1999).
Such breaks occur when the bulk Lorentz factor of the outflowΓbulk ∼ 1/θj (θj is the
semi-opening angle of the jet) and the entire volume of the jet becomes causally con-
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Figure 1.3: One of the very first efforts to constrain physical parameters by comparing predictions of
the fireball model to afterglow data (Wijers et al., 1997). Even for the first afterglow discovered (GRB
970228), once the source was localized observations at 6 different frequencies were possible. Despite
the simplicity of the models, early efforts to fit observations were relatively successful and provided
crucial feedback on theoretical developments. Within a short period oftime a few bursts’ afterglow fits
had considerably reinforced the foundations of the fireball model.

nected. Working out the details of the dynamics (and the exact effects on the spectra)
after the jet break, has been the subject of intense study (Rhoads, 1999; Granot et al.,
2001; Kumar & Granot, 2003; Zhang & MacFadyen, 2009; van Eerten et al., 2011).
These details are important to interpret part of the observations but also tounderstand
the manner in which the outflow is transitioning towards non-relativistic velocities.
For that stage another self-similar description of the dynamics is available (Sedov,
1959) and as observations of afterglows can be continuous over, in some cases, the
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order of years (e.g. GRB 970508, GRB 030329 etc.) it is crucial to devise a formal-
ism in which all these different phases are smoothly connected. Achieving that will
result in a robust theoretical model based on which issues like jet openingangles, and
consequently energetics, rate etc., should be resolved.

1.3 GRB progenitors

I have so far refrained from addressing one of the core questions ofGRB research:
What causes these events? The answer is neither short, nor fully known. That is
one reason for postponing this discussion, the other being the relatively complex
and ongoing evolution of the subfield, which depends heavily on many and accurate
observations and meticulous analysis. In this Section I will present the most popular
models and review how progress made in the past decades has resulted in the current
picture.

For about 20 years after their discovery, while the distance to GRBs remained
unknown, a plethora of progenitor models had been proposed. Only as evidence
for cosmological distances started piling up did the sample reduce to a handful of
plausible scenarios. By the early 1990s the classification of GRBs into long/soft and
short/hard subtypes did not necessarily imply at the time a diversity in their respective
progenitors, as other properties (like isotropic distribution) were similar (Kouveliotou
et al., 1993). However, as afterglow observations became possible, thestudy of their
progenitors entered a new era. We now have substantial evidence pointing towards
two separate cases of events, roughly separated by duration, but with comparableγ-
ray luminosity. An important advancement, that afterglow detections allowed for, has
been the better localization of the source, which has in many cases (in some others
crucially not) resulted in associations with host galaxies. Study of those galaxies has
revealed clues that have helped us discern between different hypotheses.

1.3.1 Long bursts

While the possibility of GRBs being galactic sources was still considered, a popular
scenario in the literature (Paczyński, 1986; Goodman, 1986; Eichler et al., 1989),
applicable in the case of extragalactic origin, was that of merging neutron stars (NS).
This idea gained even further support (Narayan et al., 1992) as it became clearer that
GRBs lie at cosmological distances. At the same time a “failed supernova” (now
known ascollapsar) was suggested (Woosley, 1993) as another possible progenitor,
in particular for long GRBs (LGRBs). This postulate suggests a link betweenSNe
and GRBs.

This latter scenario is by now considered almost a certainty for LGRBs and that
is based on two different kinds of evidence. The first one is of statistical nature
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and derives from the strong correlation of LGRBs with star-forming galaxies (van
Paradijs et al., 2000). The second, and perhaps more convincing, is theconnection
of some LGRBs with Ic SNe, deduced from sky positions (Galama et al., 1998),
light curves (Bloom et al., 1999), or spectra (Hjorth et al., 2003; Staneket al., 2003).
Evidence for further GRB-SNe associations have been found since (e.g. Cobb et al.
2010; Levesque et al. 2012), establishing a solid link between the two.

In the collapsar model, the iron core of a very massive rotating star is collaps-
ing towards the end of the star’s life, similarly to the standard SN scenario. The
main difference lies in the accretion of a disk/torus, of order stellar mass, that has not
been expelled in what would otherwise have been a successful SN explosion (hence
the original name “failed supernova”). The details of energy release are debatable
(neutrino transport is one possibility; MacFadyen & Woosley 1999, while magnetic
extraction is another; Barkov & Komissarov 2008). In any case, the burst’s duration
is linked to the accretion of that disk onto the central object and high angularmo-
mentum of the core is a necessary ingredient of the process. Interestingly, there is an
association of LGRBs with low-metallicity host galaxies (e.g. Levesque et al. 2010).
Metals (in Astrophysics lingo, “everything that’s not H or He”) are crucial in efficient
angular-momentum loss of the stars by driving massive stellar winds. Therefore, their
relative absence from GRB hosts strengthens the collapsar scenario byproviding ob-
servational evidence for the high rotation rates necessary in the model.

The connection between LGRBs and SN also poses questions regarding the du-
ality of massive-star explosions. Strong detection limits confirm the absence of a SN
counterpart in nearby GRBs (Fynbo et al., 2006) demonstrating that the two phenom-
ena do not always occur together. It may well be that a wide range of possibilities
between one and/or the other exist, with the final outcome depending on the exact sit-
uation. Regardless, establishment of the GRB-SN connection has been a major step
in comprehending the origin and cause of those, until recently, enigmatic objects.

1.3.2 Short bursts

The story is quite different when it comes to short GRBs (SGRBs). Theirγ-ray
behaviour displays four distinct differences from long bursts. They are (obviously)
of shorter duration, with harder spectra, occurring less frequently and releasing less
energy in total. Another distinctive feature was the failure to detect an afterglow of
a SGRB during theBeppo-SAXera. Supported by the fact that the collapsar model
naturally predicts durations of order tens of seconds, it seemed that SGRBs may
actually be quite different events with progenitors separate from those of the long
class.

Actually, the NS-NS merger scenario is more suitable to bursts of duration less
than a second and thus remained popular as a progenitor model for SGRBseven after
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the establishment of the LGRB-SN connection. There is now inconclusive evidence
that this may indeed be the case. This is backed up by afterglow observations (or the
lack thereof) of host galaxies harbouring, or associated with, the GRB sources. The
first afterglow detections of SGRBs revealed elliptical galaxies with substantially less
star formation than the LGRB hosts (Bloom et al., 2006; Gorosabel et al., 2006). By
now, there are about 20 SGRB afterglows in the literature (notably less andpoorer
than for LGRBs), 25% of which lies hostless (Berger, 2010). For the rest, a range
of host-galaxy properties has been noted, although with on average significantly less
star formation than those of the long class. The offsets they display from the centers
of their hosts are considerably larger as well (Fong et al., 2010). All these properties
fit nicely into the merger framework.

When two compact objects merge, a black hole is expected to be the outcome.
Numerical simulations have shown (Aloy et al., 2005) that accretion of a torus (frac-
tion of the total mass ) onto the central BH can result in relativistic collimated knotty
outflows. Due to their structure and velocity these outflows are capable of producing
SGRBs on the timescales implied by the observations. A compact-object binary is
the end phase in the life of a binary system consisting of two massive stars. Large
distances from the sites of star formation are expected for those systems. This is due
to the kicks the binary experiences during the two SN explosions that the constituent
stars undergo. Combined with lifetimes of the order hundreds of Myr (Faber & Rasio,
2012), compact binaries have plenty of time and speed to cross big chunksof their
host galaxies, or even completely abandon them before they merge. This expectation
compares nicely with the large offsets of SGRBs and even accounts for the hostless
population. Outside their formation sites, if not outside the host galaxies, SGRB af-
terglows are then understandably underluminous as a result of the low CBMdensities
as well as the intrinsically lower explosion energies. Despite the progress,important
questions remain regarding the nature of these objects. A detection of a gravita-
tional wave (GW) signal, characteristic of a compact-binary inspiral, coincident with
a SGRB would be the ‘smoking gun’ conclusively proving their connection.

1.4 Open questions

In the previous Sections I have presented an overview of observational and theoretical
progress in GRB research. In this Section I turn to discuss issues for which we have
limited understanding. These issues cover, more or less, all areas of study (and often
more than one at a time), ranging from progenitor types to radiation mechanismsand
outflow dynamics.
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Figure 1.4: Histogram ofSwiftGRB durations along with a fit representing three
different populations (Horváth et al., 2008). Inclusion of an intermediate class
significantly (99.54%) improves the description of the data, if the distributions are
Gaussian. T90 (the time interval during which 90% of the total observedγ-ray flux
is obtained) for the intermediate class is centered around 10 s.

1.4.1 Progenitor models and non-EM information carriers

Due to the cosmological distances of GRBs it is clear that we cannot hope to directly
observe the objects and processes responsible for their emergence. Instead, we can
expect that continuous observations and refinement of the theoretical models will
eventually lead to a more solid picture. Evidence is now strong for the connection of
LGRBs with SNe and more tentative for the case of SGRBs, for which NS-NS/BH
mergers seem to be a favourable proposition.

Things, however, seem to be slightly more complicated than that. It has become
clear in recent years that the long-soft dichotomy cannot account forall bursts we
observe (Zhang, 2006). Namely there have been many events, with overall charac-
teristics that are at odds with the duration of the burst (Kann et al., 2011).Thus, it is
evident that duration is not an absolute criterion for the classification of GRBs. The
picture has been further complicated by the statistical inference of a third, interme-
diate class of GRBs (Horváth et al., 2008). This class is found to comprise about a
third of all Swift GRBs. Their typical duration is at the low end of the LGRB dis-
tribution and they are often related to LGRB progenitors (de Ugarte Postigo et al.,
2011). Regardless of the statistics, the diversity, and in some cases ambiguity, of
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Figure 1.5: Gravitational-wave frequency vs amplitude in the case of (a) a double NS merger and (b) a
collapsar (Kobayashi & Mészáros, 2003). (a) Advanced-LIGO noise curve (dashed line) is shown along
with the expected signal from in-spiral (solid line), merger (dot-dashedline), bar (circle), and ring-down
(solid spike) of two 1.4M⊙ NS at a distance of 220 Mpc. (b) Similar to (a) but with no in-spiral phase.
This plot corresponds to a collapsar leading to the formation of two assymetrical blobs that eventually
collide to form a BH. Each blobs’ mass is 1M⊙ and the system is at a distance of 27 Mpc.

GRBs suggests that a generalisation of the current models is needed.
SGRB study has long suffered from low-number statistics, in part due to their

lower rate and less energetic engines, but mostly because of their underluminous af-
terglows. Expected accumulation of more observations should already shed light in
their behaviour, confirming or disproving our current ideas. The long-awaited detec-
tion of a strong GW signal might provide the first unambiguous link between SGRBs
and merging compact objects and might even allow us to distinguish between a NS-
NS and a NS-BH scenario. Promising EM counterparts to a compact merger have
been recently discussed in the literature (Nakar & Piran, 2011; Metzger &Berger,
2012) and although aγ-ray detection (SGRB) is crucial, additional possibilities (op-
tical/radio afterglows, kilonova signals) are considered and observationalstrategies
to utilise them have been proposed.

Beyond GWs, there are more types of non-EM signals expected from GRBs.
Immediate or secondary products of particle acceleration, both cosmic raysand high-
energy neutrinos are expected to originate from strong internal shocks, widely be-
lieved to occur at GRB outflows (Waxman & Bahcall, 2000; Dermer & Holmes,
2005). So far searches, however, have only yielded upper limits on theirfluxes (Ab-
basi et al., 2012). The, so far, non-detection of GRBs in these channels may be
suggestive of modifications to the standard fireball model. For example, a magnet-
ically dominated outflow would tend to involve fewer baryons and thus accelerate
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considerably fewer cosmic rays (some of which will eventually decay to neutrinos)
than what would be expected in the ‘baryonic jet’ scenario. Evidence in favour of
the launch of Poynting outflows from GRB central engines has been found both on
an observational (Coburn & Boggs, 2003), and (with less dispute) a theoretical level
(Drenkhahn & Spruit, 2002; Vlahakis & Königl, 2003; Komissarov et al., 2009). An
alternative explanation, viable in light of recent prompt-emission observations, would
be that internal shocks are not responsible for theγ-ray emission and do not operate
to the extent believed, something that would displace GRBs from the candidates’
list for ultra-high energy cosmic-ray acceleration. External shocks (the existence of
which can be considered confirmed) would need to operate in a highly magnetized
medium for efficient acceleration of cosmic rays to be achievable (Vietri et al., 2003).

1.4.2 Physics of prompt emission

The origin of prompt-emission spectra is now the subject of intense debate (Ryde &
Pe’er, 2009; Willingale et al., 2010; Zhang et al., 2011), which in part relates to the
old ‘synchrotron line of death’ problem (Preece et al., 1998). The latterexpression
was coined to describe observed power-law spectra with slopes different than the
predictions of standard synchrotron theory (Rybicki & Lightman, 1986). In practice,
since the early 1990s a spectral function (Band et al., 1993) representing a broken
power law has been (and is still being) used to fit the observations. This function,
however, lacks theoretical foundations; it is merely a heuristic description. Moreover,
in some cases it needs to be supplemented with an additional high-energy component
(Abdo et al., 2009) to provide a good description of the spectra. In a broader context,
if we assume that the prompt emission originates from shock-accelerated particles,
the efficiency implied for energy conversion at the internal shocks is often closeto
unity (Zhang et al., 2007), something improbable within the current framework (e.g.
Daigne & Mochkovitch 1998).

The mechanisms of energy conversion and radiation are physically relatedand
can only be tackled simultaneously. In recent years efforts have been focused to in-
troduce new models where thermal emission (either photospheric or due to energy
dissipation at larger radii) is an integral part of the observed spectra (Giannios, 2006;
Beloborodov, 2010; Pe’er et al., 2012). These studies explore different physical pro-
cesses that result in a thermal spectrum, modified due to multiple-temperature plasma
or inverse-Compton scattering. Fermi-type acceleration of particles is not excluded
(some of the proposed models are largely hybrid) but the efficiency crisis implied by
the operation of internal shocks is largely avoided. The wide spectral range of the
instruments aboard Fermi will undoubtably aid the effort of distinguishing between
the proposed mechanisms in the near future.
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1.4.3 Afterglow physics

Contrary to the prompt emission, GRB afterglows are relatively well-behaved. There
is extensive evidence for the presence of relativistic external shockswhich acceler-
ate particles to power-law energy distributions that map onto the observed spectra
through the synchrotron mechanism. This well-founded understanding has allowed,
in some cases, for accurate predictions and interpretation of the data. Moreover, due
to the robustness of the current framework, it is easier to expand it by adding ex-
tra pieces accounting for additional physical processes. More often than not, this
extra physics has deeply-rooted consequences on the overall properties of the GRB
phenomenon. In this way, afterglows have so far proven instrumental in providing
breakthrough observations of GRBs and retain the same outlook for the future. In
what follows I present observational properties which are manifested inthe afterglow
but concern important aspects of GRBs as a whole.

Early afterglow behaviour

Typical timescales for the beginning of afterglow observations in theBeppo-SAXera
were of the order of several hours, at best. These observations often displayed the
canonical afterglow behaviour expected in the simplest fireball scenario. The rapid
response ofSwift, however, has enriched our knowledge by revealing the behaviour
at timescales of the order of minutes. In Fig. 1.6 all potential phases of an early X-
ray light curve are presented, according toSwift-XRT data. A range of possibilities
exists.

Phase 1 (steep decay) is present in almost all bursts and is typically attributed to
high-latitude prompt emission (Zhang et al., 2006) which due to the finiteness of the
speed of light reaches the observer at later times. This phase is regarded to represent
the transition from the main burst to the afterglow and is considered a validationof
the different origin of the two.

Phase 2 (shallow decay or plateau) is present in an appreciable sample ofSwift
bursts, often with coupled optical light curves (Panaitescu & Vestrand, 2011). The
slopes observed during this phase are not reconcilable with the simple fireball-model
predictions. Instead, they are commonly attributed to a long-lasting central engine
which continuously supplies the blast wave with energy, affecting in this way the
dynamics, and hence, the temporal profile of the emission.

Phase 3 represents the canonical afterglow decay, as deduced fromtheory and
confirmed by mostBeppo-SAXobservations. Temporal indices often seem to indicate
a flat distribution of the CBM density (Zhang et al., 2006). On the face of it, this is
at odds with the expectations for a massive-star progenitor, the stellar windof which
would be expected to have shaped the environment around it.
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Figure 1.6: Synthetic X-ray light curve of GRB afterglows
in the Swift era, at early (minutes to days) observer times
(Nousek et al., 2006). Three segments, connected by breaks,
are possible. The temporal behaviour of the light curves in
individual segments has been inconclusively linked to various
physical mechanisms, like high-latitude emission (1), energy
injection (2) and canonical afterglow decay (3).

On top of this ‘standard’ picture there can be flares at any phase. In fact about half
of all Swiftafterglows display some flaring activity (O’Brien et al., 2006). Segment 2,
in particular, is often accompanied by flaring events, during which spectraare similar
to those of phase 1 (Zhang et al., 2006). A common interpretation of these flares is
that they originate from late central-engine activity.

The details of the complex, but almost universal overall behaviour are still to be
worked out. However, a few qualitative conclusions from early-afterglow light curves
can already be drawn. First, the prompt emission seems to have a different origin than
the afterglow. This confirms the internal-external shock scenario, despite the fact that
internal shocks have been challenged as an energy conversion mechanism, mainly on
efficiency grounds. Second, it is clear that the central engine’s operationcan be long-
lived, episodic and in some cases delayed, leading to shallow light curves and flares.
This demonstrates that instantaneous explosion models are an over-simplification and
calls for a more accurate treatment of the dynamics of GRB outflows.

Jets and late-time behaviour

About 10% ofSwift’sX-ray afterglow light curves show clear signs of a steepening at
approximately 1 day, with some dispersion around the central value. This behaviour
is consistent with radiation from a laterally expanding blast wave, i.e. emissionafter
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the jet break. The sample, however, of bursts that display such behaviour is unexpect-
edly small. BeforeSwift, Beppo-SAXhad identified about 20 cases of achromatic jet
breaks (Mészáros, 2006), strongly pointing towards jets being a universal feature of
GRB outflows. Expectations were thatSwiftwould confirm this picture and even re-
inforce it by detecting jet breaks occurring earlier on, implying narrowerjets. In light
of the previous discussion on early afterglow behaviour,Swiftdid discover breaks at
early times, and a small fraction of them may indeed be jet breaks (Racusin etal.,
2009). However, a notable trend in the majority ofSwift X-ray afterglow observa-
tions is the absence of jet breaks, an issue that has raised a few eyebrows, to say the
least.

This discovery is uncomfortable, more for the diversity in outflows’ geometry
that it suggests, rather than the energy crisis implied by some bursts if isotropic. The
reason is that, as a sample,SwiftGRBs are underluminous, and the events that show
no jet break especially so (Racusin et al., 2009). Even if spherical, the total emitted
energy inγ-rays can be as low as 1048−49 erg. However, a closer look at jet-break
mechanisms is necessary. There is evidence that jet breaks’ characteristics change
when viewed off-axis (van Eerten et al., 2010) and even that jet breaks are actually
expected to be chromatic (van Eerten et al., 2011). What this means is that wemay
need to upgrade the quality of the observational criteria used in order to characterise
the presence of jet breaks, in the near future.

Methodology set aside, it seems quite probable by now that there is a rangeof
possibilities for the geometry of GRB outflows. Whether that range includes spher-
ical outflows is unknown, but should not come as a big surprise if it turns out to be
the case. SGRB afterglows are too few to provide good statistics, with only a couple
claimed to contain a jet break, but if we were to use the findings to date we would
infer larger opening angles than in the LGRB sample (Panaitescu, 2006; Grupe et al.,
2006; Burrows et al., 2006). As has been stressed before in thisChapter, the implica-
tions of beaming can be significant on fundamental physical aspects that characterise
the GRB phenomenon, like energy release, progenitor type and rates. And it is per-
haps these aspects that we most eagerly want to know.

1.5 Synchrotron radiation from relativistic blast waves

In all theChaptersthat follow we will be concerned with studying various phases of
the afterglow. Specifically, we will be focusing on synchrotron radiation originating
from relativistic (in general) blast waves. Therefore, it is worthwhile examining a
simple version of the problem to introduce the important physical parameters and the
methods that will be commonly used in the followingChapters.
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1.5.1 Blast-wave dynamics

Let us consider a sudden release of energy within a small volume, embedded in an
environment of constant density. As a result of pressure gradient, thevolume will
expand and if the expansion velocity is higher than the local speed of sound, this will
generate a shock that propagates radially within the CBM. If the shock is relativistic
(bulk velocity∼ c) and strong (high pressure difference between shocked and un-
shocked regions) the energy density and number density of the shockedCBM gas
will be (Blandford & McKee, 1976)

e2 = 4γ2 ρ1 c2, (1.1)

n2 = 4γ n1, (1.2)

where the subscripts 1 and 2 refer to the unshocked and shocked regions, respectively,
γ is the bulk Lorentz factor of the shocked fluid andρ1 (n1) is the mass (number)
density of the unshocked fluid. We have also made the implicit assumption that
the enthalpy of the unshocked gas is dominated by its rest-mass energy. Here and
throughout this Section, thermodynamic quantities are expresses in their local fluid
frame. The jump conditions expressed in eq. (1.1) and (1.2) imply that if the blast
wave is adiabatic, the relation between Lorentz factor and radius of the shock is

γ ∝ r−3/2. (1.3)

Using the relativistic Doppler effect for a source moving on the line of sight, we
can relate the radius of the shock to the arrival time of photons at a distant observer
dtobs ≃ dr/2γ2c. Through this formula we can translate eq. (1.3) to a scaling ex-
pressed in terms of the observer time:

γ ∝ t−3/8
obs . (1.4)

All thermodynamic quantities of the blast wave derive from the jump conditions,
which are in turn defined by the density of the CBM and shock Lorentz factor. Thus,
eq. (1.4) provides a handle on the temporal profiles of mass and energy density,
temperature etc. as they would be deduced by an observer. By connecting the profiles
of those quantities to a radiation mechanism, one can then calculate the observed
spectra as a function of time.

1.5.2 Synchrotron spectra

Synchrotron radiation is the dominant emission mechanism in GRB afterglows. This
is supported by the general shape and evolution of the observed spectra, polarization
measurements and successful modelling of the observations based on the synchrotron

18
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model. Due to their lower mass, electrons are far more efficient emitters than protons
and it is their spectra that are typically considered in modelling. We assume thattheir
energy distribution is a power law with index−p (with p > 2). Three more ‘micro-
physics’ parameters are needed to complete the description of the spectra.These are
the fraction of electrons that are accelerated at the shockξ, the fraction of internal
energy of the shocked gas carried by the power-law electronsǫe and the fraction of
internal energy of the shocked gas carried by magnetic fieldsǫB. When electron cool-
ing and self-absorption are taken into account, the spectrum consists of 4segments
connected through 3 critical frequencies, the derivation of which we demonstrate be-
low.

In the comoving frame the emitted power of a relativistic electron (with Lorentz
factorγe) inside a magnetic field of strengthB′ is (Rybicki & Lightman, 1986)

P′ =
4
3

cσT γ
2
e U′B, (1.5)

wherec andσT are the speed of light and Thomson cross section, respectively, while
U′B = B′2/8π = ǫB e2.

The bulk of the electron population have energies close to the minimum energy of
the power-law distributionγm. Assuming a pure proton-electron plasma and relating
mass and energy density of the shocked gas to the electron distribution we find

γm =
p− 2
p− 1

mp

me
ǫeξ
−1, (1.6)

wheremp andme are the proton and electron mass, respectively.
Most of the emitted energy of any electron is radiated at the synchrotron charac-

teristic frequency. For electrons of energyγm me c2 that frequency has the comoving
value

ν′m =
3
4π
γ2

m
qeB
mec

sinα, (1.7)

whereα is the pitch angle between magnetic field and electron velocity. When trans-
lated to the observer frame,νm is one of the three critical frequencies of the syn-
chrotron spectrum.

From eq. (1.5) we see that the more energetic electrons have higher energy losses.
We can therefore define a critical Lorentz factor for which the energy losses within
the expansion timescalet of the system are significant

γc =
6πme cγ

σT B2 t
. (1.8)

The characteristic frequency of the electrons with Lorentz factorγc introduces an-
other critical frequency in the spectrumνc above which the spectrum steepens due to
the rapid cooling that the contributing electrons undergo.
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Figure 1.7: General form of the synchrotron spectrum whenνa < νm < νc. Dif-
ferent ordering of the critical frequencies may affect the slopes of the two interme-
diate power-law segments. The positions of those frequencies depend on physical
parameters of the blast-wave but also on time. Therefore, spectral evolution and
other types of spectra (corresponding to different ordering of the frequencies) are,
in general, expected during the afterglow evolution.

The final critical frequency of the spectrum is the self-absorption frequencyνa,
below which absorption of photons due to the inverse process of synchrotron emis-
sion causes quenching of the emitted spectrum. An estimate ofνa can be obtained
by using formulas for the (frequency-dependent) absorption coefficient (Rybicki &
Lightman, 1986) and setting the optical depth of the blast wave to 1.

In Fig. 1.7 we present an example of a synchrotron spectrum. The spectrum
shown is just one of the few different types that can emerge according to the ordering
of the critical frequencies. The positions of those frequencies are functions of time
and therefore, spectral transitions from one type to another are possible during the
afterglow evolution. What is important to note is that the slopes of all power-law
segments in all possible types of spectra are known from theory. Some of the slopes
only depend on the index of the electron power-law distribution, while the rest have
values independent of all the physical parameters.
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1.6 Thesis outline

Having discussed major advancements and problems in the study of GRBs, it isnow
time to present my own contribution to the field, first by summarizing the following
Chaptersof this Thesis. Most of the basic ingredients, necessary for the comprehen-
sion of the remainder of this Thesis, have already been introduced, but Iwill expand
more on methods and concepts when I find it necessary.

1.6.1 Dynamics and spectra of transrelativistic outflows

In Chapter2 we present results from one-dimensional (1D) relativistic hydrodynamic
(RHD) simulations of GRB outflows that start off relativistically, but decelerate to
non-relativistic velocities. We study synchrotron radiation from these outflows while
we expand on previous methods of accurate calculation of spectra and light curves
from simulation snapshots. Motivation for this study has been the fact that several
afterglow data sets extend to observer times of hundreds of days, a timescale typical
of the expected transition to Newtonian dynamics.

Similarly to SNe, GRB outflows go through stages of acceleration, coasting and
deceleration. The details differ at early stages, mainly due to the uncertainties of
the acceleration mechanism (in both types of events) but also due to the relativistic
nature of GRB outflows. Once the latter start decelerating, the bulk Lorentzfactor
decreases as a function of time. The solution of Blandford & McKee (1976) provides
a reasonably good description of the dynamics during deceleration, downto Lorentz
factors of a few (Kobayashi et al., 1999). On the other side of the velocity space, the
Sedov-Taylor solution (Sedov, 1959; Taylor, 1950) is applicable to outflows with ve-
locities much smaller than the speed of light. The problem lies on linking them and
understanding the observational implications (for example, duration) of thistransi-
tion.

A range of effects, expected to accompany the transrelativistic phase, have been
explored. Such effects are, for example, the changing adiabatic index of the shocked
gas, which is shown to have an effect early on, as the index deviates from the ul-
trarelativistic value of 4/3. Furthermore, we demonstrate how radiative transfer can
be performed to calculate late-time resolved images of GRB outflows and how the
images’ properties depend on the part of the spectrum that is being probed. For the
transrelativistic phase, we find that it is manifested in the observed spectraas a slow
transition from the relativistic scalings to the non-relativistic ones.
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1.6.2 Flux prescriptions at all observer times

In this Chapterwe employ the setup developed in the previous one to obtain a set
of formulas, based on which one can calculate detailed spectra and light curves of
afterglows for a given set of physical parameters. We accomplish this byusing nu-
merical results in order to ‘calibrate’ analytic scalings of the radiation duringthe ul-
trarelativistic and non-relativistic dynamical phases and connecting the twothrough
heuristic formulas.

We show that this method provides a quite accurate description of the numerical
results, at all times. We find that the transrelativistic phase is manifested differently
across the spectrum, something which has important consequences for data fitting
based on afterglow models. A noteworthy feature of the formalism we introduce is
that it allows for investigating the density structure of the CBM, an indirect probe of
the progenitor’s nature.

Apart from presenting the formulas we derive, we also make available a software
implementation that combines these formulas with a fitting code. The expectation is
that the numerical simplicity of the method will motivate researchers to use it in order
to fit physical parameters of the standard fireball model to data. This is the first study
that uses simulation runs to arrive at flux prescriptions applicable over such a wide
range of observer times. In the future similar prescriptions (although not necessarily
analytic in nature; van Eerten & MacFadyen 2012b) are expected from studies of 2D
jets that should be able to address interesting topics, like jet breaks, directly.

1.6.3 Flux prescriptions applied on GRB afterglow data

In this Chapterwe use the flux prescriptions that we have presented previously in
order to fit model parameters to data of well-monitored GRB afterglows. Beyond
obtaining best-fit values we are keen on understanding the performanceof a spherical
model in reproducing the features of the observed light curves. We findthat from
the few bursts examined, one (GRB 970508) can be completely fitted by a spherical
model, while the structure of the CBM points towards a stellar-wind progenitor.Other
bursts produce overall decent fits although with a few weaknesses and/or extreme
physical parameters derived.

The values we derive for the blast wave of GRB 970508 are reasonable. The to-
tal blast-wave energy is found to be close to 1051 erg, which is comparable to the
isotropic equivalent of the prompt emission (∼ 5 · 1051 erg; Rhoads 1999). We find
energy equipartition between power-law electrons and magnetic field, as well as evi-
dence for a non-accelerated electron population.
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1.6.4 Thick shells as origins of early shallow decay

In the lastChapterof this Thesis we turn our attention to the early afterglow be-
haviour of bursts in theSwift era. Specifically, we analyze the observational signa-
tures of the so-called “thick-shell” scenario as we assess whether it is a viable pro-
posal for the explanation of early shallow decays and plateaus in optical and X-ray
light curves. A ‘thick shell’ represents the situation where the (assumed continuous)
ejection of matter from the burster lasts longer than usual, or commonly assumed.
The effect of such an ejection profile on the dynamics can be quite important, as it
may result in the reverse shock, that propagates inside the ejecta, becoming relativis-
tic before all energy has been given to the blast wave. This may, in turn, induce an
intermediate phase between coasting and canonical deceleration, during which the
dynamics of the blast wave are governed by energy fluxes across the two shocks.
This scenario is a popular, but not fully explored, option for energy injection due to
continuous activity of the central engine.

We present simple analytic calculations of the dynamics, the particle population
and the thermodynamics of the blast wave as a function of time, during the interme-
diate dynamical phase and the transition to the canonical decay. From thesewe can
extract the observational properties in such a scenario. We constructa semi-analytic
application of the model and use it to highlight the diversity of light curves during
energy injection. We investigate the predictions of the model by deriving scalings
for the optical flux at the end of energy injection and find that the reverseshock ex-
plains better the observational findings. We apply the model on afterglow data sets
of GRB 060729 and GRB 090423 and infer basic physical parameters that describe
energy injection into the corresponding blast waves.
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