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Abstract

This thesis considers emission from gamma-ray bursts (GRBs), the most powerful
explosions known in the Universe. Most GRBs are likely associated with the final
stages of stellar evolution, where the core of a massive star collapses, and gives birth
to a highly compact object such as a neutron star or black hole. The wide energy
range of the Fermi Gamma-ray Space Telescope allows for unprecedented studies
of GRBs. Fermi data is used to study the emission released at the photosphere
of the relativistic outflow ejected from the central compact object. The thesis
present studies of two of the strongest GRBs ever detected; GRB 090902B (Papers
I, II) and GRB 110721A (Paper III). Photospheric emission is identified and its
properties are studied for both GRBs. For the first time, observational evidence is
found for spectral broadening of photospheric emission. Motivated by these results,
possible mechanisms to make the emission from the photosphere appear broader
than the Planck spectrum are examined. Two separate theoretical explanations are
presented. Apart from the possibility of energy dissipation below the photosphere
(Paper II), geometrical effects in outflows with angle dependent properties is shown
to significantly broaden the photospheric spectrum (Paper IV). Most importantly,
the observed spectrum below the peak energy may become significantly softer in
the latter case. This thesis thus concludes that photospheric emission in GRBs may
be more common than previously thought. This is because the emission spectrum
from the jet photosphere does not necessarily need to be a Planck function. On the
contrary it is shown that broader and/or multicomponent spectra naturally arise,
consistent with what is generally observed. In particular, the thesis presents a new
mechanism for spectral broadening due to geometrical effects, which must be taken
into consideration in the study of GRB emission.
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Introduction

Although extensively studied for about 40 years, there are still many open questions
regarding gamma-ray bursts (GRBs). First detected 1967 by the VELA satellites
by accident [1], these extreme events appear as brief (usually a few seconds, see
Figure 1), intense flashes of X- and gamma-rays. GRBs are non-repeatable events,
although new GRBs are observed a few times a week by various observatories.
GRBs are extremely powerful events; while active, the GRB is outshining the rest of
the observable universe (in electromagnetic radiation, [2]). Two sub-classes appear
to exist; long and short GRBs, with gamma-ray emission duration longer or shorter
than two seconds respectively.

Energy considerations first led to models considering sudden energy release from
relatively nearby objects. However, after gathering enough data the BATSE detec-
tor mounted on the Compton Gamma-Ray Observatory (CGRO, [4]) showed that
the GRB positions in the sky have an isotropic distribution [5]. This is hard to
account for when considering galactic sources, however GRB progenitors located in
the galactic halo was still considered as possible alternatives.

The first detection of decaying emission (the afterglow) in lower energy bands
following the prompt gamma-rays was made by BeppoSAX [6]. This allowed for a
more precise localization of events and the association of GRBs with host galaxies,
from which redshift measurements were made [7]. Although the implied energy
release is enormous, GRBs was found to be cosmological events with an average
redshift of z ≈ 2, although much larger redshifts has been observed (GRB090423,
z ≈ 8.2, [8]). The first association of a long GRB to a supernova (SN) explosion
was made in 1998 [9]. Supernova forms in the final stages of stellar evolution,
where the decrease in radiation pressure leads to collapse of the core of a massive
progenitor star. The core forms a compact object, such as a neutron star (NS) or
black hole (BH). This connection enforced the collapsar model for GRBs [10], where
the prompt emission originates from the gravitational energy release of a similar
progenitor.

The first cosmological models for GRBs considered the implications of a sudden,
huge energy release (approximately the mass of the sun converted to pure energy)
within a small base region (a sphere of radius a few times the Schwarszchild ra-
dius of a black hole formed from the collapse of a massive star) (e.g. [11; 12]).

vii



viii Introduction

Figure 1. An example GRB light curve as observed in different energy ranges (GRB
090217A, from [3], observations made by the Fermi Gamma-ray Space Telescope, see
Chapter 1), demonstrating the rapid time variability commonly observed.
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They found that the temperature within the base region is large enough for pro-
duction of electron positron pairs from photon-photon interactions, and a lepton
photon plasma is established. The mean free path of photons within the plasma
is much shorter than the radius of the initial region (i.e. the plasma is optically
thick), and so the photon field exerts a large pressure on the electrons (from here,
both electrons and positrons are considered when using the word electrons) through
Compton scatterings, establishing a thermal equillibrium and accelerating the elec-
trons to form a relativistic outflow. The large optical depth and the relativistic
speed of the expanding plasma causes the expansion to be approximately adia-
batic. As the plasma expands, the density of electrons decreases and the distance
between the average photon scattering positions increases. At some radius (called
the photospheric radius), the outflow becomes optically thin and photons escape
the outflow. The time scales involved and the average photon energy from this
simple model provided acceptable fits to the observed data.

However, the photon spectrum was expected to appear similar to the Planck
spectrum (blackbody spectrum, dNγ/dE ∝ E at energies below the temperature
peak and an exponential cut-off at larger energies), as the plasma thermalizes at
small radii due to the large initial optical depth. This is not consistent with the
majority of GRBs (e.g. [13]). The “typical” GRB spectrum is well fitted by a
wider spectrum, usually a smoothly broken power law (commonly called the Band
function, [14]) with a peak energy Ep ≈ 500 keV, photon index α ≈ −1 for E < Ep

and photon index β ≈ −2 for E > Ep. Although exceptions exists (e.g. [15]), the
typical GRB spectrum appeared to be of non-thermal origin.

This led to considerations of optically thin emission processes. The internal
shock model [16] became the most popular explanation for the prompt emission.
This model consideres variabilities close to the base of the outflow which leads to
“shells” of plasma moving outwards at different speeds. When a faster shell catches
up to a slower shell in an optically thin region, a collisionless shock forms which
dissipates a fraction of the kinetic outflow energy, accelerating electrons to large
speeds and enhancing the magnetic field strength. The electrons quickly lose most
of their energy through synchrotron emission, producing a smoothly broken power
law spectrum similar to that observed from active galactic nuclei (AGN).

There are however several problems with the internal shock model. Measure-
ments of the energy released in the prompt emission compared to the afterglow
shows that the efficiency of the prompt emission is high [17]. This is hard to ac-
count for by internal shocks as only the relative kinetic energy between different
shells is dissipated. A large fraction of the energy continues to be in the form of
kinetic energy which may be radiated in the afterglow. Perhaps even more severe,
optically thin synchrotron theory sets a robust upper limit to the photon index
below the peak energy. Fast cooling electrons (which lose the bulk of their energy
through emission of synchrotron photons) can not account for a low energy photon
index α < −3/2, while slow cooling electrons (which lose most of their energy to
the adiabatic expansion of the outflow) can not account for an index α < −2/3 [18].
Both limits are violated in a substantial fraction of GRBs. Invoking parameters
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Figure 2. Band function fits to spectra from the three time intervals (a, b, c)
shown in Figure 1 (from [3]). In most GRBs, strong spectral evolution is observed
throughout a burst. In some GRBs, several spectral components are identified.
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Figure 3. An illustration of the Fermi Gamma-ray Space Telescope (from http:

//gtn.sonoma.edu/resources/history/index.php).

that let the electrons be in the slow cooling regime leads to an even worse prompt
emission efficiency, as the bulk of the electron energy is not emitted as synchrotron
photons during the prompt phase.

Alternative optically thin models have been proposed (e.g. jitter radiation, [19]).
However, a small fraction of GRBs have photon spectra which are not compatible
with any optically thin emission model (see Papers I, II). This has motivated a
renewed theoretical interest in photospheric emission from relativistic outflows. The
hardest, most sharply peaked photon spectra in nature (not including line emission)
are formed in optically thick regions. Several investigations on how to broaden the
emission from the photosphere to be compatible with the typical Band spectrum
has therefore been carried out.

As we show in Papers II and IV, there are two ways to widen the observed
photospheric emission from a static, relativistic outflow:

• Energy dissipation below the photosphere, in the optically thick region, can
heat electrons above the equilibrium temperature. These electrons emit syn-
chrotron emission and Comptonize the thermal photons, thereby modifying
the Planck spectrum ([20; 21; 22]. The dissipation may be caused by shocks
[20; 23; 15], dissipation of magnetic energy [24; 25; 26; 27] or collisional pro-
cesses [28; 29].

• As was shown by [30] and [31], the photospheric radius is angle dependent.
Therefore, the observed photons make their last scatterings at a distribution
of radii and angles and the observed spectrum becomes a superposition of
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comoving spectra. The Doppler boost is a function of angle, and the comov-
ing temperature decreases with radius through adiabatic cooling. Depending
on the outflow properties, the observed spectrum can appear significantly
different than the Planck spectrum.

Papers I, II and III in this thesis consideres photospheric emission in GRBs
as observed by the Fermi Gamma-ray Space Telescope (see Figure 3, chapter 1).
In these papers the focus for explaining the broadened spectrum is put on kinetic
energy dissipation at radii of moderate optical depths. In Paper IV, for which I
am the main author, I develop the theory for photospheric emission in relativistic,
non-dissipative, collimated outflows. I show that either a narrow jet observed at
any viewing angle, or a wider jet viewed off-axis may indeed explain the low energy
spectrum commonly observed (α ≈ −1).

This is an exiting time for GRB science. The Fermi Gamma-ray Space Telescope
provides unprecedented observational capabilities. It has enabled the discovery of
multiple emission components in some strong bursts, such as GRB 090902B (Papers
I, II) and GRB 110721A (Paper III). GRB 090902B provides the clearest case of
photospheric emission ever observed in a GRB, dominating the additional non-
thermal power law emission component. On the other hand, the photospheric
emission in GRB 110721A appears as a sub-dominant bump at energies below the
Band component of the spectrum.

This thesis is organized as follows. In Chapter 1, I describe the Fermi satellite,
from which we gather the observational data. Chapter 2 gives an introduction to
the basic theory of relativistic outflows, and discusses the photosphere and fireball
model, vital to the understanding of Paper IV. I explain the conclusions drawn
from Papers I - IV in Chapter 3, and discuss the results in Chapter 4. Finally, I
give a summary and conclusions in Chapter 5.



Chapter 1

The Fermi Gamma-ray Space
Telescope

The Fermi Gamma-ray Space Telescope is a mission designed for observations of
gamma-ray sources within the energy range 8 keV to > 300 GeV. It was launched
on 11 June 2008 into a circular, 565 km low-earth orbit, with an orbital period of
about 90 minutes. Fermi carries the Gamma-ray Burst Monitor (GBM, §1.1) and
the Large Area Telescope (LAT, §1.2), two wide field instruments which continously
monitor every point on the sky for about 30 minutes every two orbits. The primary
scientific objectives of Fermi include [32]

• Identifying the nature of previously unidentified gamma-ray sources

• Understanding the mechanisms of particle acceleration operating in celestial
sources

• Understanding the high-energy behaviour of GRBs and transients

• Using gamma-ray observations as a probe of dark matter

• Using high-energy gamma-rays to probe the early universe

The wide energy range covered by the Fermi telescope (over seven orders of mag-
nitude) together with the excellent sensitivity of the LAT allows for unprecedented
observations of GRBs. Spectral analysis of Fermi data is performed in Papers I -
III. Below I give a brief description of the two instruments mounted on Fermi.

1.1 GBM

The GBM [33] is designed to provide observations below the LAT energy range,
which starts at 30 MeV. It carries of 12 thallium activated sodium iodide (NaI(Tl))
scintillation detectors and two bismuth germanate (BGO) scintillation detectors.

1



2 Chapter 1. The Fermi Gamma-ray Space Telescope

Figure 1.1. Location and orientation of the GBM detectors. The gray box is the
LAT (§1.2). From [33].

The NaI(Tl) detectors are mounted around the LAT facing outwards (see Figure
1.1), thereby providing excellent coverage of the full unocculted sky.

The primary science goal of GBM is to provide data for joint spectral and tem-
poral analysis of GRBs together with the LAT. The GBM is designed to trigger on
potential GRBs and provide the GRB location in near real time for potential follow-
up observations by other telescopes. In case of particularily interesting bursts, the
satellite may be re-oriented to allow extended observation time for the LAT. Other
transient targets of interest within the GBM energy range includes solar flares, soft
gamma repeaters (SGRs) and terrestrial gamma flashes (TGFs).

1.1.1 The GMB Detectors

12 NaI(Tl) detectors (see Figure 1.2) provide observations in the energy range
8 keV−1 MeV. Each detector consists of a crystal disk (diameter of 12.7 cm, thick-
ness of 1.27 cm) attached to a photomultiplier tube (PMT). As photons interacts
with one of the scintillation crystals, they are converted into lower energy scintilla-
tion photons which are then detected by the PMTs. The lower energy threshold of
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Figure 1.2. A NaI(Tl) detector unit, consisting of a NaI(Tl) disk attached to a
PMT. From [33].

the NaI(Tl) detectors is set by a thin silicone layer (0.7 mm), attached to the top
of the detector for mechanical reasons.

The NaI(Tl) detectors are located in such a way that the relative signal strength
in the detectors can be used for determining the source location. Whenever a trigger
occurs, onboard flight software computes the location of the event using a pre-
calculated table with relative count rates for 1634 directions (∼ 5◦ accuracy). The
location, along with burst data is then sent to the ground for additional processing
and eventual follow up observations.

Two BGO detectors provide coverage in the 200 keV − 40 MeV energy range,
bridging the gap between the NaI(Tl) detectors and the LAT, allowing for cross-
calibration of the detectors. The crystals are shaped like thick disks, with both
length and diameter of 12.7 cm. A PMT is attached to each flat side of a BGO
crystal in order to increase the light collection and to provide redundancy. The
BGO detectors are located on opposite sides of the spacecraft to ensure that at
least one BGO detector gets illuminated for each possible source location.

The NaI(Tl) detectors are not collimated. Therefore the background in lower
energies (. 150 keV) includes a significant contribution from the diffuse X-ray back-
ground. At higher energies (& 150 keV) the background is dominated by secondary
photon production by cosmic rays. Most of these photons originate from the Earth’s
albedo, although a smaller fraction is produced within the satellite.

The secondary photon production from cosmic rays is modulated by the Earths
magnetic field, and so the background varies depending on the spacecraft location.
The orbit of Fermi passes through the South Atlantic Anomaly (SAA), where the
increased flux of charged particles causes the background to rise sharply. Therefore,
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Figure 1.3. A BGO detector unit, including two PMTs attached to each flat surface
of the BGO crystal. From [33].

the PMTs are turned off during each passage.
When performing spectral analysis of data from transient events, the back-

ground is separately fitted with a low order polynomial function using data before
and after the event. The fitted background is then subtracted from the source data
before the spectral analysis.

1.1.2 Detector performance

Beam tests of both the NaI(Tl) and BGO detectors have shown an energy resolution
(∆E/E) of 10− 20% (depending on the energy of the incoming photon, see Figure
1.4) at normal incidence. The effective area of a single NaI(Tl) and BGO detector
is shown in Figure 1.5. It peaks at ∼ 100 cm2 for both types of detector and is
about 70− 100 cm2 within most of the detector energy range.

At high photon rates the observations may suffer from at least three effects:
detector dead time, pile-up of pulses in the front-end electronics, and the limited
speed of data transfer from the GBM to the spacecraft for transmission to the
ground.

The dead time between events is 2.6µs for all energies except the highest (over-
flow) channel in each detector, where it is set to 10µs. The effective dead time
is therefore weakly dependent on the exact spectral shape of the signal, but does
not exceed 10−5 s. An estimate of the upper limit to the number of counts per
second the detector can handle is therefore 105 counts per second (cps). GRBs
with 5 × 104 cps within a separate GMB detector are expected to occur less than
once per year.

If the event rate is high, the pulses transmitted to the front-end electronics
from different events may overlap (pile-up), causing distortions in the measured
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Figure 1.4. The measured Full Width Half Maximum (FWHM) of the signal as a
function of the energy of the actual signal, as measured pre-flight by the GBM team.
From [33].
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Figure 1.5. The effective are of a detector as a function of energy. The incoming
photon beam is normal to the open detector surface. From [33].

spectrum and count rates. The effects of pile-up are hard to quantify, but pre-flight
simulations were carried out by the GBM team. The source was assumed to have
the spectral shape of a Band function with a peak energy of 200 keV and high
energy power law index β = −2.15. The count rate was assumed to be 5× 104 cps.
The relative errors caused by pile-up were found to be less than 1.5% for the peak
energy and 0.6% for the power law index.

The combined data transfer from all GBM detectors to the spacecraft is limited
to 1.5 MB s−1. Additional data can not be handled by the system and is therefore
lost. Although this limit has been reached by SGRs, so far no GRB has had high
enough count rates for data loss to occur due to the data transfer limit.

1.2 LAT

The LAT [32] is a wide field-of-view (FOV), pair-conversion telescope, designed for
timing, direction and energy measurements of photons in the energy range 30 MeV
to > 300 GeV. It was built by an international collaboration consisting of France,
Italy, Japan, Sweden, and the United States. The LAT consists of a precision
tracker and a calorimeter, with an anticoincidence detector (ACD) covering the
instrument for charged particle background rejection. The ACD consists of 89
plastic scintillator tiles in a 5 × 5 pattern on top, and 16 tiles on each side of the
instrument. It provides > 0.9997 efficiency for detecting of singly charged particles
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Figure 1.6. A schematic overview of the LAT instrument. From [32].

entering the LAT FOV. An ACD tile has a radiation length of 0.06 in order to
minimize the absorption of source signal.

The principle of photon detection with a pair-conversion telescope is as follows:
as photons with energy above twice the electron rest mass (1.022 MeV) interacts
with the detector, the cross-section for producing an electron-positron pair while
destroying the photon is large. Due to conservation of energy and momentum,
the original photon energy and direction can be reconstructed if the direction and
energy of the newly formed electron-positron pair can be determined. The particle
paths are measured by the precision tracker and the particle energies are measured
by the calorimeter.

1.2.1 Precision tracker

The LAT precision tracker consists of 16 tracker modules in a 4×4 pattern (as seen
in Figure 1.6). Each tracker module consists of 18 stacked trays. At the top and
bottom of a tray is a layer formed of parallel silicon strip detectors (SSDs). Each
SSD may detect a charged particle passing through it. Therefore, a layer of SSDs
provides 1D information (say, along the x-axis) of the event position.

Every second tray is rotated 90◦ with respect to the previous one, and so the
bottom SSD layer of one tray and the top SSD layer of the tray below are orthogonal
and form a 2D grid; hence 2D information (both x and y coordinates) of the event
position may be obtained (see Figure 1.7).



8 Chapter 1. The Fermi Gamma-ray Space Telescope

Figure 1.7. A cartoon of photons converting into electron-positron pairs in the
precision tracker. The X and Y refers to the orientation of the SSD layers at the top
and bottom of each tray, which measures the location of passing charged particles.
W refers to the layers of tungsten converter material. From [32].

Just above the bottom SSD layer of each tray is a layer of high-Z converter
material (tungsten), where high energy photons are converted to electron-positron
pairs, which are then tracked by the layers of SSDs as they pass through.

1.2.2 Calorimeter

The LAT calorimeter allows for energy measurements of charged particles. It con-
sists of 16 calorimeter modules, each located below a tracker module. The calorime-
ter is 8.6 radiation lengths deep. A single calorimeter module consists of 96 thallium
activated caesium iodide (CsI(Tl)) crystals of size 2.7× 2.0× 32.6 cm, provided in
part by the Royal Institute of Technology (KTH). The crystals are organized in
eight layers of 12 parallel crystals (as seen in Figure 1.8). A photodiode is attached
to each end of a crystal.

For every energy deposition event in a CsI(Tl) crystal, three dimensional infor-
mation of the location of the event as well as the magnitude of energy deposition
is measured. Two of the spatial coordinates are given by the physical position
of the crystal in the detector, while the third coordinate (along the length of the
CsI(Tl) crystal) is obtained by comparing the light yield asymmetry measured by
the photodiodes attached in each crystal end.
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Figure 1.8. A schematic view of one LAT calorimeter module. From [32].

The calorimeter is thus able to image the shower profile that developes, pro-
viding a powerful tool for the rejection of background events. Through application
of shower leakage corrections, good energy resolution is achieved at high energies.
The longitudinal shower profile is fitted with an analytical expression for the energy
deposition of a charged particle of a given energy, enabling measurements of initial
photon energies up to 1 TeV. Figure 1.9 shows the calorimeter energy resolution
for electrons of six different energies from beam tests performed at CERN.

1.3 Fermi observations of GRBs

From launch, until August 2011 the GBM has detected 733 GRBs [34]. About
50% of these GRBs occured within the LAT FOV. Significant detection of emission
in the LAT was achieved for 20 of the bursts, 19 of these cases were detected by
ground analysis of the flight data.

The LAT bursts span a large range of redshifts; z = 0.9 to z = 4.3 (obtained by
optical follow-up observations). The implied isotropic energy release of the most
distant burst, GRB 080916C, is huge (Eiso = 8.8× 1054 ergs, assuming a standard
cosmology) [35].

A common feature of GRBs detected by the LAT is the delayed onset of the
LAT emission. The duration of the LAT emission is commonly longer than the
prompt MeV emission, detectable up to several thousand seconds after trigger in
some GRBs, suggesting different physical origins of the LAT and GBM emission.
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Figure 1.9. The energy resolution (∆E/E) of the LAT calorimeter for incoming
electrons of six different energies. The electron beam was directed at 45◦ to the
detector vertical axis. The hatched histograms show the total measured energy while
the solid histogram shows the reconstructed energy. The resolution is 2 − 3.8 %.
From [32].
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However, GRB 110721A deviates from this pattern as the LAT and GBM emission
show similar properties (Paper III). In this burst, the LAT emission appears con-
sistent with the extension of the GBM emission component into the LAT energy
range.

Gamma-ray bursts detected by the LAT show two broad types of behaviours.
GRB 080916C is consistent with a single Band component1 dominating the spec-
trum from 8 keV to 13 GeV, suggesting a single emission process for the full prompt
emission [35]. On the other hand, several spectral components have been signifi-
cantly identified in other strong LAT GRBs (e.g. GRB 090510, GRB 090902B, GRB
110721A). The spectrum in GRB 110721A is consistent with being a superposition
of a blackbody with temperature of tens of keV and a Band function peaking at
higher energies (the first time bin analysed in Paper III reveals a peak energy of
15 MeV, the highest ever observed in a GRB). GRB 090902B is consistent with a
photospheric component with a peak close to 1 MeV and a power law component
extending at both lower and higher energies.

The detection of multiple emission components is a direct consequence of the
unprecedented energy range of the Fermi telescope. With more LAT observations
of GRBs, the emission processes dominating the prompt GRB emission may finally
be understood.

1Refined analysis indicates possible deviations from a single Band function (Fermi collaboration
in prep.).
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Chapter 2

Basic theory of relativistic
outflows

In this chapter I provide an overview of basic concepts, useful for understanding
the attached papers, in particular Paper IV.

2.1 Important frames of reference and the
Doppler boost

When considering relativistic outflows (Γ � 1, where Γ ≡ [1 − β2]−1/2 is the
outflow bulk Lorentz factor and β is the bulk outflow speed in units of the speed
of light), there are two frames of reference of special importance; the lab frame
(where the jet is moving at speed β, i.e. the stellar rest frame in the case of
relativistic jets originating from an exploding star) and the comoving frame (the
local, instantaneous frame comoving with the outflow). The lab frame is, except for
the cosmological red shift, the same as the observer’s frame of reference. Outflow
properties are typically expressed in terms of lab frame spherical coordinates. On
the other hand, physical processes occuring in the outflow (i.e. radiative processes)
are most easily described in the comoving frame. Comoving properties and lab
frame properties are related by the Lorentz transformation. Comoving properties
are usually denoted with a prime symbol.

An important consequence of relativistic motion is the Doppler boost. Consider
two events; the emission of two photons in the direction of the observer from a blob
of plasma moving with speed β at an angle θ relative to the line-of-sight (LOS, an
imaginary line connecting the observer and the blob). The time between emissions
in the comoving frame is ∆t′, while the lab frame time is longer due to time dilation,
∆t = Γ∆t′. However, the measured time between the detection of the two photons
by an observer, ∆tob, differs from ∆t. The reason for this is the relative motion
of the blob between emissions. At the time of emission of the second photon, the

13



14 Chapter 2. Basic theory of relativistic outflows

first photon has propagated a distance c∆t while the blob has moved a distance
cβ∆t cos θ closer to the observer. The distance between the two photons at any
given time is ∆l = c∆t − cβ∆t cos θ, and the observed time between detections is
therefore ∆tob = ∆l/c = ∆t(1 − β cos θ) = ∆t′Γ(1 − β cos θ) = ∆t′/D where the
Doppler boost is defined as

D ≡ 1

Γ(1− β cos θ)
. (2.1)

It is useful to consider the Doppler boost in some limiting cases. If the outflow is
moving directly away from the observer (θ = pi) then D ≈ 1/2Γ and ∆tob ≈ 2Γ∆t′.
On the other hand, if the outflow is moving directly towards the observer (θ = 0)
then D ≈ 2Γ and ∆tob ≈ ∆t′/2Γ.

A similar effect occurs with the observed frequency of a photon. The observed
frequency is ν = Dν′ and therefore the photon energy is E = hν = DE′, where h
is the Planck constant. The effect is analogous to the non-relativistic Doppler shift
of the frequency of sound (except that sound waves propagate with a fixed speed
relative to the air, while the speed of light is equal for all observers). Observed
temperature transforms in the same way as energy, T ob = DT ′. In most cases,
the outflows that we do observe move with small angles to the LOS, and therefore
the observed energies are increased by a factor ∼ 2Γ while the observed times are
decreased by the same factor.

A photon propagating at comoving angle θ′ = π/2 with respect to the direction
of motion of the outflow propagates at an angle sin θ = Γ−1 in the lab frame (this
is obtained after Lorentz transformation of the photon four-vector). For Γ � 1,
sin θ ≈ θ � 1. This example illustrates the effects of relativistic beaming; an
isotropic photon field in the comoving frame will in the lab frame be beamed in
the outflow direction of motion, with half of the photons moving within angle
Γ−1 with respect to the outflow direction of motion (see Figure 2.1). This has
important observational consequences; consider a spherically symmetric outflow
moving radially with speed β from a common origin. An observer will primarily
see the parts of the outflow that are within angle Γ−1 to the LOS, as photons from
larger angles are beamed away from the observer. Therefore, relativistic outflows
that do not move within small angles towards the observer are less likely to be
detected.

A photon emitted at radius r, moving with lab frame angle Γ−1 with respect
to the radial direction will never reach the parts of the outflow that are separated
from the initial photon position by angles larger than Γ−1. The central parts of
a jetted outflow (as shown in Figure 2.2), may be modeled as a spherical outflow
since the central parts are not affected by the outer parts (under the requirement
that the characteristic jet opening angle is θj & 5/Γ and that the outflow is viewed
at angle θv � θj, as shown in Paper IV). This greatly simplifies the analysis of such
outflows, as the outflow can be considered as 1D with radius as the only spatial
coordinate.
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Figure 2.1. An illustration of the concept of beaming. An isotropic photon field
(left side, the comoving frame K′) is beamed within an angle Γ−1 (right side, the
lab frame K). In the figure, the Lorentz factor is denoted by γ. From [36].

Figure 2.2. Hydrodynamical simulation of a relativistic jet propagating through
the progenitor star performed by [37]. Oblique shocks form at the jet edges and
disrupts the jet propagation somewhat. Notice the different scales of the jet in the
two panels. The Lorentz factor along the jet axis is Γ & 100. Although the outflow
is clearly not spherical, the central parts (at angles . Γ−1 from the jet axis) behave
approximately as if part of a spherical outflow of the same Lorentz factor.
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2.2 Optical depth and the photosphere

In dense plasmas where photons scatter on electrons many times before escaping,
the concept of optical depth is convenient. The optical depth for a photon propa-
gating along the path connecting points P1 and P2 is

τ ≡
∫ P2

P1

nσds (2.2)

where n is the number density of electrons, σ is the cross-section for photon-electron
scattering and ds is a length element along the path [36]. For many applications
use of the Thomson cross-section, σT, is appropriate (valid for photon energies
E � mec

2 where me is the electron rest mass and c is the speed of light). The
probability of a photon to propagate an optical depth τ before interacting with an
electron is exp(−τ). A photon travels on average an optical depth of unity between
scatterings. Within regions of large optical depth (τ � 1) photons and electrons
thermalize through scattering and absorption, and the photon energy distribution
takes the form of the Planck spectrum [36].

If the electrons occupying the space between P1 and P2 moves with a bulk speed
comparable to the speed of light, the motion of the electrons during the time it takes
for the photon to propagate between the two points must be taken into account
(see Figure 2.3). [30] showed that the proper expression for the optical depth is

τ =

∫ P2

P1

n′σT
D

ds (2.3)

If the electrons are moving parallel to the photon propagation direction, the optical
depth is reduced by a factor 2Γ, while if the electrons are moving in the opposite
direction the optical depth is increased by the same factor (as compared to the case
of stationary electrons in the lab frame).

As the outflow expands, the mean free path between scatterings increases. At
some radius most photons will escape the outflow. The photosphere of the outflow
is defined as the surface from where the optical depth to the observer equals unity.
Although the photosphere gives an estimate of where most photons decouple from
the outflow, the distribution in last scattering positions for a spherical outflow is
wide (comparable to the radius of the photosphere, see Figure 2.4). [31] was the first
to introduce probability density distributions for the spatial coordinates of the last
scattering positions as a tool for studying the emission released at the photosphere.
We refine this approach in Paper IV.

Due to the angle dependent optical depth, the radius of the photosphere is a
function of angle to the LOS. [31] showed that for a highly relativistic, spherical
outflow with constant Lorentz factor, the radius of the photosphere is approxi-
mately constant for angles θ . Γ−1, where the angle is measured from the LOS,
but increases proportional to θ2 at larger angles. The fact that the photosphere is
symmetrical around the LOS implies that different observers see different photo-
spheres (see Figure 2.5).
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Figure 2.3. A schematic view of a photon propagating between points P1 and
P2, while electrons are moving with speed β at an angle θ with respect to the
photon propagation direction. If the electron velocity component parallel to the
photon propagation direction is positive, the optical depth between the two points
is decreased (as compared to the case of stationary electrons).
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Figure 2.4. A scatter plot of simulated last scattering positions for photons in a
spherical outflow. The angle is measured from the LOS. The photospheric radius
(black line), where the optical depth for a photon propagating towards the observer
equals unity, is shown for reference.
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Figure 2.5. Two observers viewing a relativistic, spherical outflow from different
angles. The radius of the photosphere (Rph) is approximately constant within an-
gle Γ−1 to the LOS. Within the gray area the outflow is in thermal equillibrium,
although highly anisotropic (in the lab frame). For this figure Γ is low (Γ ≈ 3) for
clarity.

As previously discussed, most of the photons reaching the observer from a spher-
ical outflow will make their last scattering within angles Γ−1 measured from the
LOS. Therefore, emission from larger angles is usually neglected for simplicity.
However, photons which make their last scattering at θ > Γ−1 (so called high-
latitude photons) may be important in shaping parts of the observed spectrum for
non-spherical outflows, as shown in Paper IV.

2.3 Relativistic fireball dynamics

A popular model for GRBs is the fireball model (i.e. [38; 39; 40; 17]). The dynamics
of this model are used in Paper IV. The basic idea is that during the collapse of
the core of a massive star, a compact object (BH or NS) is formed, with a typical
radius of tens of kilometers. The gravitational energy of a few solar masses from
the infalling matter is liberated on a few light crossing time scales (about 1 ms)
through some unspecified process, related to accretion onto the compact object. A
comparable amount of energy is liberated through continued infall of gas from the
progenitor in a slightly larger volume, however this occurs on time scales of 1 − 100
seconds. This is the time scale associated with the duration of the observed prompt
GRB.
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Figure 2.6. Important radii in the fireball model. The outflow accelerates up to
the saturation radius, rs = ηr0, after which it starts coasting. At the photospheric
radius, rph, the outflow becomes transparent in the radial direction and photons
escape. Internal shocks may develop at radius ris ≈ η2r0 if the outflow is variable,
dissipating a fraction of the kinetic energy which may then be converted to syn-
chrotron emission. The outflow decelerates at r & res where an external shock is
formed as the outflow sweeps up external matter. Synchrotron emission from the
external shock appears as the afterglow. From [17].

About 99% of the energy liberated is carried away as gravitational waves and
neutrinos on a time scale of seconds. The remaining energy is trapped in an ex-
tremely dense, opaque plasma of photons, baryons and associated electrons. Due
to the large optical depth, the plasma quickly thermalizes to a temperature of
kT ≈ 1 MeV. If the plasma temperature is larger than the electron rest mass,
electron-positron pairs form and further increase the optical depth.

As the luminosity liberated is much larger than the Eddington luminosity (the
maximum luminosity for which gravitation may balance the radiation pressure in
hydrostatic equillibrium), the plasma starts expanding. As the outflow expands, the
baryons and electrons are accelerated outwards. The acceleration saturates when
the total kinetic energy of the outflow is approximately equal to the internal energy
density, after which the outflow starts coasting with an approximately constant
speed.

For simplicity, we consider a spherical outflow of constant total luminosity, L,
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and mass outflow rate, Ṁ . The initial volume of the outflow has a radius of r = r0.
An important parameter for the outflow evolution is the ratio of internal energy to
the total rest mass energy at the base of the outflow,

η ≡ L

Ṁc2
. (2.4)

If η � 1, the outflow contains enough energy to expand into a relativistic fireball.
The energy density at the base is aT 4

0 = dE/dV ≈ L/(4πr20c), where a is the
radiation constant. The temperature at the base is therefore

T0 =

(
L

4πr20c

)1/4

. (2.5)

In order to obtain the outflow dynamics one considers the conserved quantities of
the outflow, in this case energy and baryon number. In a relativistic fluid description
of a spherical outflow this may be expressed as

L = 4πr2w′Γ2βc = const (2.6)

and

Ṁ = 4πr2ρ′Γβc = const (2.7)

where w′ = ρ′c2 + U ′ + P ′ is the enthalpy of the fluid, ρ′ is the fluid density, U ′ is
the internal energy and P ′ the pressure of the fluid. It follows that

η =
L

Ṁc2
=
w′Γ

ρ′c2
= const. (2.8)

In a relativistic, photon dominated fluid w′ ≈ U ′ + P ′ and P ′ = U ′/3. Since
the outflow expands with a speed close to the speed of light and is optically thick,

it follows that the expansion is approximately adiabatic and P ′ ∝ ρ′4/3. Therefore

we have w′ ∝ ρ′
4/3

which we may insert into Eq. 2.8 to obtain ρ′ ∝ Γ−3. Finally,
inserting this result into Γ ∝ r. At the base of the outflow, Γ(r0 ≈ 1 and therefore
we have

Γ =
r

r0
, (2.9)

which demonstrates the acceleration of the outflow. In a thermalized fluid, U ′ =

aT ′
4
. Since w′ ∝ U ′ ∝ ρ′4/3 ∝ Γ−4, we have

ΓT ′ = const, (2.10)

which shows that the increase in kinetic energy occurs on the expense of internal
energy of the outflow. When w′ ≈ ρ′c2 the outflow saturates. The Lorentz factor
is then (from Eq. 2.8) Γ ≈ η. The saturation radius is obtained from Eq. 2.9,
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rs ≡ ηr0, (2.11)

above which the outflow coasts with Γ ≈ const. Above the saturation radius,
T ′/T0 = (r0/rs)(rs/r)

2/3 due to the continued expansion [17]. In Paper IV we
assume that the photospheric radius is located above the saturation radius, where
the outflow coasts.

From Eq. 2.3 we obtain the optical depth as measured from radius r to the
observer (located at r →∞) is

τ =

∫ ∞
r

n′σT
2Γ

dr̃. (2.12)

Assuming the Lorentz factor is constant with respect to radius and that all
electrons are associated with protons gives n′ = L/(4πr2mpc

3βΓ2) where mp is
the proton rest mass. Integrating Eq. 2.12 gives τ = (LσT)/(8πmpc

3βΓ3r). The
photospheric radius is defined as the radius where τ = 1,

Rph =
LσT

8πmpc3βΓ3
. (2.13)

At the photosphere the photons are free to escape the outflow. If the outflow is
variable with variations of the Lorentz factor of moderate variations, internal shocks
will occur where faster shells of ejecta catches up to slower shells. The internal
shocks will dissipate the relative kinetic energy of the shells, accelerating electrons
and magnetic fields. The dissipated energy may then be radiated as synchrotron
emission. The radius of internal shocks is approximately

ris ≈ η2r0. (2.14)

There is currently no consensus regarding the emission site of the prompt emission.
Some authors argue for associating the Band function spectrum with emission from
the photosphere (e.g. [28; 41; 42]) while others argue for non-thermal emission as
a result of energy dissipation for the Band function spectrum (e.g. [27; 43; 44]).

At a larger radius, the outflow starts sweeping up a noticable amount of in-
terstellar medium (or stellar wind). An external shock will be established, which
dissipates the kinetic energy and accelerates electrons and magnetic fields. Similarly
to the internal shocks, the energy may then be radiated by synchrotron emission
and is observed as the afterglow. Figure 2.6 gives a schematic overview of the
fireball evolution.
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Paper results

3.1 Paper I: Identification and properties of the
photospheric emission in GRB090902B

GRB 090902B is an unusual GRB with several interesting properties. It is one of
the brightest GRBs detected by the Fermi LAT [45], including the most energetic
GRB photon detected so far (E = 33.4+2.7

−3.5 GeV). The prompt spectrum consists
of two components: a peaked component centered just below 1 MeV and a power
law with photon index −1.9 across the whole detected energy range. The MeV
component experiences strong spectral evolution during the prompt phase, which
emphasizes the need for time resolved spectral analyzis.

We perform time resolved spectral analysis on the first half of the prompt emis-
sion from GRB 090902B using Fermi data. The time bins are selected based on a
signal-to-noise ratio (S/N) of 40 in the most strongly illuminated GBM detector.
We fit the data using two models: The first consists of a multicolor blackbody
(similar to a blackbody spectrum except for the low energy photon index being a
free parameter) and a power law. The second model consists of the commonly used
Band function and a power law.

We find that the low energy photon index of the MeV component in some time
bins is α > 0, significantly harder than most GRBs (independent of the model
used). The high energy index is also steep in some time bins (β ≈ −4 for the
Band function fits, an exponential cut-off for the multicolor blackbody), making
the MeV component very narrow. Optically thin emission processes are unable to
reproduce the low energy slope and narrow spectrum observed in some time bins
of GRB 090902B. We therefore conclude that the MeV component origins from the
GRB photosphere. This GRB provides the clearest indication so far of photospheric
emission in GRBs.

From the observations we then infer the outflow properties. We derive the
photospheric radius along the LOS (Rph ≈ 1012 cm) and the bulk outflow Lorentz
factor (increasing from Γ ≈ 400 to Γ ≈ 750) using the fitted parameters. Both

23



24 Chapter 3. Paper results

properties are consistent with values expected from GRBs. This way of measuring
the Lorentz factor is independent of other methods commonly used, strengthening
the ultrarelativistic outflow picture.

3.2 Paper II: Observational evidence of
dissipative photospheres in gamma-ray bursts

Due to its interesting characteristics, GRB 090902B deserves additional attention.
Although theoretical arguments exists for why the photospheric emission may ap-
pear non-thermal, GRB 090902B provides the first observational evidence of broad-
ening of the Planck spectrum.

We perform additional time resolved spectral analysis, considering the full prompt
emission episode. The spectral characteristics experience a significant change about
half-way through the prompt phase. We therefore define Epochs 1 and 2 as the
times before and after this change. Epoch 1 coincides with the data considered in
Paper I. We focus on the common Band function + power law model, performing
spectral fits to Epoch 2. The time bins are defined in a similar way as in Paper I.

As shown in Paper I, the spectral shape of the MeV component during Epoch
1 may only be explained by optically thick emission from the photosphere. On the
other hand, significant broadening of this component occurs and the MeV compo-
nent more resembles the typical GRB spectrum during Epoch 2. As there is no
discontinous jump in flux or peak energy, we conclude that the MeV components in
Epochs 1 and 2 are of the same origin. We thereby provide the first observational
evidence of broadening of the spectrum from the photosphere.

We interpret this change to be due to energy dissipation below the photosphere.
We show that significant energy dissipation at moderate optical depths leads to a
wider spectrum due to synchrotron emission from hot electrons (below the observed
peak energy) as well as inverse Compton scatterings of thermal photons on the hot
electrons (above the observed peak energy). A state of the art kinetic code was
used for the simulations [46]. We consider a scenario where the spectral broadening
observed is due to low amounts of sub-photospheric dissipation during Epoch 1,
which increases during Epoch 2. The measured Lorentz factor decreases from Epoch
1 to Epoch 2, leading to an increase in the photospheric radius and decrease in
the radius where internal shocks are expected to occur. We therefore argue that
increased sub-photospheric dissipation during Epoch 2 is expected.

3.3 Paper III: GRB 110721A: An extreme peak
energy and signatures of the photosphere

We turn our attention to GRB 110721A. This GRB was observed by Fermi, consist-
ing of one major pulse about 7 s long. We perform time-resolved spectral analysis
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using two spectral models: a single Band function, and a Band function with an
additional blackbody component.

We find that adding the blackbody significantly improves the fits (especially the
fit residuals), as it captures a spectral bump at energies below the peak energy of
the Band function. The peak energy is initially Ep = 15 MeV, the highest value
observed in a GRB. It decreases as Ep ∝ t−1.9 during the pulse. The temporal
evolution of the blackbody temperature behaves similarly as to what is observed in
other GRBs.

We show that even though the low energy spectral index of the Band function
is compatible with slow cooling synchrotron emission, due to the large peak energy
the inferred radius of the emission site is too small to explain the observations. We
speculate that Compton scattering of thermal photons close to the photosphere by
hot electrons accelerated during a subphotospheric dissipation episode may give an
explanation to the large peak energy observed.

3.4 Paper IV: A theory of photospheric emission
from collimated outflows

Most of my effort has been put into this work. Spherically symmetric outflows
has typically been considered when deriving the spectra emitted from the photo-
spheres of highly relativistic outflows. However, hydrodynamical simulations find
the outflow parameters to vary as a function of angle from the jet axis (e.g. [37]).

In this paper I develop the theory of photospheric emission from relativistic, jet-
ted outflows. I consider a realistic angular jet profile, motivated by the simulations
of [37]. The expression for the observed spectrum is presented, taking emission
from the full photospheric emitting volume into account. Since the photons reach-
ing the observer originates from a distribution of radii and angles, and the observed
outflow temperature is a function of position in the outflow, the observed spectrum
is a superposition of blackbodies. The spectrum may appear highly non-thermal,
resembling emission from optically thin processes.

We find that, under the assumptions made in Paper IV, an observed low energy
photon index close to α ≈ −1 naturally arises. This is close to the average observed
value in GRBs. As long as the characteristic jet opening angle is not much larger
than few/Γ0, the spectral shape is weakly dependent on viewing angle. However,
the peak energy decreases as the outflow is observed at larger angles.

Wider jets produce photospheric spectra similar to spherically symmetric out-
flows as long as the viewing angle is much smaller than the jet opening angle.
However, when observed at angles similar to the jet opening angle the low en-
ergy slope is again α ≈ −1. We conclude that the average observed low energy
photon index in GRBs may be explained by photospheric emission from a jetted
outflow without the need for energy dissipation and other emission processes such
as synchrotron emission to produce additional low energy photons.
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Discussion

Early considerations of photospheric emission from relativistic outflows predicted
the observed spectrum to appear close to blackbody (see Figure 4.1). After re-
cent, more torough investigations (e.g. Papers I - IV and other works), it is now
clear that only a small subset of prompt GRB spectra are expected to be close to
blackbody. Therefore, GRB 090902B is a burst of special interest. Processes that
widen photospheric emission can be constrained for GRB 090902B, since the main
spectral component is close to a blackbody (see Figure 4.2). Within the framework
of Paper IV, the outflow must be wide (θj & 5/Γ) and the viewing angle close to
zero (θv � θj) for geometrical effects not to broaden the spectrum.

Significant energy dissipation close to the photosphere of the GRB outflow may
occur. Hydrodynamic simulations of relativistic jets breaking out of the progenitor
star show lateral shocks moving across the jet (e.g. [37; 47; 23; 48]), which may
dissipate a significant fraction of the kinetic outflow energy. The expected result is
the conversion of kinetic energy into acceleration of electrons and magnetic fields.
The exact amounts are usually considered as free model parameters. The shape of
the resulting photospheric spectrum depends on the dissipation radius. Dissipation
at radii far below the photosphere results in thermalization of the newly produced
photons, while dissipation at radii much larger than the photosphere does not
modify the thermal emission spectrum (although the newly produced photons may
appear as an addidional spectral component). However, dissipation at moderate
optical depths (approximately 10−2 < r/Rph < 1, i.e. 102 > τ > 1) may strongly
affect the comoving photon spectrum. Figure 4.3 shows a simulated spectrum
resulting from energy dissipation at r = Rph/10 (see Paper II). By comparing the
simulated spectrum to observations, constraints on the electron acceleration process
as well as general properties of energy dissipation in the jet can be found.

The average low energy photon index observed in GRBs is not compatible with
the Planck spectrum. In Paper IV we show that either a narrow jet (θj ≤ few/Γ)
with a moderate Lorentz factor gradient (1 ≤ p ≤ 4) observed at any viewing angle
or a wider jet observed at θv ≈ θj can naturally produce −1 . α . −0.5 through
geometrical broadening, similar to the average α observed (see Figure 4.4).
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Figure 4.1. The estimated spectrum from a spherical explosion considered in [11]
(solid line) versus a blackbody (dashed line). The spectrum is slightly wider than
blackbody. However, this result is valid only for approximately spherical outflows
with little energy dissipation.
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Figure 4.2. The spectrum from GRB 090902B appears close to blackbody during
the first half of the prompt emission. From Paper I.
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Figure 4.3. Simulated spectrum formed by energy dissipation at moderate optical
depths (black line, τ = 10, r = Rph/10). A blackbody spectrum is shown for
reference (red dotted line). From Paper II.
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Figure 4.4. Simulated (colored) and numerically integrated (black) spectra for a
narrow jet observed at θv = 0, θv = θj and θv = 2 × θj. The photon index below
the main peak is α ≈ −1 for all viewing angles (flat spectrum when plotted in FE

versus E, note however that most GRB spectra are plotted as EFE versus E), equal
to the average low energy photon index observed in GRBs. From Paper IV.
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Figure 4.5. Time-resolved spectrum from GRB 110721A, consistent with a pho-
tospheric (blackbody) component at lower energies and a Band function spectrum
dominating the higher energies. For this GRB the main prompt emission appears to
be a result of non-thermal emission processes.

The observed low energy photon index varies between bursts, forming an ap-
proximately Gaussian distribution centered at α ≈ −1 with a full width at half
maximum of 1 (e.g. [49]). Within the framework presented in Paper IV, the distri-
bution could naturally be interpreted as a result of viewing angle variations. The
exact distribution predicted by the model is hard to obtain, since it depends on
detector characteristics. However, a clear prediction of the model is that of soft-
ening of the low energy photon index with increasing viewing angle for jets with
θj & few/Γ0.

In some GRBs observed by Fermi (such as GRB 100724B, [50] and GRB 110721A,
Paper III), a spectral bump is significantly detected at energies below the main peak
(see Figure 4.5). This bump is commonly interpreted as photospheric emission (e.g.
[51]). In such a scenario, the Band component originates from non-thermal emis-
sion processes in the optically thin part of the outflow outside the photosphere (e.g.
[43; 44]). Within this interpretation the analysis performed in Paper IV is appli-
cable to the bump instead of the Band component and may explain bumps wider
than blackbody. Multiple spectral components have been clearly identified in sev-
eral GRBs ([45; 52; 53]). Several models predict non-thermal spectral components
as a result of kinetic or magnetic energy dissipation above the photosphere (e.g.
[54; 27]). In Paper IV we consider the thermal component in isolation in order to
demonstrate the effects of geometrical broadening.
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Conclusions

This thesis considers photospheric emission in gamma-ray bursts (GRBs). The
subject is approached from both an observational and a theoretical point of view.
We perform time-resolved spectral analysis of two strong bursts (GRB 090902B
and GRB 110721A) using data from the Fermi Gamma-ray Space Telescope. Pho-
tospheric emission is identified in both GRBs, although the emission properties
appear different for the two bursts. The main spectral component is inconsistent
with optically thin emission in GRB 090902B due to its narrow peak and hard
low energy photon index. We therefore conclude that this component is of photo-
spheric origin (Paper I). The main component broadens during the second half of
the prompt emission, providing observational evidence for spectral broadening of
photospheric emission in GRBs (Paper II).

On the other hand, the photospheric emission component in GRB 110721A
is sub-dominant, appearing at energies below the main spectral (Band function)
component (Paper III). Similar cases of sub-dominant photospheric emission has
previously been identified. This suggests that the photosphere may manifest itself
in different ways.

Motivated by the results of Paper II, possible mechanisms for broadening the
spectrum of photospheric emission are examined. Energy dissipation below the
photosphere is explored in Paper II, providing a plausible explanation for the obser-
vations of GRB 090902B. Paper IV takes a new approach, considering geometrical
effects in outflows with angle dependent properties. It is found that the low en-
ergy photon index of photospheric emission from such outflows can be significantly
softer than the Planck spectrum, reproducing the average low energy photon index
observed in GRBs (α ≈ −1).

Based on the results of Papers I - IV, we conclude that the spectrum emitted
from the GRB photosphere does not necessarily appear as the Planck function.
Therefore, photospheric emission in GRBs may be more common than previously
thought. On the contrary, we have shown that broader and/or multicomponent
spectra may arise through geometrical effects and/or sub-photospheric energy dis-
sipation, consistent with what is generally observed.
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Photospheric emission provides a tool for probing the jet physics, allowing for
calculation of outflow parameters such as the jet Lorentz factor, the radius of the
photosphere and the base of the outflow. Still, some outstanding questions remain.
The physics of the central engine is poorly understood. The dynamics of the outflow
is still uncertain, as the energy content may be dominated by radiation or magnetic
fields. Further studies of the photosphere in GRBs with Fermi Gamma-ray Space
Telescope provides a promising way forward.
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Author’s contribution to the
attached papers

Here I summarize my contributions to Papers I, II, III and IV. I have contributed
to the spectral analysis performed in Papers I - III, as well as to the theoretical
interpretation and consequences of the observations. I initially organized the efforts
for Paper I. However, as Paper IV required a big time commitment, the final draft
was not written by me. I wrote the code used for computing the derived outflow
parameters for Papers I - III using the theory developed in [55]. Furthermore, I
presented the results of Papers I and II at the conference “The Prompt Activity of
Gamma-Ray Bursts” in Raleigh, USA, March 5-7 2011 in a talk called “Subpho-
tospheric heating in GRBs: Observational evidence and consequences”. For Paper
III I investigated the possibility of synchrotron emission for explaining the Band
spectrum.

Paper IV is where I have focused the bulk of my effort, with the guidance of my
supervisor Felix Ryde and Asaf Pe’er. I have developed the theory for photospheric
emission in relativistic, jetted outflows. An analytical expression was found for the
observed spectrum. Through analysis of the spectrum equation I have provided ex-
pressions for all relevant spectral features, including characteristic photon energies
and spectral indices. I modified a Monte Carlo code for photon propagation in a
relativistically expanding plasma (originally from [46]) to account for non-spherical
outflows, as considered in this paper. I produced spectra (by numerical integration
of the analytical expression for the spectrum as well as Monte Carlo simulations) for
a large region of the parameter space, motivated by relevant GRB parameters. The
analytical theory and Monte Carlo simulations are in excellent agreement for the
considered parameter space. The manuscript is written by me. Finally, I presented
the results of Paper IV at the conference “Thirteenth Marcel Grossman Meeting -
MG13” in Stockholm, Sweden, July 1-7 2012 in a talk called “Photospheric spectra
from jetted outflows”.

In addition to Papers I - IV, I have made contributions to
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• McGlynn, S., Ryde, F., Lundman, C., and Pe’er, A., “Thermal and Non-
Thermal Emission in Gamma-ray Bursts: GRB090902B as a Case Study”,
[56]

• Nymark, T., Axelsson, M., Lundman, C., Moretti, E., Ryde, F., and Pe’er, A.,
“Subphotospheric heating in GRBs: analysis and modeling of GRB090902B
as observed by Fermi”, [57]
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[21] A. Pe’er, P. Mészáros, and M. J. Rees. Peak Energy Clustering and Efficiency
in Compact Objects. ApJ, 635:476–480, December 2005.



44 BIBLIOGRAPHY
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C. Meegan, J. Mehault, P. Mészáros, P. F. Michelson, T. Mizuno, C. Monte,
M. E. Monzani, E. Moretti, A. Morselli, I. V. Moskalenko, S. Murgia, H. Naka-
jima, T. Nakamori, M. Naumann-Godo, S. Nishino, P. L. Nolan, J. P. Norris,
E. Nuss, M. Ohno, T. Ohsugi, A. Okumura, N. Omodei, E. Orlando, J. F.
Ormes, M. Ozaki, W. S. Paciesas, D. Paneque, J. H. Panetta, D. Parent,
V. Pelassa, M. Pepe, M. Pesce-Rollins, V. Petrosian, F. Piron, T. A. Porter,
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