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Abstract

The radiative mechanism responsible for the prompt gamma-ray burst (GRB) emis-
sion remains elusive. For the last decade, optically thin synchrotron emission from
shocks internal to the GRB jet appeared to be the most plausible explanation.
However, the synchrotron interpretation is incompatible with a significant fraction
of GRB observations, highlighting the need for new ideas. In this thesis, it is
shown that the narrow, dominating component of the prompt emission from the
bright GRB090902B is initially consistent only with emission released at the op-
tically thick jet photosphere. However, this emission component then broadens in
time into a more typical GRB spectrum, which calls for an explanation. In this
thesis, a previously unconsidered way of broadening the spectrum of photospheric
emission, based on considerations of the lateral jet structure, is presented and ex-
plored. Expressions for the spectral features, as well as polarization properties,
of the photospheric emission observed from structured, relativistic jets are derived
analytically under simplifying assumptions on the radiative transfer close to the
photosphere. The full, polarized radiative transfer is solved through Monte Carlo
simulations, using a code which has been constructed for this unique purpose. It
is shown that the typical observed GRB spectrum can be obtained from the pho-
tosphere, without the need for additional, commonly assumed, physical processes
(e.g. energy dissipation, particle acceleration, or additional radiative processes).
Furthermore, contrary to common expectations, it is found that the observed pho-
tospheric emission can be highly linearly polarized (up to ∼ 40 %). In particular,
it is shown that a shift of π/2 of the angle of polarization is the only shift allowed
by the proposed model, consistent with the only measurement preformed to date.
A number of ways to test the theory is proposed, mainly involving simultaneous
spectral and polarization measurements. The simplest measurement, which tests
not only the proposed theory but also common assumptions on the jet structure,
involves only two consecutive measurements of the angle of polarization during the
prompt emission.
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Chapter 1

Introduction

Gamma-ray bursts (GRBs) appear as bright flashes of gamma-rays in the sky,
commonly lasting for several seconds. GRBs are extremely bright events; while
active, the GRB completely outshines all other gamma-ray sources in the sky. Since
the Earth’s atmosphere is an efficient absorber of gamma-rays, the study of GRBs
is primarily performed by the use of satellite observatories, launched into orbit
around the Earth. GRBs are non-repeatable events, and new GRBs are detected a
few times a week.

The origin of the bursts was unknown for several decades after the serendipi-
tous discovery in 1967 (by the VELA satellites, [1]). An important piece of evidence
came in the early 1990’s, when observations, made by the Compton Gamma-Ray
Observatory (CGRO, [2]), showed that the projection of the GRB locations in the
sky was consistent with an isotropic distribution [3]. Due to the non-spherical
shape of the Solar System and the Milky Way, the isotropic distribution was a
strong indication of an extragalactic source origin. The first detection of the more
slowly decaying X-ray emission following the prompt gamma-rays (the “afterglow”)
was made by BeppoSAX [4]. This allowed for more precise GRB localizations, and
the association of GRBs with host galaxies. The host galaxy redshift could sub-
sequently be measured by optical, ground-based telescopes [5]. GRBs were firmly
established as cosmological events, with an average redshift of z ≈ 2 (although much
larger redshifts have been observed, e.g. GRB090423, z ≈ 8.2, [6]). The cosmo-
logical source origin in combination with the detected fluences imply an enormous
(isotropic equivalent) energy release, comparable to the conversion of a solar rest
mass into pure energy, or the total electromagnetic energy emitted by the Milky
Way over the course of several years [7]. The first simultaneous observation of a
GRB and a supernova (SN) was made in 1998, although this particular GRB ap-
peared unusual in several ways [8]. The GRB-SN connection was firmly established
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2 Chapter 1. Introduction

in 2003 [9, 10], providing strong support to the idea that GRBs are produced during
the gravitational collapse of massive stars1.

Because of the cosmological origin, GRBs are too distant to be imaged. However,
a basic argument concludes that the region which produces the emission must move
relativistically towards the observer (e.g. [12]). The argument is based on the
measured time variability of the prompt emission, the measured GRB luminosity
and the fact that a significant fraction of the observed photons have energies larger
than the energy equivalent of the electron rest mass. The probability of a high
energy photon to pair produce before leaving the emitting region cannot be large,
as high energy photons evidently reach the observer. Furthermore, the measured
time variability of the emission sets an upper limit on the size of the emitting region.
The measured GRB luminosity can then be used to calculate a lower limit on the
number density of high energy photons at the emitting region. If the emitting region
is assumed to be stationary with respect to the observer, the probability for a given
high energy photon to pair produce before escaping the emitting region turns out to
be huge. This is obviously inconsistent with observations. On the other hand, if the
emitting region moves towards the observer with a sufficiently large Lorentz factor
Γ ≡ (1− v2/c2)−1/2, where v is the speed of the emitting region and c is the speed
of light, the aberration of light (i.e. relativistic beaming) lowers the probability to
pair produce since photons now propagate at directions separated by angles of the
order 1/Γ. The problem is then avoided (see §4.4 for the full calculation).

Another argument, based on total GRB energetics, provides support to the idea
that GRB outflows are in fact collimated jets instead of spherical explosions. If
one assumes the outflows to be spherically symmetric, the large redshifts imply
that the observed fluences correspond to a total electromagnetic energy release
of the order of a solar rest mass (M�c

2 ≈ 2 × 1054 ergs) for the most luminous
bursts. The conversion of such a large amount of energy into gamma-rays within
seconds is non-trivial, as the total energy budget is limited by the fact that the
progenitor is a stellar size object. If the outflow is instead focused into a jet of
opening angle θj ≈ 0.1, the total energy emitted is ∼ (θ2

j /2)M�c
2 ≈ 1052 ergs,

which significantly relaxes the constraints on the energy budget. The jet argument
is further strengthened by observations of achromatic breaks in some afterglow light
curves, expected if the outflow has a jet structure (e.g. [13]).

Although much progress has been made in the last decades, several important
questions remain to be answered. Of particular importance are the details of the
central engine which drives the explosion, the physical mechanism by which the jet
is launched, the nature of the jet content and geometry, particle acceleration in the
jet, and the dominant prompt radiative process. The answer to these questions will
(hopefully) be inferred by future observations. However, in order to correctly in-
terpret the observations, an understanding of the characteristic radiative processes
involved are of utmost importance.

1This statement applies to the class of “long” GRBs. “Short” GRBs are likely produced during
the merger of two compact, stellar size objects. For a review focused on short GRBs, see e.g. [11].
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Different radiative processes produce spectra of distinct shapes. Spectral anal-
ysis is therefore an observational tool of special importance for GRB studies. A
typical GRB spectrum appears like a smoothly broken power law, peaking2 at a few
hundred keV [14, 15, 16, 17]. The spectrum typically varies throughout the burst,
commonly with a hard to soft spectral evolution in individual pulses. The spectra
are commonly fitted using the four parameter “Band function” ([18], a smoothly
broken power law). The Band function parameters are the peak energy Ep, low
energy photon index α (i.e. NE ∝ E−α, where NE is the photon number spec-
trum), high energy index β and the overall spectral normalization. A typical value
of the peak energy is Ep ≈ 300 keV, while typical values of the spectral indices are
α ≈ −1 and β ≈ −2.5 [15, 17].

The most widely regarded theoretical GRB framework is the “fireball model”
([19, 20], see also §4.3). It postulates the liberation of a large luminosity (∼
1052 erg s−1) into a small volume (of characteristic size ∼ 107 cm) by the central
engine through some unspecified physical process3. A plausible central engine may
consist of a black hole - accretion disk system, formed during the collapse of a
massive star and feeding on the gravitational energy of the infalling matter. Other
possibilities include extraction of rotational energy from a rapidly rotating black
hole, or a millisecond magnetar [21]. Close to the central engine, the opaque plasma
quickly thermalizes and expands adiabatically under its own pressure, forming a
relativistic outflow.

Since the outflow is expanding, it eventually becomes transparent to its inter-
nally trapped photons. From the location of transparency, called the photosphere,
the photons are free to propagate towards the observer. The emission released at
the photosphere was initially expected to have the photon distribution of a black-
body emitter, i.e. the Planck spectrum. The blackbody spectrum is among the
narrowest continuum spectra produced in Nature, with a low energy photon index
α = 1 and an exponential cut-off at high energies. The blackbody spectrum was
in stark contrast to observations; the typical GRB spectrum appeared significantly
wider than the blackbody spectrum. This simplistic photospheric emission model
was therefore rejected due to its inability to explain the observations.

Optically thin synchrotron emission, radiated by electrons that are energized
in shocks internal to the outflow, was suggested as an alternative way to produce
non-thermal, wide broken power law spectra from the fireball [22]. The internal
shock scenario appeared to explain several of the observable features (e.g. the
short variability time-scales), and was therefore the most common interpretation
for many years [23, 7]. However, it was soon realized that the model faces several
severe challenges [24]. First, basic synchrotron theory can not explain the steep
spectrum observed below the peak energy in a substantial fraction of GRBs [24, 15,
16, 17]. Second, it provides no natural explanation for the clustering of observed

2The spectral peak is commonly defined in the “νFν” (or equivalently, EFE) representation of
the spectrum, defined as ν2Nν .

3The exact details of the central engine are not important due to the unavoidable thermalization
of the newly formed fireball.
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peak energies at a few hundred keV. Third, the energy budget for the prompt
emission consists of the relative kinetic energy dissipated in the internal shocks,
which is only a small fraction of the total kinetic energy of the outflow, leading
to efficiency problems. These issues have led to a renewed interest in alternative
emission models for the prompt emission.

An observational breakthrough was about to occur on September 9th, 2009,
when the Fermi Gamma-Ray Space Telescope observed GRB090902B, one of the
brightest bursts to date [25, 26]. The spectral analysis of this burst, which is pre-
sented in detail in this thesis (chapter 3), revealed strong evidence for a photospheric
origin of the bulk of the prompt emission. The spectrum during the first half of the
burst appears close to blackbody, significantly narrower than what is achievable by
optically thin emission processes alone [26]. Further analysis of the second half of
the prompt emission revealed another, equally important fact: the spectrum broad-
ens with time into a more typical, non-thermal broken power law shape, presenting
observational evidence for the existance of a process (or processes) which can cause
the photospheric spectrum to be broadened from the narrow blackbody spectrum.
The main argument against photospheric emission models was therefore weakened
significantly.

From a theoretical point of view, it has now been realized that at least two
options exist for broadening the observed photospheric spectrum emitted from a
steady jet:

1. Energy dissipation below the photosphere can heat electrons above the equi-
llibrium temperature. The electrons subsequently emit synchrotron emission
and Comptonize the thermal photons, thereby modifying the Planck spec-
trum [27, 28, 29, 26]. The dissipation can be caused by shocks [27, 30, 26],
dissipation of magnetic energy [31, 32, 33, 34] or collisional processes [35, 36].

2. The observer receives emission from different parts of the outflow simultane-
ously. Due to the angle dependence of the Doppler boost, different parts of the
jet photosphere will have different observed temperatures. As the emitting
region can not be spatially resolved, the observed spectrum is a superposi-
tion of blackbodies of different temperatures and fluxes. This “geometrical
broadening” of the spectrum can be enhanced if the outflow has a lateral jet
structure (i.e. outflow properties that vary as a function of angle from the jet
axis of symmetry), and the resulting observed spectrum can appear highly
non-thermal.

The second point has until recently not been considered in the literature. The
above mentioned works, which consider energy dissipation, used the simplifying
assumption of a spherically symmetric outflow. Because the central regions of a
wide (θj � 1/Γ), highly relativistic (Γ � 1) jet are causally disconnected from
the jet edges (e.g. [7]), and due to the fact that relativistic aberration of light
limits the observable part of the jet (e.g. [37]), this approximation is appropriate
as long as the GRB jet is indeed wide, and the observer is located close to the jet
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axis (θv . θj − 1/Γ, where θv is the viewing angle measured from the jet axis).
However, simple estimates (see §3.3.3) show that a significant fraction of GRBs are
expected to be observed off-axis. Furthermore, the actual widths of GRB jets are
still uncertain; some jets may be narrow (θj ≈ 1/Γ). Interesting questions arise: can
the effects of jet geometry and off-axis viewing significantly affect the shape of the
photospheric spectrum; to what extent could it be the dominant effect and could it
reconcile the observed GRB spectral properties with photospheric emission, without
the need for additional physical processes such as energy dissipation or synchrotron
emission? These questions have now been explored in detail using both analytical
and numerical techniques (Lundman et al. [38]). The methods and results are
presented in this thesis.

Polarization measurements offer an additional, promising tool for determination
of the dominant radiative process. While a handful of polarization measurements
have been performed so far [39, 40, 41, 42, 43, 44, 45, 46], they suffer from low
statistics. Current measurements are consistent with a few tens of percent of linearly
polarized emission. However, due to large measurement uncertainties, unpolarized
emission can so far not be excluded with high confidence.

The polarization predictions of several optically thin emission models have pre-
viously been considered in the literature [47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57].
As the number of polarization measurements is growing, and the observational evi-
dence for photospheric emission is accumulating, quantitative predictions regarding
the polarization properties of photospheric emission were needed for comparison
to data. This study was recently performed, using both a simplified analytical
approach, as well as detailed numerical simulations (Lundman et al., [58]). The
methods and results are presented in detail below.

The organization of the thesis is as follows: in chapter 2 the Fermi telescope
is described, from which the data used in the analysis of GRB090902B (chapter
3) was obtained. The results of the analysis provided the motivation to study the
observational effects of jet geometry on the photospheric emission, which is the
main matter of the thesis. In order for the reader to more easily digest the latter
chapters, basic theory of relativistic outflows is presented in chapter 4. The details
of the structured jet model are presented in chapter 5. A numerical Monte Carlo
code was developed in order to study the radiative transfer in relativistic outflows
with angle dependent properties. The code, and relevant tests of the code, are
presented in chapter 6. The spectral and polarization properties of the radiation
emitted from the photosphere was studied using both analytical and numerical
methods. The results from the spectral study are presented in chapter 7, while
the results from the polarization study are presented in chapter 8. The results and
implications, as well as ways to observationally test the model, are discussed in
chapter 9. The results are summarized in chapter 10, while chapter 11 provides a
summary of the work in Swedish.
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Author’s contributions

The thesis is mainly based on four publications: [25, 26] concerns the observational
analysis of GRB090902B, while [38, 58] investigates the photospheric emission re-
leased from jets with lateral structure from a theoretical point of view. [25] is
published in the Astrophysical Journal Letters (ApJL), while [26, 38] are published
in the Monthly Notices of the Royal Astronomical Society (MNRAS). [58] has been
submitted to MNRAS, and recently recieved favorable, very minor comments from
the anonymous referee.

For the two observational publications (where I am co-author), I have con-
tributed to the spectral analysis as well as to the theoretical interpretation and
consequences of the results. I also wrote code for various calculations used in these
projects. The results were presented by me at the conference “The Prompt Ac-
tivity of Gamma-Ray Bursts” in Raleigh, USA, March 5-7 2011 in a talk called
“Subphotospheric heating in GRBs: Observational evidence and consequences”.

For the two theoretical publications (where I am first author), all work was
performed by me, including writing all parts of the manuscripts (under the guid-
ance of Felix Ryde and Asaf Pe’er, of course). The results are partially based on
Monte Carlo simulations, which were performed using a code originally written by
Asaf Pe’er [29]. However, the code has been almost completely restructured and
significantly extended by me (it now uses vectors and matrix calculations, handles
non-spherical outflows and tracks photon polarization). I presented the results ob-
tained in [38] at the conference “Thirteenth Marcel Grossman Meeting - MG13” in
Stockholm, Sweden, July 1-7 2012 in a talk called “Photospheric spectra from jetted
outflows”, and the “Huntsville Gamma Ray Burst Symposium” in Nashville, USA,
14-18 April 2013 in the talk “Photospheric emission from relativistic, collimated
outflows”.

In addition to the above publications, I have made contributions to the following
works,

– “Thermal and Non-Thermal Emission in Gamma-ray Bursts: GRB090902B
as a Case Study” [59]

– “Subphotospheric heating in GRBs: analysis and modeling of GRB090902B
as observed by Fermi” [60]

– “Spectral components in the bright, long GRB 061007: properties of the
photosphere and the nature of the outflow” [61]

– “GRB110721A: An Extreme Peak Energy and Signatures of the Photosphere”
[62]

– “Variable jet properties in GRB 110721A: time resolved observations of the
jet photosphere” [63]



Chapter 2

The Fermi Gamma-ray Space
Telescope

This chapter gives a brief description of the Fermi Gamma-ray Space Telescope,
from which the data was obtained for the analysis of GRB090902B. The Fermi
telescope is designed for observations of gamma-ray sources within the energy range
8 keV to & 300 GeV. It was launched on 11 June 11th, 2008, into a circular, 565 km
low-earth orbit, with an orbital period of ∼ 90 minutes. Two wide field instruments,
the Gamma-ray Burst Monitor (GBM, §2.1) and the Large Area Telescope (LAT,
§2.2), are mounted onto the space craft. The GBM and the LAT continously
monitor every point on the sky for about 30 minutes every two orbits.

The primary scientific objectives of Fermi include [64]

– 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 two instruments (over seven orders of
magnitude) together with the excellent sensitivity of the LAT allows for unprece-
dented observations of several high-energy sources, including GRBs. Below are
brief descriptions of the two instruments mounted on Fermi.

7



8 Chapter 2. The Fermi Gamma-ray Space Telescope

Figure 2.1. Location and orientation of the GBM detectors. The gray box is the
LAT (§2.2). From [65].

2.1 GBM

The GBM [65] operates in the energy range 8 keV − 40 MeV. It is designed to
provide complimentary observations at energies below the LAT energy range. The
GBM carries 12 thallium activated sodium iodide (NaI(Tl)) scintillation detectors
and two bismuth germanate (BGO) scintillation detectors. The NaI(Tl) detectors
are mounted around the LAT facing outwards (see Figure 2.1), thereby providing
excellent coverage of the full unocculted sky.

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

The 12 NaI(Tl) detectors (see Figure 2.2) provide observations in the 8 keV −
1 MeV energy range. Each detector consists of a crystal disk (12.7 cm in diame-
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Figure 2.2. A NaI(Tl) detector unit, consisting of a NaI(Tl) disk attached to a
PMT. From [65].

ter, 1.27 cm in thickness) attached to a photomultiplier tube (PMT). As photons
interacts with the scintillation crystals, they are converted into lower energy scin-
tillation photons, which are subsequently detected by the PMTs. The lower energy
threshold of 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 locations and orientations of the NaI(Tl) detectors allow for localization of
sources by inspection of the relative signal strength. 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 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,
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Figure 2.3. A BGO detector unit, including two PMTs attached to each flat surface
of the BGO crystal. From [65].

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, 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 spectral analysis.

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 2.4) at normal incidence. The effective area of a single NaI(Tl) and BGO
detector is shown in Figure 2.5. It peaks at ∼ 100 cm2 for both detector types 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
(overflow) 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 GBM 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 2.4. The measured Full Width Half Maximum (FWHM) of the signal as a
function of the actual signal energy, as measured pre-flight by the GBM team. From
[65].
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Figure 2.5. The effective are of a detector as a function of energy. The incoming
photon beam is normal to the open detector surface. From [65].

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.

2.2 LAT

The LAT [64] 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 (when using the rather new LAT low energy (LLE) GRB selection
cuts, [66]). 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
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Figure 2.6. A schematic overview of the LAT instrument. From [64].

provides > 0.9997 efficiency for detecting of singly charged particles 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 the fol-
lowing. 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 from measurements
of the directions and energies of the newly formed electron-positron pair. The
particle paths are measured by the precision tracker and the particle energies are
measured by the calorimeter.

The LAT precision tracker consists of 16 tracker modules in a 4× 4 pattern (as
seen in Figure 2.6). 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 2.7).

Just above the bottom SSD layer of each tray is a layer of high-Z converter
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Figure 2.7. A cartoon of photons converting into electron-positron pairs in the
precision tracker. 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 [64].

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.

The LAT calorimeter allows for energy measurements of charged particles. It
consists of 16 calorimeter modules, each located below a tracker module. The
calorimeter 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 2.8). 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 to the end of each crystal.

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
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Figure 2.8. A schematic view of a LAT calorimeter module. From [64].

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 2.9 shows the calorimeter energy resolution
for electrons of six different energies from beam tests performed at CERN.
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Figure 2.9. 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 [64].



Chapter 3

Observational motivation for
the theoretical investigations

In this chapter, the observational reasoning that motivated the theoretical work
presented in the latter chapters of the thesis is presented. First, general spectral
properties of GRBs are discussed from an observational point of view, including
the latest observational developments made possible through Fermi observations.
Second, spectral analysis of GRB090902B, one of the brightest bursts observed by
Fermi to date, is presented. Third, the possible physical interpretations of the
spectral behaviour of GRB090902B are discussed.

3.1 Spectral properties of GRBs in the Fermi era

In order to investigate the spectral properties of GRBs, spectral fitting is per-
formed. The most common spectral model1 used for fitting of GRB spectra is the
Band function [18]. The Band function is designed to describe the observations
over the BATSE energy range. It is able to (approximately) mimic several spec-
tral shapes which arise in Nature from physical processes. Important examples
are synchrotron emission (α ≤ −3/2 or −2/3) and blackbody radiation (α = 1,
β →∞). Typical values found by examining the large sample of GRBs detected by
BATSE are α ≈ −1 and β ≈ −2.5, with a variation of ≈ 1 in either spectral index
[15, 17]. These values are in apparent conflict with both the photospheric and syn-
chrotron interpretations; observed spectra are in general broader than blackbody,
but narrower than what is expected from synchrotron emission [24].

For some GRB spectra, other functions produce equally good, or better fits
than the Band function. In the GBM catalog [17] fits were performed using either

1Model is here used in an empirical sense, with no consideration of the physical processes giving
rise to the spectral shape.

17
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a power law, a power law with an exponential cut-off at high energies, the Band
function or a smoothly broken power law (with the sharpness of the curvature
connecting the two asymptotic power laws as an additional, free parameter). Ryde
et al. [67, 68, 69] considered a spectral model with a deeper physical motivation
than the commonly used Band function; a “hybrid model”, consisting of a power
law and a blackbody for describing the data over the BATSE energy range. The
blackbody models the emission expected from the jet photosphere, while the power
law is thought to arise due to non-thermal processes occuring at larger radii.

The hybrid model produced equally good fits to many BATSE spectra, as com-
pared to the Band function [68]. The blackbody captured the peak of the νFν
spectrum, while the power law compensated for the additional flux at energies
above, and below the blackbody. The association of the spectral peak with the
temperature of the photosphere allowed for calculation of basic outflow proper-
ties, such as the base size of the outflow, the Lorentz factor and the photospheric
radius [70]. The calculated properties conformed to expected, reasonable values,
strengthening the physical motivation on which the model was based.

Before the launch of Fermi, CGRO observations pointed towards the existance of
additional GRB emission at high energies. Photons of energy > 100 MeV were sig-
nificantly detected by the Energetic Gamma-Ray Experiment Telescope (EGRET)
in a few GRBs [71, 72, 73]. In the particular case of GRB040217, the EGRET
emission lasted up to ∼ 90 minutes efter the BATSE trigger [72]. Furthermore,
Band fits to the BATSE data of several GRBs (∼ 10%) that lack EGRET detec-
tion indicated a rising νFν-spectrum towards the upper BATSE energy range (i.e.
β > −2), requiring a spectral peak (or other curvature) at high energies [15].

Much thanks to the wide energy coverage provided by Fermi, the existance of
GRBs with spectra that deviate from the Band function have now been unam-
bigously confirmed. While the majority of Fermi GRBs are still consistent with
single Band function fits, most of the brightest GRBs reveal more complex spectral
shapes [74]. In addition to the Band function, GRB090902B [25] and GRB090510
[75] require an additional power law component, which ranges from the low GBM
energy range up to LAT energies. GRB100724B [76] is best fit by a Band function
with a high energy cut-off, while GRB090926A [77] requires both a cut-off and a
power law component. Other GRBs are best fit by a combination of a Band and a
blackbody component (e.g. GRB110721A [76, 78, 62]). In these cases, the black-
body captures spectral curvature below the Band peak. The addition of a spectral
component at low energies causes the spectral fits to push the Band peak towards
higher energies while the Band low energy photon index softens (e.g. [62]). The
combination of Band and blackbody may be considered the natural extension of
the blackbody plus power law fits performed on BATSE data into the wider Fermi
energy range.

A characteristic feature of the LAT emission is a delayed onset as compared to
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the GBM emission2 [74]. Furthermore, the spectral evolution of the LAT emission
is low, with a photon index almost always consistent with −2, independent on many
GRB features such as duration, brightness or spectral shape of the MeV component
[74]. The high energy power law is typically harder than β of the Band function,
and the two indices appear to be uncorrelated.

The duration of the LAT emission component is in general longer than the
prompt MeV emission. The extended high energy flux typically decays as Fν ∝ t−1,
and the total energy emitted in the temporally extended phase is . 10% of the
total energy emitted in the prompt phase [74]. It has been speculated that the
LAT emission is in fact the early onset of the afterglow (e.g. [79]). However, in
many cases the peak of the LAT emission occurs well before the end of the prompt
MeV emission. This is challenging to explain in the standard afterglow framework,
as the ejecta producing the prompt emission do not have time to transfer its energy
to the forward shock on this time scale [80]. An alternative explanation has been
provided by [80], who consider the GeV emission to be upscattered prompt emission
from a pair-enriched forward shock. This model requires onset of the LAT emission
during the prompt MeV phase, and appears capable of explaining several observable
features such as the spectral and temporal evolution of the LAT emission.

Although several LAT GRBs require multiple spectral components for adequate
fits, ∼ 70% of LAT detected GRBs are consistent with a single Band function
spectrum [74]. For BATSE, ∼ 85% of the 350 strongest GRBs are well fitted by
a single Band function [15]. The slightly different percentages are likely consistent
due to the low statistics in the LAT GRB sample, as well as due to observational
bias caused by detector differences [74]. For the GRBs with detected LAT emission,
the largest energy output still resides in the MeV component. Finding out the origin
of the energetically dominant prompt MeV emission is therefore of great concern.
The detection of the bright GRB090902B provides unique insight into the origin of
the MeV emission component, due to the (initially) unusual spectral shape, which
strongly puts constraints on possible emission mechanisms.

3.2 Spectral analysis of GRB090902B

GRB090902B is the second brightest Fermi GRB observed to date [74]. Analysis
of this burst reveals the existence of two separate spectral components; a smoothly
broken power law component (i.e. Band function) that fits the main, MeV part of
the spectrum, and a power law component extending from the lower GBM energy
range up to LAT energies. As is commonly the case for LAT bursts, the spectral
index of the power law component remains fairly constant (∼ 2) throughout the
burst. While the power law component is most certainly of non-thermal origin,
there are strong indications that the variable, MeV part of the spectrum originates

2The only current exception is GRB110721A. However, in this case the LAT photons do not
appear to belong to a separate spectral component, as they are consistent with the extrapolation
of the GBM component into the LAT energy range [62].
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at the jet photosphere. Spectral analysis of GRB090902B, with a focus on the
properties of the MeV component, is presented below. Naturally, the structure of
the proceding section, as well as the arguments used, follow those of our publications
[25, 26].

3.2.1 Fermi observations of GRB090902B

Emission from GRB090902B was detected by both the GBM (8 keV−40 MeV) and
the LAT (100 MeV− & 300 GeV). The GBM emission lasted for ∼ 25 s. Optical
follow-up observations determined the burst redshift to be z = 1.822 [81]. At 82 s
after the trigger, a photon of energy of 33.4+2.7

−3.5 GeV was detected by the LAT. The
energy range of photons during the prompt emission is 8 keV− ∼ 30 GeV.

The detectors suitable for use in the analysis were determined to be NaI 0 and
1, BGO 0 and 1, and the LAT front and back, based on the full or partial occlusion
of the remaining detectors by the space craft. Because of the time variability of
the emission, maximizing the time resolution of the analysis is of great importance.
In order to balance the trade-off between acceptable time resolution and photon
statistics, a signal-to-noise ratio of 45 within each time bin was required for the
most strongly illuminated detector (NaI 1). The RMFIT3 version 3.0 spectral
fitting package was used in the fits, and the goodness of fit was determined by use
of the Castor C-statistic (C-stat, [82, 17]). The resulting NaI 1 counts light curve
is shown in Figure 3.1. Due to the particular features of the spectral evolution of
this burst, it is convenient to split the light curve into two epochs for discussion
purposes4.

3.2.2 Spectral fitting

Fits to the photon spectrum contained within each time bin was performed. A
combination of two functions were used (additively) in the fitting procedure; a
simple power law and the Band function. The Band function is defined as [18, 17]

NE =


A

(
E

100 keV

)α
exp

[
− (2 + α)E

Ep

]
, E ≤ Ep(α− β)/(2 + α)

A

[
(α− β)

(2 + α)

Ep

100 keV

]α−β (
E

100 keV

)β
exp (β − α) , E > Ep(α− β)/(2 + α)

,

(3.1)

where A is the normalization (in photons s−1 cm−2 keV−1) at E = 100 keV, Ep is
the νFν peak energy, α is the low energy photon index and β is the high energy
photon index. The power law is defined as

3R. S. Mallozzi, R. D. Preece, & M. S. Briggs, “RMFIT, A Lightcurve and Spectral Analysis
Tool,” c©Robert D. Preece, University of Alabama in Huntsville.

4This artificial separation has no effect on the spectral analysis.
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Figure 3.1. The NaI 1 counts light curve in the energy range 8.5 − 904 keV. A
requirement of a signal-to-noise ratio of 45 was used to determine the widths of the
time bins. The two epochs discussed in the text are separated by the vertical line,
while the thin, dashed line indicates the background count rate.

NE = A

(
E

100 keV

)γ
, (3.2)

where A is the normalization at E = 100 keV and γ is the photon index. Inspec-
tion of the C-stat maps of the fits revealed that the fit parameters were not well
constrained for some of the time bins. The amplitude of the power law was found
to be the reason. New fits were performed, with the power law amplitude frozen
to the previously best fit value5, and the (one sigma) asymmetric uncertainties was
computed for the remaining parameters from the C-stat maps.

The fitted parameter values are presented in Tables 3.1 and 3.2. Figure 3.2
shows the time evolution of the Band indices α and β. From inspection of the top
left panel it is clear that the low energy index is very hard during epoch 1, with a
hardest value of α = 0.3 ± 0.1. A jump of the low energy photon index to softer
values occurs at the start of epoch 2 (12 s after the trigger). The low energy index is
in general softer during epoch 2, however a gradual change of α from soft, to hard,
to soft again within epoch 2 exists. The high energy photon index shows a soft to
hard trend in the temporal evolution, although the β-value is poorly constrained
within some time bins (top right panel). Together with the temporal softening of

5This procedure is reasonable due to the low time variability of the power law component. The
new parameter fit values were checked to be fully consistent with the values obtained before the
freezing the power law amplitude.



22 Chapter 3. Observational motivation for the theoretical investigations

Time (s) PL Index Ep α β C-stat/dof

0.00–1.28 −2.15+0.17
−0.64 403+24

−27 0.03+0.14
−0.15 −2.9+0.5

−0.3 497/597
1.28–2.43 −2.10+0.25

−unc 545+27
−26 −0.03+0.12

−0.09 −3.5+0.5
−unc 556/597

2.43–3.33 −1.84+0.09
−0.12 563+32

−31 −0.06+0.11
−0.10 −3.0+0.2

−0.3 561/597
3.33–4.35 −1.87+0.07

−0.09 502+25
−23 0.14+0.11

−0.12 −3.2+0.3
−0.6 531/597

4.35–5.38 −1.94+0.11
−0.12 572+50

−26 −0.12+0.10
−unc −9.9+5.8

−unc 722/597
5.38–6.27 −1.94+0.10

−0.09 649+25
−26 0.21+unc

−0.10 −4.9+1.2
−unc 669/597

6.27–7.04 −1.91+0.06
−0.05 824+36

−40 0.28+0.10
−0.11 −3.4+0.5

−0.3 564/597
7.04–7.68 −2.08+0.12

−0.28 818+42
−40 0.26+0.12

−0.17 −2.8+0.2
−0.2 524/597

7.68–8.06 −1.95+0.04
−0.05 1179+58

−57 0.04+0.10
−0.10 −3.6+0.3

−0.5 493/597
8.06–8.45 −2.02+0.04

−0.05 976+42
−539 0.07+0.11

−0.10 −4.0f 493/598
8.45–8.83 −1.93+0.04

−0.04 1174+56
−58 −0.03+0.10

−0.09 −4.7+1.0
−14.5 557/597

8.83–9.22 −1.94+0.03
−0.04 1058+50

−53 0.12+0.12
−0.11 −4.4+0.8

−1.9 598/597
9.22–9.47 −2.00+0.04

−0.05 870+66
−59 0.13+0.17

−0.16 −3.1+0.3
−0.4 499/597

9.47–9.73 −2.08+0.06
−0.07 774+42

−39 0.03+0.16
−0.15 −5.4+1.6

−unc 486/597
9.73–9.98 −2.05+0.05

−0.06 613+28
−26 0.18+0.15

−0.14 −4f 511/598
9.98–10.37 −2.02+0.04

−0.05 735+31
−29 0.26+0.13

−0.12 −4f 530/598
10.37–10.75 −1.96+0.04

−0.04 1123+60
−61 0.08+0.11

−0.10 −4.0+0.5
−1.3 582/597

10.75–11.01 −1.99+0.05
−0.06 931+55

−51 −0.14+0.13
−0.12 −4.7+1.2

−unc 521/597
11.01–11.39 −2.07+2.02

−0.05 820+32
−37 −0.03+0.11

−0.09 −4.6+2.5
−unc 673/597

11.39–11.78 −2.08+0.07
−0.09 690+38

−37 0.04+0.14
−0.13 −3.8+0.6

−3.6 540/597
11.78–12.16 −1.99+0.07

−0.05 643+40
−38 0.30+0.20

−0.18 −2.9+0.19
−0.12 508/597

12.16–12.54 −2.46+0.43
−1.57 263+38

−30 −0.79+0.27
−0.21 −2.4+0.1

−0.2 522/597

Table 3.1. Epoch 1 (0.00 − 12.54 s after burst trigger) spectral fit results. Uncer-
tainties marked with unc indicate an unconstrained parameter, while f indicates a
frozen parameter.

α, the evolution of β indicates a broadening of the νFν spectral shape from epoch
1 to epoch 2. A scatter plot of the obtained α- and β-values reveals an inverse
correlation (lower left panel). The inverse correlation indicates temporal variations
of the νFν spectral width throughout the burst. A superposition of the widest and
narrowest Band function fits (lower right panel) gives an indication of the spectral
variations between epochs 1 and 2.

Although significant differences exist between the typical spectrum during epochs
1 and 2, emphasis should also be put on the similarities. Figure 3.3 show two νFν
spectra, one from each epoch (time bins 8.1− 8.5 s and 15.9− 16.4 s, respectively).
Although the spectral widths are different, the peak energies and fluxes are similar
(i.e. within a factor of ∼ 4) in both time bins. Furthermore, α is hard in both time
bins (as can also be seen clearly from the top left panel of Figure 3.2). Because of
the spectral similarities, it is highly unlikely for two different emission processes to
be responsible for the MeV emission during epochs 1 and 2 respectively, as it would
require comparable fluxes of the emission processes, comparable peak energies and
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Time (s) PL index Epeak α β C-stat/dof

12.54–13.06 −2.04+0.09
−0.07 113+13

−10 −0.53+0.36
−0.28 −2.37+0.10

−0.13 589.69/598
13.06–13.31 −1.65+0.12

−0.51 268+21
−21 −0.54+0.08

−0.07 −2.63+0.16
−0.22 548.28/598

13.31–13.70 −1.97+0.16
−0.13 259+22

−24 −0.73+0.15
−0.10 −2.58+0.16

−0.23 524.54/598
13.70–14.08 −1.78+0.08

−0.09 482+24
−26 −0.73+0.05

−0.04 −3.93+0.71
−17.6 517.21/598

14.08–14.46 −2.88+0.43
−0.83 611+44

−33 −0.50+0.09
−0.10 −2.81+0.12

−0.15 551.20/597
14.46–14.85 −2.46+0.04

−0.04 599+41
−37 −0.50+0.08

−0.07 −2.76+0.12
−0.15 585.00/598

14.85–15.10 −3.87+2.82
−0.98 603+48

−40 −0.57+0.07
−0.07 −2.67+0.11

−0.13 445.00/598
15.10–15.49 −3.12+0.04

−0.04 674+29
−28 −0.32+0.05

−0.05 −2.83+0.10
−0.11 617.42/598

15.49–15.87 −1.94+0.04
−0.03 720+41

−38 −0.29+0.08
−0.08 −2.81+0.12

−0.12 584.36/598
15.87–16.38 −1.99+0.06

−0.73 435+30
−31 −0.22+0.13

−0.12 −2.67+0.22
−0.21 559.96/597

16.38–16.77 −1.88+0.05
−0.05 540+33

−26 −0.21+0.10
−0.10 −3.59+0.46

unc 608.65/597
16.77–17.28 −1.88+0.05

−0.06 326+30
−25 −0.27+0.17

−0.16 −2.63+0.17
−0.26 613.26/597

17.28–17.79 −1.99+0.11
−1.21 400+34

−31 −0.48+0.13
−0.12 −2.67+0.20

−0.35 539.27/597
17.79–18.30 −5.90+1.41

−2.08 236+24
−16 −0.62+0.09

−0.10 −2.19+0.04
−0.02 574.43/597

18.30–18.82 −5.40uncunc 425+37
−20 −0.87+0.06

−0.05 −2.35+0.04
−0.06 536.23/597

18.82–19.46 −1.38+0.09
−0.16 352+26

−34 −0.84+0.06
−0.05 −2.47+1.59

−0.10 723.50/598
19.46–19.84 −1.34+0.09

−0.12 358+22
−23 −0.62+0.06

−0.05 −2.89+0.23
−0.36 539.89/598

19.84–20.22 −1.41+0.09
−0.12 521+35

−33 −0.86+0.04
−0.04 −2.99+0.26

−0.45 488.24/598
20.22–20.61 −4.22+0.71

−0.16 328+26
−28 −0.83+0.07

−0.12 −2.71+0.96
−0.20 691.51/598

20.61–20.99 −1.96+0.27
−0.31 280+23

−27 −0.70+0.11
−0.06 −2.53+0.13

−0.16 531.45/598
20.99–21.50 −2.07uncunc 234+15

−22 −0.85+0.11
−0.05 −2.56+1.17

−0.17 736.42/598
21.50–22.02 −1.70+0.12

−0.29 275+18
−25 −0.74+0.07

−0.05 −2.51+0.17
−0.12 756.01/598

22.02–22.91 −2.15+0.81
unc 174+41

−53 −1.25+0.31
−0.05 −2.06+0.06

−0.07 639.88/598
22.91–23.94 −1.39+0.07

−0.10 448+160
−107 −1.50+0.05

−0.05 −2.36+0.17
−0.17 807.17/598

23.94–24.58 −2.13+0.27
−0.12 197+33

−27 −0.82+0.25
−0.20 −2.22+0.08

−0.10 546.56/598

Table 3.2. Epoch 2 (12.54− 24.58 s after burst trigger) spectral fit results. Uncer-
tainties marked with unc indicate an unconstrained parameter.
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Figure 3.2. Spectral evolution of the Band component parameters. The top left
panel shows the time evolution of the low energy photon index α. The horizontal
red lines correspond to α = 0 (the most extreme value for inverse Compton models)
and α = −2/3 (optically thin synchrotron emission from slow cooling electrons), and
the vertical dashed line indicates the separation of epochs 1 and 2. The top right
panel shows the time evolution of the high energy photon index β. The lower left
panel shows the correlation between α and β throughout the burst. Some of the
points have only one-sided error bars, indicating that they are unconstrained in the
opposite direction. The lower right panel shows the spectral broadening throughout
the burst by plotting the narrowest and widest Band components obtained in the
fitting on top of each other. For visual aid the peak energies, as well as the peak
fluxes have been aligned.



3.2. Spectral analysis of GRB090902B 25

no temporal overlap. Furthermore, such an interpretation has to explain the grad-
ual hardening of α during the middle of epoch 2, to values that are similar to the
α-values in epoch 1.

Figure 3.4 shows the time evolution of Ep. It fluctuates around a few hundreds of
keV, consistent with typical GRB values. It reaches the largest values (& 800 keV)
at ∼ 7−12 s after the trigger, coincident in time with the hardest α values (α & 0).
The maximum value of the peak energy is ∼ 1.2 MeV. As can be seen in Figure
3.5, Ep and α are positively correlated.

3.2.3 Statistical significance of the hard α-values

The typical low energy photon index is hard during epoch 1, with a largest value
of α = 0.3± 0.1. The hard values put tight constraints on possible emission mech-
anisms. The low energy photon index of a blackbody is α = 1 (the Rayleigh-Jeans
index), while the expected photon index from synchrotron emission is α = −1.5 (or
α = −0.67, if slow cooling electrons are assumed). Some optically thin processes
may, under rather extreme conditions, achieve α = 0 (see discussion below). It is
therefore interesting to see at what confidence level we can reject the possibility
that the hardest photon index was obtained by chance (i.e. through Poissonian
fluctuations of the flux) from a GRB with an intrinsic value of α = 0.

In order to do this, a Band function was fitted to the data in the time bin with
the hardest α-value (bin 7), but with α frozen to zero. RMFIT was then used to
simulate 105 synthetic GRB spectra using the fitted parameters as input. Band
functions were then fit to the spectra, with all parameters allowed to vary. Figure
3.6 shows a histogram of the fitted α-values. The mean value is < α >= 0.01,
with a standard deviation of σ = 0.068. Out of the 105 fits, 8 had α > 0.3. This
corresponds to a probability of 8 × 10−5 for obtaining α > 0.3 by chance if the
true spectrum has α = 0. We can therefore reject the α = 0 hypothesis with high
confidence.

The softest low energy index obtained is α = −0.86 ± 0.04, observed in epoch
2. The average α-value in epoch 2 is < α >= −0.65, fairly consistent with slow
cooling synchrotron emission. However, note that several bins have significantly
harder α-values in epoch 2 (e.g. α = −0.2 ± 0.1 in bin 32). Synchrotron emission
is in general expected to result in α = −1.5 (i.e. fast cooling electrons), which is
certainly incompatible with these observations.

3.2.4 Interpretation of the fit results

Two spectral components are required to adequatly fit the prompt emission of
GRB090902B. As shown above, good fits are obtained using an additive model
consisting of a Band function and a power law. The spectral index of the power
law is stable during the prompt emission, while the Band function parameters evolve
during the burst. Furthermore, the energy flux of the Band component dominates
over the power law component (within the Fermi energy range). A clear separation



26 Chapter 3. Observational motivation for the theoretical investigations
 

F 
 [k

eV
 c

m
-2

 s
-1

]

Energy [keV]

8.1-8.5 s

LATb
LATf

LATb
LATf

 
F 

 [k
eV

 c
m

-2
 s

-1
]

Energy [keV]

15.9-16.4 s

Figure 3.3. Spectra (νFν) showing the best fit functions and fit residuals. The top
panel shows the spectrum occuring during the time bin 8.1− 8.5 s (within epoch 1),
while the bottom panel shows the spectrum occuring during the time bin 15.9−16.4 s
(within epoch 2). The gap at . 100 MeV indicates the spectral gap which is not
covered between the GBM and the LAT instruments.
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Figure 3.4. The temporal Ep evolution.

Figure 3.5. A scatter plot of Ep versus α. It is clear that a positive correlation
exists between the two parameters.
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α

α

Figure 3.6. Distribution of α-values, based on fits to 105 synthetic spectra. The
inset shows the region close to α = 0.3.

of the two components can thus be made, where the two components are likely
to originate from different, albeit perhaps related, emission episodes, or radiative
processes.

The MeV component, fitted by the Band function, is very interesting. The
narrow width of the spectrum, along with the hard α values observed during epoch
1, is highly constraining with regards to compatible emission processes. If the
GRB outflow is dominated by radiation at the photosphere, the spectrum of the
emission released at the GRB photosphere can, in principle, be a perfect blackbody
with α = 1 and an exponential cutoff above the thermal peak [83]. However, in
this case additional non-thermal emission components are not expected, as the
energy available in kinetic form is low. On the other hand, if the outflow is matter
dominated at the photosphere (i.e. in the coasting phase) the narrowest possible
spectrum is slightly wider than blackbody and has α ≈ 0.4 [35, 38]. Several effects,
which will be discussed in detail below, may act to widen the spectrum further into
a more typical smoothly broken power law shape.

In contrast to photospheric emission, the optically thin emission processes that
are plausible candidates for producing the prompt GRB emission are expected
to produce wide spectra, with soft values of α. The most commonly discussed
examples are slow and fast cooling synchrotron emission (e.g. [84, 85]). Fast cooling
synchrotron emission is limited by only allowing for α ≤ −3/2, while slow cooling
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synchrotron emission allows a larger range low energy indices, but is limited by
the fundamental α ≤ −2/3, the low energy index of the spectrum from a single
emitting electron (e.g. [86, 37]). Fast cooling synchrotron emission is firmly ruled
out for producing the MeV emission (i.e. the Band component) during the entire
prompt emission duration of GBR090902B, by inspection of the obtained values
of the fitted low energy photon index. Slow cooling synchrotron emission is, in
principle, compatible with the average low energy photon index during epoch 2.
However, during epoch 2 there is a clear departure of α towards values that are
inconsistent with both slow and fast cooling synchrotron emission. Furthermore,
as discussed above, the argument that the MeV component during epochs 1 and 2
have different origins require several unreasonable coincidences to occur.

Attempts to make optically thin emission compatible with the hard low energy
slopes observed in a fraction of GRBs have been made. Epstein [87] considered
the emission from electrons in a magnetic field that propagate with small pitch
angles. The hardest low energy photon index obtainable was α = 0. Medvedev
[88] considered the radiation from electrons in a magnetic field which is varying on
small scales, and obtained α = 0 as the hardest low energy photon index. Stern &
Poutanen [89] considered synchrotron self-Compton emission from a partially self-
absorbed synchrotron spectrum, obtaining α = 0 at the hardest part of the scattered
emission spectrum. In general, α ≤ 0 is required for any plausible optically thin
emission process responsible for the prompt GRB emission. As shown above, this
limit is violated during parts of epoch 1 in GRB090902B. It follows that the only
reasonable explanation is that emission from the photosphere is detected with high
confidence during epoch 1, and that the photosperic emission component widens
during epoch 2 to a more typical Band spectrum.

The only reasonable conclusion appears to be the following. GRB090902B is
dominated by emission from the jet photosphere throughout the prompt emission.
The spectrum of the emission is initially hard and narrow, but widens in time into a
more GRB spectrum. Thus, GRB090902B presents observational evidence for the
broadening of the spectrum emitted at the photosphere, although the mechanism
of broadening is unknown. The strongest argument against photospheric emission
(the non-thermal character of observed GRB spectra) is therefore weakened from
an observational point of view. It is then natural to hypothesize a photospheric
origin of the prompt emission in all GRBs. This conclusion is particularly tempting,
as the observed α-distributions obtained from both CGRO and Fermi show that
∼ 1/3 and ∼ 2/3 of GRBs are incompatible with slow cooling and fast cooling
synchrotron emission, respectively [15, 17]. Because of this motivation, below we
consider mechanisms for broadening of photospheric emission.
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3.3 Possible ways of broadening the photospheric
spectrum

In the most simple model, the emission from the photosphere has a blackbody
(or quasi-blackbody) spectrum [90, 91]. This is in contrast to the typical GRB
spectrum, which appears to be of non-thermal origin. GRB090902B provided ob-
servational evidence both for dominating photospheric emission, as well as a gradual
broadening of the spectrum emitted at the photosphere. Two principally different
ways of achieving such spectral broadening have been suggested in the literature.
First, dissipation of energy close to the photosphere can alter the photon spectrum
by scattering on the heated electrons, along with possible synchrotron emission from
the heated electrons [31, 32, 27, 28, 33, 29, 30, 35, 26, 34, 36]. Second, “geometrical
broadening” of the observed spectrum due to the observer seeing simultaneously
regions of different temperature in the jet [38]. The two approaches are fundamen-
tally different. Energy dissipation is a local physical process that actually modifies
the comoving photon spectrum by disturbing the local thermal equillibrium. Geo-
metrical broadening, on the other hand, can be considered a result of poor spatial
resolution. In principle, both effects may cooperate to produce the observed spec-
tral shapes.

3.3.1 Sub-photospheric energy dissipation

If, by some process, energy (from some non-thermal reservoir such as kinetic en-
ergy, or energy stored in magnetic fields) is dissipated close to the photosphere,
the spectrum emitted at the photosphere may deviate from the quasi-blackbody
spectrum that escapes a passively cooling jet. The initially thermal photon field
scatters on the electrons, which are now heated above the equillibrium tempera-
ture. If the Compton y-parameter6 is of the order of a few, and the energy density
of the heated electrons is similar to that of the photon field, the spectrum will be
modified as the photons gain energy from the electrons.

Consider electrons that have been heated to a characteristic (comoving) Lorentz
factor γe. They cool by scatterings on a time scale tcool ≈ (3mec)/(4γeσTuph) where
σT is the Thompson cross section, me is the electron mass and uph is the photon
energy density. If the dissipation occurs at radius r, the corresponding dynamical
time scale is tdyn ≈ r/Γc, where Γ is the bulk Lorentz factor of the outflow. If
tcool � tdyn, the electrons cool efficiently on the photon field, and the spectrum
may be significantly modified by the heating. The ratio can be written

tcool

tdyn
≈ 3

4

ue

γ2
eu2τeγ

, (3.3)

6The Compton y-parameter is defined as the average photon energy gained in a scattering event
(in units of the initial photon energy), times the average number of scatterings before escaping
the outflow.
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where τeγ = rneσT/Γ is the optical depth for a photon that propagates approxi-
mately radially, ue = γenemec

2 is the electron energy density and ne is the electron
number density. Assuming the electrons are heated so that γe & 1, and that the
dissipation is subphotospheric (τeγ & few), the cooling is efficient when ue . uph.
Sub-photospheric energy dissipation may therefore significantly modify the spec-
trum above the thermal peak (corresponding to the ragion of the Band function β
parameter).

In order to soften the spectrum below the thermal peak (corresponding to de-
creasing α) through energy dissipation, new photons with energies below the ther-
mal peak must be injected in the outflow. The primary candidate emission process
is synchrotron emission from the heated electrons. In order for synchrotron emission
to provide enough flux to modify the spectrum, a strong magnetic field is required.
Such a magnetic field may be obtained through enhancement by the dissipative
process. At least a value of uB/uph & few % is required for substantial broadening
of the low energy spectrum.

The details of the spectrum emitted at the photosphere is sensitive to the radius
where the dissipation occurs, or equivalently the optical depth (as measured in the
local radial direction to infinity from the dissipation site). If the dissipation occurs
at very large optical depths (τeγ � 1), the plasma re-thermalizes (into a Planck
or Wien spectrum, depending on the relevant time scale for photon production)
and the spectrum avoids broadening although the peak energy can be modified
[92, 93]. If the dissipation occurs above the photosphere, τeγ � 1, the photospheric
spectrum is basically unaffected, although synchrotron emission may be produced
at the dissipation site, giving rise to multiple spectral components. On the other
hand, dissipation at an optical depth of τeγ & few (or continous dissipation at
a range of optical depths) may give rise to a wide, smoothly broken power law
spectrum (assuming ue . uph, uB/uph ≈ tens of %).

The spectrum resulting from sub-photospheric dissipation is hard to quantify
analytically because of the non-linear character of the problem. In particular, pairs
can be produced in the dissipation process. Furthermore, Klein-Nishina effects
complicates the analytical treatment of Comptonization. Also, the comparable
energy densities in photons, electrons and magnetic fields required to produce a
wide Band spectrum, leads to similar importance of several physical processes (e.g.
synchrotron emission, synchrotron self-absorption, Comptonization). In order to
quantify the effects of sub-photospheric heating, a code was developed by [94], and
used in several subsequent works [28, 29]. The code solves the kinetic equations that
describes a large number of physical processes (synchrotron emission, synchrotron
self-absorption, direct and inverse Compton scattering, pair production and anni-
hilation, and the development of an electromagnetic cascade) in a self-consistent
manner.

The code assumes the outflow to have a total luminosity L0 and a constant
Lorentz factor, Γ. The (instantaneous) dissipation occurs, by some unspecified
process, at a radius ri (or equivallently, τeγ,i), where a fraction εd of the kinetic
energy is dissipated. A fraction εe of the dissipated energy is assumed to accelerate
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the electrons while a fraction εB is channeled into magnetic fields. The interaction
region is illuminated by the thermal photon field during the entire calculation, and
the evolution is followed for a dynamical time (tdyn = ri/Γc). The resulting photon
spectrum is then assumed to retain its shape until it escapes at the photosphere.

We have used the code to investigate the effects of sub-photospheric dissipation,
in search of plausible physical parameters that may explain the temporal broadening
of the GRB090902B spectrum [26]. The narrow MeV component observed in epoch
1 limits any type of process that could broaden the spectrum during that epoch.
The top panel of Figure 3.7 shows the spectrum resulting from a dissipation episode
at τeγ = 10, with εd = 0.1, εe = 0.1 and εB = 0.1. The spectral peak largely retains
the narrow peak shape, although the spectrum is modified at low and high energies
(the additional flux at low and high energies is likely to weak to be detectable).
The bottom panel of Figure 3.7 shows the results of a dissipation episode at the
same optical depth, but with larger efficiencies, εd = 0.2, εe = 0.3 and εB = 0.3.
The spectral shape is now smeared out into a fairly smoothly broken power law,
similar to the GRB090902B spectrum during epoch 2.

One may speculate as to why the sub-photospheric dissipation was stronger in
GRB090902B during epoch 2 than epoch 1. A plausible reason concerns the time
evolution of the bulk Lorentz factor. In the standard fireball model, significant time
variations of the Lorentz factor may occur on time scales relating to the size of the
base of the jet, ∆t ≈ r0θj/c. The variations may cause shocks in the outflow at
radius ris ≈ 2r0θjΓ

2. Since the radius of the photosphere scales as Rph ∝ Γ−3 (for
a coasting wind), the ratio of the two radii is highly sensitive to the bulk Lorentz
factor: rsh/Rph ∝ Γ5. A decrease in the Lorentz factor could plausibly cause a
switch from dissipation at radii much larger than the photosphere (retaining the
narrow photospheric spectrum) to sub-photospheric dissipation (broadening the
spectrum). When deriving the outflow Lorentz factor from the observables (by use
of the theory described in [70]), the Lorentz factor is most sensitive to the observed
temperature, Γ ∝ T 1/2. Within this interpretation, the peak energy of the Band
function is associated to the temperature of the photosphere. Therefore, a decrease
in Ep may be caused by a decrease in Γ, which leads to increased sub-photospheric
dissipation. In this scenario, a positive correlation between Ep and α is expected.
This is indeed the case for GRB090902B (as seen in Figure 3.5), as well as for
the majority of GRBs. In fact, it is the strongest correlation found between the
observed GRB parameters [15].

3.3.2 Geometrical broadening

Sub-photospheric energy dissipation provides a fairly robust mechanism for broad-
ening of the high energy part of the spectrum, since any process that heats the
electrons above the photon temperature in the sub-photospheric region invariably
leads to Comptonization of the photon spectrum. However, softening of the low
energy spectrum requires the additional assumption of a large energy density in
magnetic fields. To broaden the spectrum at both low and high energies requires



3.3. Possible ways of broadening the photospheric spectrum 33

Figure 3.7. Simulated spectra, as resulting from dissipation episodes at τeγ = 10.
Relatively low amounts of dissipation was assumed in the simulation that produced
the top spectrum (εd = 0.1, εe = 0.1 and εB = 0.1), while more substantial dissipa-
tion was considered for the simulation that produced the bottom spectrum (εd = 0.2,
εe = 0.3 and εB = 0.3). The dashed red line shows a blackbody spectrum for refer-
ence, with arbitrary normalization.
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comparable energy densities in thermal photons, synchrotron photons and heated
electrons.

A completely separate, potential solution for explaining the broadening of the
low energy spectrum comes from the fact that the observer simultaneously sees
multiple regions of the jet, which have different temperatures. The observed spec-
trum is therefore a superposition of the local spectra emitted by different parts of
the jet. We refer to this effect as geometrical broadening. The actual result of the
geometrical broadening is dependent on the angular jet properties. Furthermore,
since the parts of the jet that are visible depends on the observer viewing angle, so
does the shape of the observed spectrum.

Below I attempt to give a short description of the expected consequences of
introducing a jet geometry to the calculations. The discussion corresponds to the
two simplified scenarios illustrated in Figure 3.8. Coasting outflows without any en-
ergy dissipation are assumed in both scenarios. First, consider the photons emitted
at the photosphere7 of a spherical outflow (left panel of Figure 3.8). As a conse-
quence of relativistic beaming (see §4.1), photons propagate with a characteristic
lab frame angle of 1/Γ to the local outflow velicity (i.e. the radial direction). As
the photons decouple from the outflow, half of the observed photons (assuming an
isotropic comoving intensity) therefore originate from within the angle 1/Γ to the
LOS of the observer, because the photon field at larger angles is beamed away from
the observer. The “on-axis” photons, that originate from small angles, form the
thermal peak of the observed spectrum. Because of the Doppler boost (§4.1), these
photons have larger average energies than the “high latitude” photons that make
their last scattering at > 1/Γ. Therefore, the high latitude photons populate the
spectrum below the thermal peak. In a spherical outflow, these photons softens the
low energy index to α ≈ 0.4 [35], although the local, comoving spectrum may be
blackbody (α = 1).

If, on the other hand, the outflow is assumed to be axisymmetric, with an angle
dependent Lorentz factor, the situation is different (right panel of Figure 3.8).
Assuming that the Lorentz factor of the axisymmetric outflow is decreasing away
from the axis of symmetry, the probability for a high latitude photon to scatter
towards an on-axis observer is increased because of the reduced beaming. If we
further assume the central jet Lorentz factor to be the same as for the spherically
symmetric outflow, this leads to an increase of the number of observed photons for
the on-axis observer. Since the spectrum below the thermal peak was dominated
by high latitude emission from the spherical outflow, the increase in observed high
latitude photons has the potential to soften the spectrum even further.

The situation is similar for off-axis observers, in that they simultaneously ob-
serve parts of the jet with different Lorentz factors and hence different temperatures
and degrees of beaming. Additionally, the emission that reaches an off-axis observer

7As will be discussed in §4.2, the shape of the photosphere in a relativistic outflow is an increas-
ing function of angle from the LOS. For a qualitative understanding of geometrical broadening,
the exact shape of the photosphere is not important. In the calculations of the latter chapters,
proper treatment of the optical depth is of course considered.
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Figure 3.8. Two simple schematic illustrations, useful for understanding geomet-
rical broadening. The center of the relativistic outflow is indicated as a black dot
in the respective panel, while the photosphere is the black line and the observer
is located infinitely far away in the “upward” direction. The red and green cones
indicate the lab frame beaming (of characteristic angle 1/Γ) of the photon field that
decouples from the outflow at the photosphere. For further discussion of the actual
shape of the photosphere, see §4.2. Red and green cones indicate a “small” and
“large” probability for a photon to scatter towards the observer, respectively. In
the left panel a spherical outflow is assumed, with the same value of Γ across the
entire photosphere. In the right panel the outflow is axisymmetric, with a Lorentz
factor that decreases from the axis of symmetry. For the sake of simplicity, the
axisymmetric outflow is observed on-axis. See the text for the full discussion.

may be polarized, due to the asymmetry induced by off-axis viewing of an axisym-
metric jet. In order to quantify the effects, detailed models have to be considered.
For instance, the angular dependence of the mass outflow rate, the Lorentz factor
and luminosity must be known. In chapter 5 we present such a model, parameter-
ized in a simple way. The resulting spectra are then computed in chapter 7 and the
polarization properties of the emission are calculated in chapter 8.

3.3.3 Estimating the fraction of GRBs affected by
geometrical broadening

Simple estimates may be calculated of the fraction of GRBs for which geometrical
broadening may significantly affect the observed emission. Consider a simplified
GRB jet, a uniform top-hat of opening angle θj and Lorentz factor Γ. Due to
relativistic beaming, only the observers located at angles smaller than θ . θj + 1/Γ
to the jet axis recieve significant emission. Of these observers, the ones located at
θj − 1/Γ . θ . θj + 1/Γ can also observe the jet edge.

Since GRB jet axes have no preferred direction relative to the observer, the
fraction of observers that both receives emission, and also have the jet edge within
the field-of-view, equals the ratio of the corresponding solid angles. The solid angle
covering all observers is 2π[1 − cos(θj + 1/Γ)], while the solid angle covering only
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θjΓ 1 3 10 30

f 1 3/4 1/3 1/8

Table 3.3. Values of the jet “width” (θjΓ), and the corresponding fractions of
observers that have the jet edge within the field-of-view for a relativistic, uniform,
top-hat jet (the listed fractions are accurate to about one percent for Γ > 100).

observers who are located within 1/Γ of the jet edge is 2π[cos(θj − 1/Γ)− cos(θj +
1/Γ)]. The fraction is therefore

f =
cos(θj − 1/Γ)− cos(θj + 1/Γ)

1− cos(θj + 1/Γ)

≈ 4θjΓ

(θjΓ + 1)2
,

(3.4)

where the approximate equality is valid for θjΓ � 1 (and Γ � 1). Table 3.3 lists
fractions for corresponding values of θjΓ for a highly relativistic jet. It shows that
the assumption of spherical symmetry of the emitting region may be violated in a
substantial number of observations.

We may refine the considered jet geometry. Consider a two component jet, con-
sisting of a top-hat core of opening angle θj, and another top-hat jet that surrounds
the core. The characteristic Lorentz factor of the surrounding top-hat can be taken
to be half of the Lorentz factor of the core, Γ/2, for the sake of discussion. The
surrounding top-hat component is potentially visible8 for θj − 2Γ < θ < θj + 2/Γ.
Assuming a wide jet with θjΓ ≈ 30, ∼ 1/2 of observers would see the outer jet
component.

A further refinement to the jet geometry can be made: consider a jet with a
core of constant Lorentz factor, and a surrounding “shear layer” where the Lorentz
factor decreases smoothly towards the jet edge. Because of friction with the jet
surroundings, this scenario is more realistic, and is supported by numerical simu-
lations of hydrodynamical jets drilling through the envelope of the progenitor star
(e.g. [95]). The limiting case of a top-hat jet is then obtained as the shear layer
becomes infinitely thin. The details of the spectral and polarization properties of
photospheric emission from such jets are calculated in chapters 5, 7 and 8.

8This statement is dependent on the relative luminosities carried by the two jet components.
If the outer jet component is not luminous, the two component jet approaches the single top-hat
jet.



Chapter 4

Basic theory of relativistic
outflows

This chapter provides an overview of some basic concepts which are useful for
digesting chapters 5 - 10.

4.1 Important frames of reference and the
Doppler boost

When considering relativistic outflows (Γ � 1), 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
first photon has propagated a distance c∆t while the blob has moved a distance

37
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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)
. (4.1)

It is useful to consider some limiting cases of the Doppler boost. If the outflow is
moving directly away from the observer (θ = π) 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). The observed
temperature of a blob of plasma transforms in the same way as energy, T ob = DT ′.
In many cases (because of relativistic beaming, described below), astrophysical jets
are observed at small angles, 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 direction of motion (see Figure 4.1). This has important observational
consequences; consider a spherically symmetric outflow moving radially with speed
β from a common origin. The observer will recieve the bulk of the luminosity from
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, while also being less Doppler boosted.
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, propagating 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 4.2), 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 chapter 7). This greatly simplifies the analysis of
such outflows, as the outflow can be considered as one dimensional with radius as
the only spatial coordinate.
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Figure 4.1. 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 [37].

Figure 4.2. Hydrodynamical simulation of a relativistic jet propagating through
the progenitor star performed by [95]. 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. From
[95].
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4.2 Optical depth and the photosphere

The concept of optical depth is useful in environments where photons typically
undergoes interactions before escaping. In dense environments where the opacity is
dominated by electron scattering, the optical depth for a photon propagating along
the path (e.g. along a ray) connecting points P1 and P2 is

τray ≡
∫ P2

P1

nσds (4.2)

where n is the electron number density, σ is the cross-section for photon-electron
scattering and ds is a length element along the path [37]. For many applications,
use of the Thomson cross-section, σT, is appropriate (valid for photon energies
E � mec

2). The probability for a photon to propagate an optical depth τray before
interacting with an electron is exp(−τray). A photon propagates on average an
optical depth of unity between scatterings. Within regions of large optical depth
(τray � 1) photons and electrons thermalize through scattering and absorption (or
scattering only), and the photon energy distribution takes the form of the Planck
spectrum (or Wien spectrum) [37].

If the electrons occupying the space between P1 and P2 move with a bulk speed
comparable to the speed of light, the motion of the electrons during the photon
propagation between the two points must be taken into account (see Figure 4.3).
This results in the following expression for the optical depth [96],

τray =

∫ P2

P1

n′σT

D
ds, (4.3)

where n′ is the comoving electron density (as measured by an observer comoving
with the electrons). 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 (or rather, some characteristic surface) most photons will escape the
outflow. We define the decoupling radius, Rdcp = Rdcp(θ, φ), as the characteristic
radius where most photons decouple from the plasma. This radius is obtained by
integrating the optical depth from a position in the outflow to infinity along the local
radial direction, and setting it to unity. In an outflow with spherical symmetry, the
outflow is in approximate thermal equillibrium within the sphere of radius Rdcp.

In contrast to the decoupling radius, the photosphere of the outflow is defined
as the surface from where the optical depth to a given observer equals unity. The
difference between the two radii arises from the fact that all photons that reach a
given observer propagate in parallel directions, independent on where they make
their last scattering. For a one dimensional calculation, of an outflow that propagate
directly towards the observer, Rph and Rdcp coincides.
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Figure 4.3. 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).

Due to the angle dependent optical depth, the radius of the photosphere is a
function of angle to the LOS. [97] showed that for a highly relativistic, spherical
outflow of constant Lorentz factor, the radius of the photosphere is approximately
constant for angles θ . Γ−1, where the angle is measured from the LOS, but in-
creases proportionally 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 4.4).

Although the photosphere gives an estimate of where most of the observed pho-
tons decouple from the outflow, the distribution in radius of the last scattering
positions for a spherical outflow is wide (comparable to the radius of the photo-
sphere, see Figure 4.5). [97] introduced probability density distributions for the
spatial coordinates of the last scattering positions as a tool for studying the emis-
sion released at the photosphere. We refine this approach in chapter 7.

As previously discussed, most of the photons reaching the observer will make
their last scattering within the angle Γ−1 as 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 chapter 7.

4.3 Relativistic fireball dynamics

A generally considered model for GRBs is the fireball model (i.e. [98, 19, 99, 7]).
The dynamics of this model are used for the structured jets considered in chapters
5, 7 and 8. The basic idea is that during the collapse of the core of a massive star,
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Figure 4.4. Two observers viewing a relativistic, spherical outflow from different
angles. The radius of the photosphere (Rph) is approximately constant within angle
Γ−1 to the LOS, then increases with angle as ∝ θ2. Within the gray area (r < Rdcp)
the outflow is in thermal equillibrium, although the photon directions are highly
anisotropic in the lab frame. Close to Rdcp, also the comoving directions become
anisotropic. For this figure Γ is chosen to be small (Γ ≈ 3) for clarity.

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.

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
∼ 1 MeV for typical observed GRB luminosities and commonly assumed sizes of
the jet base). 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
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Figure 4.5. A scatter plot of last scattering positions for photons propagating
in a spherical outflow, as simulated using the code presented in chapter 6. 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.

density, after which the outflow starts coasting with an approximately constant
speed.

For simplicity, consider a spherical, static (i.e. time independent) outflow of
constant total luminosity, L, and mass outflow rate, Ṁ ≡ dM/dt. 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
. (4.4)

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/(4πr2
0c), where a is the

radiation constant. The temperature at the base is therefore

T0 =

(
L

4πr2
0c

)1/4

. (4.5)



44 Chapter 4. Basic theory of relativistic outflows

Figure 4.6. 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, (here called 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
synchrotron 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 [7].

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 (4.6)

and

Ṁ = 4πr2ρ′Γβc = const (4.7)

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. (4.8)

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

have w′ ∝ ρ′4/3 which we may insert into equation 5.1 to obtain ρ′ ∝ Γ−3. Finally,
this leads to Γ ∝ r. At the base of the outflow, Γ(r0 ≈ 1 and therefore we have

Γ =
r

r0
, (4.9)

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, (4.10)

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 equation 5.1) Γ ≈ η. The saturation radius is obtained from equation
4.9,

rs ≡ ηr0, (4.11)

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 [7]. In subsequent chap-
ters, we assume that the photospheric radius is located above the saturation radius,
where the outflow coasts.

From equation 4.3 we obtain the optical depth τ(r), defined as the optical depth
along the LOS as measured from radius r to the observer (located at r →∞),

τ(r) =

∫ ∞
r

n′σT

2Γ
dr̃. (4.12)

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 equation 4.12 gives τ = (LσT)/(8πmpc

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

Rph,LOS =
LσT

8πmpc3βΓ3
. (4.13)

At the photosphere the photons are free to escape the outflow.
If the outflow is variable with variations of the Lorentz factor of moderate vari-

ations, 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. (4.14)

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
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the photosphere (e.g. [35, 83, 93]) while others argue for non-thermal emission as
a result of energy dissipation for the Band function spectrum (e.g. [34, 100, 101]).

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 4.6 gives a schematic overview of the
fireball evolution.

4.4 The GRB compactness argument

A simple argument can be made (e.g. [7]), which concludes that the region which
emits the prompt emission must be in highly relativistic motion towards the ob-
server. For the sake of generality, assume that the emitting region moves towards
the observer with a Lorentz factor Γ. Let Lγ be the emitted (isotropic equiva-
lent) luminosity of photons with energy above mec

2. Lγ can be calculated from
measurements of the flux and redshift. The fact that a large number of photons
with energy larger than the electron rest mass energy is observed requires that the
comoving compactness parameter of the emitting region is less than unity, other-
wise the photon energies would be degraded by pair production. In order to be
consistent with the measured time variability, the characteristic source size must
be R . (1 + z)−12Γ2c∆t, where z is the source redshift and ∆t is the observed
time variability of the GRB1. The comoving compactness parameter of the emit-
ting region is l′ ≈ n′γσTR/Γ where n′γ = Lγ/(4πR

2mec
3Γ2) is the number density

of photons with energies larger than the electron rest mass (assuming radial expan-
sion). The expression for the comoving compactness parameter is then

l′ & (1 + z)
LγσT

8πmec4Γ5∆t
. (4.15)

Assuming the outflow is non-relativistic (Γ → 1) and using parameter values typ-
ically measured in GRB observations (z ≈ 2, Lγ ≈ 1050 erg s−1, ∆t ≈ 10−2 s),
the compactness parameter is of the order of 1012, and photons of energy larger
than mec

2 can not escape the emitting region. On the other hand, if Γ ≈ 300, the
comoving compactness parameter is less than unity, consistent with observations.

1The corresponding expression in the non-relativistic limit is R . (1 + z)−1c∆t.
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The structured jet model

Relativistic jets are found in a variety of astrophysical objects, such as GRBs, active
galactic nuclei and microquasars. In spite of large uncertainties, it is clear that in
several types of objects the jets are optically thick at the launching region. The
foremost examples are the ultra-relativistic jets responsible for producing GRBs,
which are optically thick up to distances several order of magnitude larger than the
jet base. As the jets expand and transition to transparency, they release internally
trapped photons as photospheric emission.

The mechanism responsible for GRB jet collimation is not fully understood.
Hydrodynamic simulations of GRB jets after the launching phase (e.g., [95, 102,
103]) show the jet drilling through the stellar envelope, pushing material towards
the sides, forming a hot cocoon (e.g. [104]). The surrounding gas then acts to
collimate the jet. Zhang et al. [95] extracted angular profiles of the local rest mass
density, total energy flux and outflow Lorentz factor from the simulations at certain
radii. The resulting profiles can in many cases be approximated as constant within
the jet core, then decreasing as power laws in the “shear layer” that connects the
core to the surrounding gas. Here we adopt a similar parametrization of the angular
profile of the bulk jet Lorentz factor, with a characteristic jet opening angle (θj),
power law index (p) and core Lorentz factor (Γ0) as free model parameters.

Dissipation occuring in the jet may affect both its dynamics and the comoving
photon spectrum. As shown in hydrodynamic simulations, recollimation shocks oc-
cur as the jet interacts with the envelope during its propagation through the star.
A substantial amount of the jet kinetic energy can be dissipated in such shocks, and
the jet dynamics therefore do not necessarily behave as a simple fireball. Further-
more, if the energy dissipation occurs close to the photosphere, it can modify the
comoving photon spectrum and regulate the observed spectral peak of the emission
[92, 93]. However, for the current work we focus on the observable consequences
that arise through consideration of jet geometry. In order to isolate the geomet-
rical effects, we consider simple non-dissipative jets which cool passively through
expansion.

47
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In order to study the radiative transfer in the jet, the “background medium”
in which the radiation propagates, must be known. This may be achieved by
specifying the local Lorentz factor, luminosity and density in the jet. We consider
the optically thick jet interaction with the surrounding gas to be summarized by
an angle dependent baryon loading, dṀ/dΩ = dṀ(θ)/dΩ, where dṀ(θ)/dΩ is the
mass outflow rate per solid angle, and θ is the angle to the jet axis of symmetry. For
example, in the collapsar model the surrounding gas is the stellar envelope, which
confines the jet. The baryon poor jet core accelerates to a larger radius before
saturating than the jet edge, which carries more baryons due to the interaction with
the stellar envelope. This process leads to the development of an angle dependent
outflow Lorentz factor of the jet plasma.

Fluid elements in relativistic, radially expanding outflows that are separated
by an angle 1/Γ, where Γ is the Lorentz factor of the outflow, are out of causal
contact. When the outflow Lorentz factor grows large, 1/Γ is much smaller than
unity. We therefore make the simplifying assumption that each local fluid element
propagates radially, and that the dynamics of a given fluid element follows that of
a fluid element in a non-dissipative spherical fireball with the same fluid properties.

I consider the outflow close to the photosphere to be in the coasting phase (as
we did in [38, 58]), where the Lorentz factor has saturated to a value equal to the
dimensionless entropy of the outflow (i.e. Γ = η),

η(θ) =
dL(θ)/dΩ

c2dṀ(θ)/dΩ
, (5.1)

where dL(θ)/dΩ is the luminosity per solid angle of the jet and c is the speed of
light. The comoving electron number density is

n′(r, θ) =
1

r2mpc2β(θ)Γ(θ)

dṀ(θ)

dΩ
, (5.2)

where r is the distance from the center of the outflow, mp is the proton mass,
β = v/c =

√
1− Γ−2 is the outflow speed in units of the speed of light and σ is the

scattering cross section.

As the jet expands, the mean free path of the trapped fireball photons increase.
At some radius, the mean free path equals the size of the outflow and the jet becomes
transparent to the photons. The observed photons then escape the outflow, making
their last scatterings in the volume which surrounds the photosphere1. Since the
outflow is moving with a speed comparable to c, the optical depth is strongly

1The photosphere is defined as the surface from which the optical depth for a photon that
propagates towards the observer equals unity. The distribution of last scattering positions in
a relativistic outflow is wide, ∆r . Rph, where ∆r is the characteristic width of the radial
distribution [83].
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dependent on the angle between the photon propagation direction and the local
velocity field2.

For simplicity, the luminosity per solid angle of the central engine is considered
to be angle independent within the jet core and shear layer, dL/dΩ = L/4π, where
L is the total, isotropic equivalent luminosity of the central engine3. Therefore,
the angle dependence of the saturated Lorentz factor is uniquely determined by the
angle dependence of the baryon loading.

The comoving temperature of the jet plasma is determined by the size of the
jet base region, r0, and the central engine luminosity. The temperature at the
base is T0 = (L/4πr2

0ac)
1/4, where a is the radiation constant. The saturation

radius, above which the outflow is coasting, equals rs(θ) = η(θ)r0. The comoving
temperature of the outflow at angle θ and radius r > rs(θ) is then

T ′(r, θ) = T0
r0

rs(θ)

(
rs(θ)

r

)2/3

. (5.3)

The photon emission rate from the central engine is obtained by noting that
photons dominate the energy density at the jet base, and the average thermal
photon energy is 2.7kT0 where k is the Boltzmann constant. Therefore, dṄγ/dΩ =
L/(4π · 2.7kT0).

Motivated by the angular Lorentz factor profiles presented by [95], the angular
profile of the baryon loading is assumed to lead to a saturated Lorentz factor of the
form

Γ(θ) =
Γ0√

(θ/θj)2p + 1
, (5.4)

where Γ0, θj and p are free model parameters. As the saturated Lorentz factor is
inversely proportional to the baryon loading (equation 5.1), equation 5.4 together
with the assumed outflow luminosity determines the baryon loading of the outflow.
Equation 5.4 implies that the Lorentz factor is approximately constant, equal to Γ0,
in the jet core (θ < θj) while the shear layer Lorentz factor scales approximately as a
power law of the angle, Γ ∝ θ−p (θ > θj). A larger value of p increases the steepness
of the Lorentz factor gradient in the shear layer, which also decreases the angular
width of the shear layer. The outer angle of the shear layer can be approximated as
the angle where the Lorentz factor equals a few, θs ≈ θj(Γ0/2)1/p (where Γ(θs) = 2
was used), and the width of the shear layer is θs − θj ≈ θj[(Γ0/2)1/p − 1]. The
complete set of free model parameters is therefore L, r0,Γ0, θj and p, as well as

2This causes the radius of the photosphere in a relativistic outflow to be angle dependent,
increasing away from the LOS. It also leads to a “relativistic version” of the limb darkening
observed in the sun. See [96, 97, 83, 38] for detailed discussions of this effect.

3This statement does not imply that the luminosity of radiation emitted by the jet is constant
with respect to observer viewing angle. The photospheric radius in the shear layer is larger than
in the jet core [97, 38]. Therefore, emission released by the shear layer has lost more energy to
adiabatic expansion than emission released by the jet core, and an increase of the viewing angle
leads to a decrease of the observed luminosity.
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Figure 5.1. An example Lorentz factor profile (equation 5.4). The Lorentz factor
is approximately constant, Γ ≈ Γ0, in the jet core (θ < θj), while in the shear layer
(θ > θj) the Lorentz factor scales approximately as a power law with angle, Γ ∝ θ−p.
In our model, Γ0, θj and p are free parameters. For this figure Γ0 = 300, θjΓ0 = 3
and p = 2 were used.

the observer viewing angle θv, which is measured from the jet axis. An example
Lorentz factor profile is shown in Figure 5.1.

Physical properties of the jet are expressed in spherical coordinates (r, θ, φ), with
the polar axis aligned to the jet axis of symmetry (see Figure 5.2). Some properties,
such as the Doppler boost of photons that propagate towards the observer, depend
on the angle to the LOS. These are most easily expressed in spherical coordinates
(r, θL, φL), with the polar axis aligned to the LOS. The viewing angle, θv, is defined
as the angle between the jet axis and the LOS. When viewing the jet head on
(θv = 0), the two sets of coordinates coincide. Furthermore, the observed radiative
contributions from different regions of the jet are then independent of azimuthal
angle since the emitting region is symmetric around the LOS.

An observer located at zero viewing angle sees deeper into the outflow than
any other observer. For this observer, the radius of the photosphere is at a min-
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Figure 5.2. Simplified, schematic view of the jet. The thick, solid lines represent
the characteristic jet opening angle, θj, as measured from the jet axis of symmetry,
indicated by the black dashed line. The red dashed line is the LOS, at an angle θv
to the jet axis. Note that in 3 dimensions, θL 6= θ + θv in general.

imum along the LOS. By integrating the optical depth (equation 4.3) from r to
infinity along the radial direction at θ = 0 and equating the resulting optical depth
to unity, the radius of the photosphere along the LOS is found, Rph(θv = 0) =
LσT/(8πmpc

3Γ3
0), where the Thomson scattering cross section, σT, was used. The

comoving temperature at this point in the outflow is

kT ′ph = 0.36 (Γ0/300)5/2(L/1052 erg s−1)−5/12(r0/108 cm)1/6 keV (5.5)

(while the observed temperature is Doppler boosted, kT ob
ph ≈ 2Γ0kT

′
ph for an on-

axis observer). For non-zero viewing angles the photospheric radius is larger, and
therefore the comoving temperature at the photosphere is lower. I therefore con-
clude that the electrons are cold (kinetic energies much less than mec

2, where me

is the electron mass) in all relevant regions of the jet, and the scattering is in the
Thomson regime, justifying the use of σ = σT in subsequent analytical calculations.
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Chapter 6

The Monte Carlo code

The results presented in chapters 7 and 8 are partially based on numerical simu-
lations of the radiative transfer that occurs below the jet photosphere. Numerical
simulations have the advantage of taking into account several transfer effects which
are complicated to treat analytically. Examples include bulk photon diffusion from
the shear layer towards the jet core, and the “Comptonization” of photons that oc-
cur when they repeatedly scatter towards regions of higher Lorentz factor. Further-
more, the complicated three-dimensional shape of the emitting region for off-axis
observers is automatically taken into account in the simulations. The code that
was used for the simulations is presented in this chapter, along with comparisons
to results presented by other authors in independent works.

6.1 Code overview

The code tracks photons which undergo repeated scatterings in relativistically ex-
panding plasmas. The propagation part of the code is designed to handle pho-
ton propagation in plasmas with angle dependent properties. Therefore, any non-
thermal effects associated with photon propagation in shear layers are automatically
considered. The scattering part of the code in the present version has been enhanced
by me to include the treatment of photon polarization. Earlier versions of the code
were used to study other aspects of photon propagation in regions of high optical
depth and the resulting photospheric emission [105, 106, 97, 38]. In this section we
describe the code in a qualitative way. A full description of the radiative transfer
code appears in [97] and [38], while a description of our polarization treatment
appears in §6.3.

The code makes use of dimensionless Stokes vectors, s = (i, q, u, v), to repre-
sent the photon polarization properties (e.g. [107]). This formalism is convenient
because of the additivity of Stokes parameters of incoherent ensembles of photons.
By using the Stokes parameter formalism for single photons, which was originally
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defined using the intensities of incoherent photon beams, we allow for the polar-
ization degree of each photon to vary between zero and unity. Therefore, after
a scattering event, the outgoing photon carries the polarization properties that a
beam of photons would have after scattering into the current direction, instead of
being fully polarized at an angle which is drawn from the appropriate probability
distribution. This treatment effectively removes a source of statistical uncertainty
from the simulated scattering process. Since each photon in our simulation carries
the same statistical weight, all Stokes parameters are normalized (divided by i) be-
fore being added together to form the Stokes parameters of the observed emission,
S = (I,Q,U ,V). This method is similar to the methods used by [108] and [109] in
the context of solar flares, and [107] in the context of blazars.

There are three reference frames of importance to scattering problems: the
lab frame, the local comoving frame and the electron rest frame. We define the lab
frame as the reference frame in which the central engine of the outflow is stationary.
The local comoving frame is the frame which is instantaneously comoving with
the bulk outflow at a given location, which changes between scatterings. The
electron rest frame is the frame which is stationary with respect to the specific
electron on which the photon scatters, and is also different for each scattering
event1. Between consequent scatterings a photon propagates along a straight line
in the lab frame, which makes it the frame of choice for the propagation part of the
code. The photon energy, direction and polarization properties after scattering is
most easily obtained in the electron rest frame. Therefore, the code consists of an
iterative process of propagating each photon a distance in the lab frame, followed by
Lorentz transformations of the photon properties to the electron rest frame, via the
local comoving frame. The scattering process is then performed, and the photon
properties are transformed back to the lab frame to continue the propagation.

During a scattering process, the photon four-momentum and Stokes vector are
transformed to the local comoving frame by consideration of the local velocity field
at the scattering position. The electron distribution is assumed to be isotropic
in the local comoving frame, with a Maxwellian energy distribution of the local
comoving temperature. The propagation direction and Lorentz factor of the scat-
tering electron is drawn, after which the photon properties are transformed to the
electron rest frame. The photon scattering direction is found, with a probability
density distribution given by the polarization dependent Klein-Nishina cross sec-
tion. After the scattered photon energy and polarization properties are computed,
the photon four-momentum and Stokes vector is transformed back to the lab frame.

Between consecutive scattering events, the photon propagates freely along a
straight line in the lab frame. In order to find the distance to the next scattering
event, first the corresponding optical depth is drawn in the following way: the
probability for a photon to scatter before propagating an optical depth τ is P (τ) =
1−exp(−τ). Since P (τ) is a cumulative distribution, the corresponding probability

1Note that the electrons have a random Lorentz factor associated with the comoving temper-
ature of the plasma, and therefore the electron rest frame differs from the local comoving frame.
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density distribution from which we wish to draw the optical depth value is obtained
by f(τ) = dP (τ)/dτ = exp(−τ). We define u ≡ P (τ) and solve for τ = τ(u), which
gives τ(u) = − log(1−u). By drawing values of u from a uniform distribution in the
range 0 < u < 1, values of τ are returned which conforms to the probability density
distribution. The drawn optical depth is compared to the numerically integrated
optical depth at a position infinitely far away in the photon propagation direction.
If the drawn optical depth is larger, the photon is assumed to escape the outflow.
Otherwise, the distance corresponding to the drawn optical depth is obtained. Since
the outflow properties vary with angle to the jet axis, the optical depth between
two points in space is obtained by numerical integration. A minimizing routine
compares the numerically integrated optical depth with the drawn optical depth in
an iterative process, where the end point of the numerical integration is modified
until the acceptable tolerance is reached (the square of the optical depth difference
is less than 10−6). After the corresponding distance is found, the photon location
is updated to the new position and a scattering occurs. We consider the Thomson
cross section in the optical depth calculation, because of the low photon energies
involved.

In the present simulation, unpolarized photons (s = (1, 0, 0, 0)) are injected deep
down in the outflow (τ = 20 in the radial direction), where the comoving intensity
can be considered isotropic. As the luminosity of the central engine is assumed to
be isotropic, the initial photon position is chosen in an isotropic way. The comoving
photon energy is drawn from a blackbody of the comoving outflow temperature at
the injection point. The initial lab frame photon propagation direction is chosen
such that the comoving intensity at the injection point is isotropic. The photon
then propagates and scatters until it escapes the outflow. After the simulation
process, the photons are binned in viewing angle, and the Stokes vectors are added
to form the Stokes vector of the observed emission at any given viewing angle.

6.2 The photon propagation direction at the
injection point in the comoving frame

The comoving photon number intensity is assumed isotropic at the injection point.
This does not correspond to drawing the comoving photon direction isotropically for
the injected photons (i.e. dP/dΩ′ 6= 1/4π). In this section the comoving probability
density distribution for the injected photons is derived. First, the expression for
the lab frame distribution is calculated in terms of the lab frame intensity at radius
r. Second, the comoving intensity (assumed isotropic) is calculated at the same
radius, which allowes for the lab frame distribution to be written with Γ as the only
parameter. Finally, the corresponding comoving angular distribution is calculated.

Given the lab frame photon number intensity I (photons s−1 cm−2 ster−1)
at radius r, the number of photons crossing the radius r in lab frame time dt
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into the solid angle dΩ (oriented at µ = cos θ to the local radial direction) is
dN = 4πr2µIdΩdt. The corresponding photon rate is

dṄ = 4πr2µIdΩ, (6.1)

and the lab frame probability density distribution that describes the local photon
directions, dP/dΩ = (1/Ṅ)dṄ/dΩ, is

dP

dΩ
=

4πr2µI
Ṅ

. (6.2)

The total photon rate streaming past radius r is

Ṅ = 4πr2

∫
µIdΩ (6.3)

where the integration is carried out over all azimuthal angles, but only 0 ≤ µ ≤ 1
(i.e. only photons streaming out of the sphere). The corresponding comoving angle
limits are −β ≤ µ ≤ 1, which for Γ � 1 covers the solid angle 4π − π/Γ2 ≈ 4π,
basically covering all directions. By use of

µ =
µ′ + β

1 + βµ′
, (6.4)

dΩ = D−2dΩ′, (6.5)

I = D3I ′, (6.6)

D = Γ(1 + βµ′), (6.7)

along with the assumption that the comoving intensity is symmetric around the
local radial direction, we find

Ṅ = 4πr2Γ2π

1∫
−β

(µ′ + β)I ′dµ′. (6.8)

Deep down in the outflow the comoving intensity is isotropic, and the integral
becomes trivial. Rearranging the result gives

I ′ =
Ṅ

4πr2Γ
· 1

4π
· 4

(1 + β)2
. (6.9)

Eq. 6.9 can be intuitively understood in the following way. The first factor is the
comoving photon emission rate through the sphere of radius r, the second factor
tells us the comoving intensity is isotropic and the third factor is a correction
factor which arises since only the radiation streaming outwards in the lab frame
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was considered. For β → 1, the third factor becomes unity and all comoving
directions are considered.
Using Eqs 6.1, 6.6 and 6.9,

dP

dΩ
=
µD3

Γ

1

4π

4

(1 + β)2
, (6.10)

and further use of Eqs 6.5 and 6.7 gives the probability density for a photon to
propagate within angle dΩ′ in the comoving frame,

dP

dΩ′
=

µ′ + β

π(1 + β)2
, (6.11)

where the allowed directions are restricted by −β ≤ µ′ ≤ 1. Values of µ′ are drawn
from the distribution (Eq. 6.11) in the following way. The cumulative distribution
P is calculated by integration of Eq. 6.11 (from −1 to µ′), and then “inverted” (i.e.
solved for µ′ = µ′(P )). By drawing values for the uniform variable P in the range
[0, 1], the values

µ′ = −β + (β + 1)
√
P , (6.12)

follow the considered distribution (Eq. 6.11).

6.3 Detailed description of Lorentz
transformations and scatterings of polarized
photons

Here I present details of the treatment of polarized radiative transfer used in our
numerical code. A simulated scattering event consists of Lorentz transformations of
the photon four-momentum and Stokes vector from the lab frame to the individual
electron rest frame, followed by the actual scattering in the electron rest frame,
and then transformations back to the lab frame. In this section we describe how
the code performs a Lorentz transformation of the photon properties as well as
handling a scattering event.

The photon Stokes vector, s = (i, q, u, v)T, is always defined relative to a coordi-
nate system in which the positive z-axis is parallel to the photon three-momentum2.
We use the convention that q/i = +1 corresponds to full linear polarization parallel
to the y-axis of the current coordinate system, u/i = +1 corresponds to full linear
polarization in the direction pointing at 45◦ from both the x-axis and the y-axis,
and v/i = +1 corresponds to full left handed circular polarization.

All coordinate systems which the Stokes vector can be expressed in are related
by a rotation around the photon three-momentum. Therefore, a matrix exists by
which the Stokes vector can be expressed in a rotated coordinate system. The

2This implies that this vector can not be defined in an arbitrary coordinate system.
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matrix which corresponds to a counter-clockwise rotation of the coordinate system
an angle φ around the z-axis when the z-axis is pointing towards the reader equals
[110]

M[φ] =


1 0 0 0
0 cos 2φ − sin 2φ 0
0 sin 2φ cos 2φ 0
0 0 0 1

 . (6.13)

The processes of Lorentz transformation and scattering of the Stokes vector sim-
plify considerably when the Stokes vector is first expressed in appropriately rotated
coordinate systems.

In our code, photons are allowed to propagate in any direction. While the
photon four-momentum can be expressed in any coordinate system, such as the
lab frame coordinate system C, in general the Stokes vector can not. Below we
describe a general way to construct a coordinate system which the Stokes vector
can be expressed in. We construct such a coordinate system by use of the photon
three-momentum, k, and any secondary vector which is not parallel to k. The
most convenient choice of the secondary vector depends on the actual situation
considered. In order to keep the discussion general, we here denote the secondary
vector by A.

We define the z-axis of such a coordinate system to be parallel to k, while the
y-axis is defined to be parallel to A×k. We denote this coordinate system by CAk,
and use the same superscript on vectors expressed in it. The x-axis of CAk is then
obtained as the cross product of the y-axis and z-axis. In CAk, both A and k lie
in the x− z plane.

When performing Lorentz transformations or scatterings of the Stokes vector it
is useful to first express it in an appropriately rotated coordinate system. This is
done by computing the angle of rotation, φ, and use of the matrix M[φ] in equation
6.13. The angle of rotation equals the angle between the y-axes (or x-axes) of the
current coordinate system of the Stokes vector, and the desired coordinate system
(since they necessarily share the z-axis in order for the same Stokes vector to be
expressable in both coordinate systems). The angle that needs to be supplied to
M[φ] in order to rotate the coordinate system from CAk to CBk is

φ = −sign[x̂Ak · x̂Bk] arccos(ŷAk · ŷBk), (6.14)

where sign[x] is a function that returns +1 if x ≥ 0 and −1 otherwise, and CBk

has been defined using the vectors B and k. Changing coordinate systems for the
Stokes vector from CAk to CBk is then performed by sBk = M[φ]sAk.
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6.3.1 Lorentz transformation of the photon
four-momentum and Stokes vector

It was shown by [111] that the linear and circular polarization degrees of a statistical
ensemble of incoherent photons are not affected by Lorentz boosts. Furthermore,
[107] showed that there is a coordinate system from which the transformation of
the Stokes vector is particularly simple: the coordinate system where the y-axis is
perpendicular to both the photon three-momentum and the velocity vector of the
frame into which the boost will be performed. If we choose to express the boosted
Stokes vector in a similarly defined coordinate system in the boosted frame (i.e.
the y-axis is perpendicular to both the boosted photon three-momentum and the
direction of the velocity vector), then the Stokes parameter ratios q/i, u/i and v/i
are left unchanged by the Lorentz transformation. While the intensity of a beam
of photons is not invariant, we use the Stokes vectors for tracking the polarization
properties of single photons, and therefore the vectors are kept normalized (i.e.
divided by i) so that i equals unity at all times. Thus the Stokes vector components,
expressed in the respective coordinate systems of the two frames discussed above,
are identical. The general Lorentz transformation from a given coordinate system
in one frame, to another coordinate system in the boosted frame is then performed
by two successive rotations of the Stokes vector by the matrix in equation 6.13.

We now demonstrate in detail how to perform a Lorentz transformation of the
photon four-momentum and the Stokes vector. For this example, we consider the
transformation from the lab frame to the local comoving frame. The photon four-
momentum is initially expressed in the lab frame coordinate system C, while the
Stokes vector is expressed in Czk (where the superscript z refers to the unit vector
pointing along the z-axis in C, although the choice of this particular vector is
entirely arbitrary),

P =

(
ε
k

)
, szk =


i
q
u
v

 (6.15)

where ε is the photon energy in units of the electron rest mass. Our goal is to
express the photon four-momentum in the comoving frame coordinate system Cc

and the Stokes vector in Czkc
c , where kc is the transformed photon three-momentum

in Cc and the subscript c refers to the comoving frame.

The comoving frame moves with velocity β ≡ v/c = (βx βy βz)T with respect
to the lab frame. Transformation of the four-momentum from C to Cc is achieved
by use of the matrix
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Λ[β] =


Γ −Γβx −Γβy −Γβz

−Γβx 1 + (Γ− 1)β2
x/β

2 (Γ− 1)βxβy/β
2 (Γ− 1)βxβz/β

2

−Γβy (Γ− 1)βxβy/β
2 1 + (Γ− 1)β2

y/β
2 (Γ− 1)βyβz/β

2

−Γβz (Γ− 1)βxβz/β
2 (Γ− 1)βyβz/β

2 1 + (Γ− 1)β2
z/β

2

 ,

(6.16)
where β = |β| and Γ = [1− β2]−1/2. The transformed four-momentum equals

Pc = Λ[β]P. (6.17)

The transformed photon three-momentum, kc, can then be obtained from Pc.
Before transforming the Stokes vector, the angle φ which separates the y-axes

of coordinate systems Czk and Cβk is found by use of equation 6.14, and the Stokes
vector is rotated, sβk = M[φ]szk. The transformation is then performed,

sβkc
c = sβk. (6.18)

Finally, in order to express the Stokes vector in Czkc
c one additional rotation is

needed. The angle φ̃ needed to rotate from Cβkc
c to Czkc

c is obtained by equation
6.14, and the Stokes vector is rotated, szkc

c = M[φ̃]sβkc
c .

6.3.2 Scattering of the photon three-momentum and Stokes
vector

Here I describe how the code handles a scattering event. I assume that the photon
vectors are already transformed to the electron rest frame before the calculation
begins. As the scattering event involves rotations of the coordinate system in
which the photon three-momentum is expressed, it is convenient to consider only
the photon three-momentum instead of the four-momentum for the calculations.
The coordinate system C refers to the electron rest frame coordinate system, in
which the incoming photon propagates in the direction specified by the angles θ0

and φ0. I use the subscript 0 to indicate photon properties before scattering, and
no subscript after scattering. The goal of the calculation is then to find k and szk

expressed in C and Czk respectively, from the initial k0 and szk0
0 expressed in C and

Czk0 .
The photon properties before scattering are

k0 = ε0

sin θ0 cosφ0

sin θ0 sinφ0

cos θ0

 , szk0
0 =


i0
q0

u0

v0

 , (6.19)

We now wish to draw the scattering angles from the appropriate probability dis-
tribution. Since the photon propagates parallel to the z-axis of Czk0 (by definition
of the coordinate system), the photon three-momentum in this coordinate system
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is kzk0
0 = (0 0 ε0)T. We therefore find the polar and azimuthal scattering angles in

Czk0 , θsc and φsc, perform the scattering and rotate the scattered three-momentum
back to C.

The two-dimensional probability density distribution from which the scattering
angles are drawn is given by

dP

dΩ
(θsc, φsc) =

1

σ

dσ

dΩ
(θsc, φsc), (6.20)

where dσ/dΩ is the polarization dependent, differential Klein-Nishina cross section
and σ =

∫
4π

(dσ/dΩ)dΩ. The differential cross section is (e.g. [108])

dσ

dΩ
=
r2
0

2

(
ε

ε0

)2

×{
ε0
ε

+
ε

ε0
− sin2 θsc (1− (q/i) cos 2φsc + (u/i) sin 2φsc)

}
,

(6.21)

where r0 is the classical electron radius, ε = ε0/[1 + ε0(1 − cos θsc)] is the photon
energy after scattering and averaging over isotropic electron spin has been assumed.
After θsc and φsc have been drawn, the outgoing photon three-momentum in Czk0

is

kzk0 = ε

sin θsc cosφsc

sin θsc sinφsc

cos θsc

 . (6.22)

We express the three-momentum in C by use of a rotation matrix of the general
form,

R[θ, φ] =

cos θ cosφ − sinφ sin θ cosφ
cos θ sinφ cosφ sin θ sinφ
− sin θ 0 cos θ

 . (6.23)

The initial photon angles in C are used as arguments to the rotation matrix, k =
R[θ0, φ0]kzk0 (R[θ, φ] is constructed by multiplication of two rotation matrices that
rotates the coordinate system around the y-axis and z-axis separately).

Scattering of the Stokes vector is performed by multiplication with the scattering
matrix [110],

T[θ, ε0] =
1

2
r2
0

(
ε

ε0

)2

×
1 + cos2 θ + (ε0 − ε)(1− cos θ) sin2 θ 0 0

sin2 θ 1 + cos2 θ 0 0
0 0 2 cos θ 0
0 0 0 2 cos θ + (ε0 − ε)(1− cos θ) cos θ


,

(6.24)
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where θ is the angle between the photon three-momentum vectors before and after
scattering. The scattering matrix in the form presented above is applicable when
the Stokes vector before scattering is expressed in Ckk0 . The Stokes vector after
scattering is expressed in Ck0k. The angle required for rotating the Stokes vector
coordinate system from Czk0 to Ckk0 is φsc. The rotation is then performed, skk0 =
M[φsc]szk0 , and the Stokes vector is scattered,

sk0k = T[θsc, ε0]skk0 . (6.25)

The Stokes vector is then normalized. The angle φ required for rotating the Stokes
vector coordinate system from Ck0k to Czk is found by use of equation 6.14, and
the final rotation is performed, szk = M[φ]sk0k.

6.4 Code validation: comparisons to results of
other codes

In order to verify the computational methods used in the code, comparisons to
other works has been made. First, the polarization properties of emission scattered
once on stationary electrons are compared to results by Depaola [112]. Second,
polarization properties of emission scattered once on relativistic electrons are con-
sidered and compared to results by Krawczynski [107]. Third, the correct treatment
of repeated scatterings in a relativistic outflow is verified by comparing comoving
intensities to results by Beloborodov [83].

6.4.1 Single scattering of a photon beam on stationary
electrons

The code developed by Depaola [112] is currently in use by the GEANT4 code
package. GEANT4 does not handle relativistically moving targets, and so the
electrons are necessarily considered to be stationary. The experimental setup is
the following: a monoenergetic, fully linearly polarized photon beam scatters once
off stationary electrons. The outgoing photons are collected and their polarization
properties examined.

Figure 6.1 shows the degree of linear polarization (Π) of the scattered emission
as a function of the outgoing photon angles, as simulated by Depaola. The different
panels show the results for different initial photon energies (100 keV, 1 MeV and
10 MeV). Figure 6.2 shows the same results produced using our code. The results
are in excellent agreement.

Depaola [112] also simulated an unpolarized photon beam scattering on station-
ary electrons. The top panel of Figure 6.3 shows p ≡ I⊥/I‖ as a function of the
polar scattering angle, where I⊥ (I‖) is the intensity observed by a detector that can
only detect emission polarized perpendicular (parallel) to the plane of scattering.
Three initial energies were considered (100 keV, 1 MeV and 10 MeV). The bottom
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Figure 6.1. The degree of linear polarization of scattered photons from an initially
fully linearly polarized photon beam, as simulated by Depaola [112]. The initial
photon energies are: 1 keV (top left panel), 1 MeV (top right panel) and 10 MeV
(bottom left panel). The azimuthal angle, φ, is measured from the direction that
is perpendicular to both the initial photon propagation direction and the initial
polarization direction. From [112].
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Figure 6.2. Same as Figure 6.1, simulated using our code. The initial photon
energies are: 1 keV (top panel), 1 MeV (middle panel) and 10 MeV (bottom panel).
A few bins contain no photons, their values are artificially set to zero.
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panel of Figure 6.3 shows the results reproduced using our code. The advantage
of our numerical treatment of photons as “partially polarized” is apparent, as only
a single scattered photon gives the correct polarization degree immediately. The
simulated histogram is therefore extremely smooth, as compared to the histogram
of Depaola. We conclude that single non-relativistic scattering processes appears
to work as intended.

6.4.2 Single scattering of a photon beam on a relativistic
electron beam

Krawczynski [107] has produced results for the following experimental setup: a
monoenergetic photon beam (ω = 1012 Hz) is propagating along the z-direction. It
is fully linearly polarized, with the polarization vector pointing in the y-direction.
The photon beam scatters on a monoenergetic electron beam (γ = 100), which
is propagating in the x-z plane at 85◦ from the z-axis. Using this setup, the
photon energy in the electron rest frame is well below the Klein-Nishina range.
Figure 6.4 shows the resulting intensity, linear polarization parameters and angle
of polarization of the scattered photons as functions of the scattering angles. In
Figure 6.5 the reproduction of the results using our code is shown. For detailed
discussion of the appearance of the plots, the reader is referred to [107].

Krawczynski also considered scattering in the Klein-Nishina range. The previous
setup is used, but the incoming photon energies are E/mec

2 = 0.01 and the electron
Lorentz factor is γ = 2500. The intensity and degree of linear polarization of
the scattered photons as found by Krawczynski are shown in Figure 6.6. The
reproduction of the results using our code is presented in Figure 6.7. Again, the
results are in excellent agreement. We conclude that the single scattering process
on relativistic electrons work as intended.

6.4.3 The comoving photon number intensity in a spherical
outflow

In order to verify the codes ability to accurately simulate the radiative transfer
occuring in a relativistic outflow, the comoving intensity was computed at differ-
ent radii and compared to results presented by Beloborodov [83], who performed
numerical integration of the transfer equation (in the context of a spherical, coast-
ing, relativistic outflow). It was found by [83] that the comoving intensity becomes
highly anisotropic as it approaches the photosphere, which allows for the possibility
of polarized photospheric emission (e.g. the basis for chapter 8).

The comoving intensity at radius r is computed in the following way. The
deviation from isotropy can be measured by the ratio I ′(r, µ′)/I ′iso(r), where I ′iso(r)
is the corresponding isotropic intensity (Eq. 6.9). By use of Eqs. 6.2, 6.4, 6.5, 6.6
and 6.7, the intensity ratio is written as



66 Chapter 6. The Monte Carlo code

0.0 0.5 1.0 1.5 2.0 2.5 3.00

10

20

30

40

50

60

70

Figure 6.3. The top panel is from Depaola [112]. It shows a plot of p (see text for
definition) versus polar scattering angle for an initially unpolarized photon beams of
energies 100 keV, 1 MeV and 10 MeV. Both simulated data and the corresponding
analytical solutions are shown. The bottom panel shows our reproduction of the
same results. What appear as solid lines are narrowly binned histograms of the
simulated data.
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Figure 6.4. The Stokes parameters and angle of polarization of scattered photons,
from Krawczynski [107]. The top left panel shows the photon intensity, which peaks
strongly in the direction of propagation of the electron beam. The top right and
bottom left panels show the Stokes parameters for linear polarization. The bottom
right panel shows the angle of polarization (χ), as measured from the projection of
the initial photon direction on the sky. From [107].
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Figure 6.5. Reproduction of work by Krawczynski [107], for verification purposes
(compare to see Figure 6.4). The top left panel shows the photon intensity. The
top right and bottom left panels show the Stokes parameters for linear polarization.
The bottom right panel shows the angle of polarization (χ), as measured from the
projection of the initial photon direction on the sky.
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Figure 6.6. The intensity (left panel) and the degree of linear polarization
(right panel) after Compton scattering in the Klein-Nishina range, as simulated
by Krawczynski [107].
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Figure 6.7. Reproduction of Figure 6.6 using our code. The left panel shows the
intensity, while the right panel shows the degree of linear polarization after Compton
scattering in the Klein-Nishina range.
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I ′(r, µ′)
I ′iso(r)

=
π(1 + β)2

µ′ + β

dP

dΩ′
(r, µ′). (6.26)

where dP = (dP/dΩ′)dΩ′ is the probability for a photon that crosses the radius r
to be propagating in the direction µ′ within the solid angle dΩ′ in the comoving
frame (µ′ = cos θ′, where θ′ is measured from the local radial direction). In order
to calculate the comoving intensity, N = 106 photons were injected deep down in
the spherically symmetric outflow. As each photon propagates through the surface
4πr2, the location where the photon path intersects the surface is saved, along with
the photon lab frame four-vector. The photon four-vector is transformed to the
local comoving frame at the intersection point and µ′ is obtained (where µ′ = 1 in
the local radial direction). The comoving probability density in direction µ′ is then
estimated as

dP

dΩ′
(r, µ′) ≈ 1

2π

1

N

∆N

∆µ
(r, µ′), (6.27)

where ∆N is the number of photons in the bin ∆µ′. The comoving intensity at
different radii (or rather, the corresponding optical depths) is shown in Figure 6.8,
in comparison with results obtained by Beloborodov [83].
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Figure 6.8. The comoving intensity at different optical depths. The top panel is
from Beloborodov [83], as integrated from the transfer equation. The bottom panel
show results as obtained using our code (with arbitrary normalization). In addition
to the intensities at the optical depths as shown in the top panel, the bottom panel
also shows the isotropic comoving intensity at the radius of injection (τ = 40, dark
blue).
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Chapter 7

Spectral properties of
photospheric emission from
structured jets

This chapter focuses on the spectral properties of the emission from the types of
jets described in chapter 5. It is largely based on work presented in Lundman et
al. [38]. The organization of this chapter is the following. First, the analytical
expression for the observed spectrum (in the form of an integral over the emitting
volume) is derived under an approximate expression for the comoving emissivity
(§7.1). Second, spectral features (i.e. slopes and characteristic energies) are calcu-
lated analytically for an on-axis observer (§7.2). Third, observed spectra at different
viewing angles are computed by Monte Carlo simulations (with no use of the ap-
proximate emissivity) and numerical integration of the previously derived analytical
expression (§7.3). Finally, the approximate emissivity approach is verified for the
case of spherical symmetry by comparison to results from Beloborodov [83] (§7.4).

7.1 Formation of the observed spectrum

In order to formulate the expression for the observed spectrum I consider the fol-
lowing: while the photosphere is defined as Rph = r(τray = 1), in reality photons
can scatter anywhere where electrons exist. Since I consider an expanding plasma
in a steady state, electrons are assumed to occupy the entire volume. In order
to calculate the observed spectrum one has to integrate the emissivity over the
entire volume, where the emissivity in volume element dV is proportional to the
probability of photons to make their last scattering in dV .

73
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I assume that the local, comoving photon energy distribution is well described
by a Planck spectrum1 with temperature equal to the local, comoving electron
temperature2. As we consider the photon-electron cross section to be energy inde-
pendent (i.e. the Thomson regime), it follows that the optical depth is also energy
independent. In this section we calculate the observed spectrum assuming that it
depends only on the last scattering positions of the observed photons. We later
justify this assumption by simulations which consider the full treatment of photon
propagation below the photosphere.

Each time a photon in the outflow scatters into a direction pointing towards
the observer, it has the probability exp(−τray) to escape the outflow, where τray

is the optical depth along the photon propagation direction. The rate of photons
escaping the outflow from volume dV into solid angle dΩv is

dṄesc =
dṅsc

dΩv
exp (−τray) dΩvdV (7.1)

where (dṅsc/dΩv)dΩv is the number of scatterings within time dt in the volume
element dV for which the outgoing photon direction points within solid angle dΩv

towards the observer. Generally, dṅsc/dΩv and τray are functions of the spatial
coordinates and the viewing angle. Due to relativistic beaming, it is convenient to
express dṅsc/dΩv in terms of comoving frame properties. From here on, primed
quantities are evaluated in the local frame comoving with the outflow. The number
of scatterings within the volume element per unit time is Lorentz invariant, since
dV ′ = ΓdV , dt′ = Γ−1dt and the total number of scatterings only involves counting.
The solid angle transforms as dΩv = D−2dΩ′v [37], hence dṅsc/dΩv = D2dṅ′sc/dΩ′v.
The volume element can be expressed as dV = r2dΩdr, where r is the radial coor-
dinate and dΩ is a solid angle element normal to the radial direction (as seen from
the center of the outflow). Since the observed photon number flux at luminosity
distance dL is (1/d2

L)dṄesc/dΩv, we write the expression for the energy spectrum,

F ob
E (θv) =

∫∫
r2

d2
L

D2 dṅ′sc
dΩ′v

exp (−τray)

{
E

dP

dE

}
dΩdr, (7.2)

where dP/dE is the lab frame probability density distribution describing the nor-
malized, local photon spectrum within volume element dV and the integration is
over all radii and solid angles.

We now seek the probability for a photon within volume element dV to have a
lab frame energy between E and E + dE. Under the assumption that photons at
r � Rdcp have a comoving Planck distribution with temperature T ′, the probability
of a photon to have energy between E′ and E′ + dE′ is dP ∝ (Bν′(T

′)/E′)dE′,
where Bν′(T

′) is the Planck spectrum with temperature T ′. Normalization gives

1In case of scattering only, the local spectrum may be given by the Wien spectrum. However,
this does not affect the results.

2While this is true only for r < Rdcp, as shown in §7.2.2 this is a good assumption for most
jet profiles considered in this work. This assumption is not used in the Monte Carlo simulations.
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∫∞
0
E′

2
/[exp(E′/kT ′) − 1]dE′ = (kT ′)3ζ(3) ≈ 2.40(kT ′)3 where ζ is the Riemann

zeta function. The observed photon energy and plasma temperature are E = DE′

and T ob = DT ′ respectively, and therefore

dP

dE
=

1

2.40(kT ob)3

E2

exp(E/kT ob)− 1
. (7.3)

From equation 7.3, E(dP/dE) ∝ Bν(T ob) within volume element dV . As the
integration is over the entire volume, it follows that the observed spectrum can be
regarded as a superposition of blackbodies.

7.1.1 Angle dependent jet properties

As discussed in chapter 5, we summarize the jet interaction with the surrounding
environment as an angle dependent mass outflow rate per solid angle, dṀ/dΩ =
dṀ(θ)/dΩ, an angle dependent photon emission rate per solid angle, dṄγ/dΩ =

dṄγ(θ)/dΩ and an angle dependent Lorentz factor, Γ = Γ(θ), all symmetric around
the jet axis. We further assume the Lorentz factor and mass outflow rates to be
independent of radius. We omit writing angular dependences in the equations below
for readability.

Assuming isotropic scattering in the comoving frame, it follows that

dṅ′sc
dΩ′v

=
σTcn

′
en
′
γ

4π
. (7.4)

Under the assumption of radial motion, and that the electrons propagate outwards
with speed βc while the photons propagate outwards with speed c, the comoving
electron and photon number densities are given by

n′e =
1

r2mpcβΓ

dṀ

dΩ
(7.5)

and

n′γ =
1

r2cΓ

dṄγ
dΩ

(7.6)

respectively. In reality, the effective radial bulk photon speed is ∼ βc at small radii
where photons are coupled to the electrons, and → c as the photons escapes the
outflow and propagate with an increasingly radial direction towards infinity. The
true value of the photon density at radius r can be obtained by calculating the
source function by solving the radiative transfer equation. However, in a highly
relativistic outflow β ≈ 1, and so the radial effective photon speed is basically
constant. The validity of the approximation considered here is considered further
in §7.4. Using equation 7.5, the decoupling radius can be written as
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Rdcp =
1

(1 + β)βΓ2

σT

mpc

dṀ

dΩ
(7.7)

where use was made of the assumed radial independence of Γ and dṀ/dΩ.
The photospheric radius is calculated as follows. Using the fact that r sin θL

is constant along a ray parallel to the LOS, dz = −r2(r sin θL)−1dθL. Using this

change of variables, we write τray = (σT/mpcr sin θL)
∫ θL

0
[(1−β cos θL)/β](dṀ/dΩ)dθL,

from which we obtain

Rph =
σT

mpc

1

sin θL

θL∫
0

1− β cos θ̃L

β

dṀ

dΩ
dθ̃L. (7.8)

We thus find that for non-zero viewing angles, the photospheric radius is a function
of two variables (Rph = Rph(θL, φL)). Since τray ∝ r−1, we write τray = Rph/r.
Using equations 7.2, 7.4, 7.5, 7.6 and 7.7 we obtain the observed spectrum,

F ob
E (θv) =

1

4πd2
L

∫∫
(1 + β)D2 dṄγ

dΩ
×

Rdcp

r2
exp

(
−Rph

r

){
E

dP

dE

}
dΩdr. (7.9)

Equation 7.9 (with use of equations 7.3, 7.7 and 7.8) provides the energy flux
for given angular profiles. It can be solved once Γ(θ), dṀ(θ)/dΩ, dṄγ(θ)/dΩ and
θv are known. As discussed in chapter 5, from here on we consider non-dissipative
GRB fireball dynamics as a way to relate the angular jet properties.

7.2 Contributions from different jet regions to
the observed spectrum

The observed spectrum is obtained by solving equation 7.9, namely integrating the
emissivity over the entire volume. While analytical integration is difficult for the
different jet profiles, numerical integration is straight forward. In §7.2.1 - 7.2.2 we
assume the outflow to be viewed head-on. Therefore the radiative contributions
from the different parts of the jet are symmetric around the LOS and equation 7.9
is readily integrated over azimuthal angle. Non-zero viewing angles are discussed
in §7.2.3 and further explored numerically in §7.3.

In Figure 7.1 we present the numerically integrated spectrum where we have
used the Lorentz factor profile defined in equation 5.4. For this figure we use the
parameters Γ0 = 100, θj = 0.03 and p = 4, as well as θv = 0. The spectrum has a
wavy shape, with a slope of roughly FE ∝ E0 over several orders of magnitude in
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energy, and does not resemble the Planck spectrum. We identify several character-
istic photon energies in the spectrum (Epeak, Ej and ED). Analytical expressions
for these energies are given below.

The spectrum can be understood as a combination of components originating
from different jet regions. Spectra integrated separately between the angular limits
for the jet core and the shear layer are shown in Figure 7.1 as dashed and dash-
dotted lines respectively. The advantage of considering the emission from different
jet regions separately is that it allows for analytical expressions of key spectral
features.

While the integration is over the entire volume, in order to explain the spectrum
one can define characteristic photon energies as a function of angle to the jet axis.
This is done in the following way. Consider only photons that make their last
scattering between angles θ and θ+dθ. The distribution of last scattering radii spans
a large range of radii (see Figure 7.2, right panel). At r � Rph the flux is attenuated
by the large optical depth, while at r � Rph the probability of scattering is low due
to the optical depth being much smaller than unity. Therefore, the characteristic
radius of the radial distribution is Rph(θ). The distribution of observed energies
of photons that make their last scattering between angles θ and θ + dθ peaks at
E ≈ 2.7kT ob = 2.7D(θ,Γ) kT ′(θ,Rph(θ)). Therefore, one may consider E(θ) =
2.7kT ob(θ,Rph(θ)) to be the characteristic energy of photons making their last
scattering between angles θ and θ + dθ. Typically, the Doppler boost decreases
with angle while the photospheric radius increases with angle3. Therefore, the
characteristic photon energy is expected to decrease with angle. Below we use this
approximation to obtain the characteristic photon energies shown in Figure 7.1.
For θv > 0, this discussion has to be generalized to include azimuthal angle.

7.2.1 Jet core component

Emission from the jet core (0 ≤ θ ≤ θj) is shown with a dashed line in Figure 7.1.
The most energetic part of the spectrum originates from this region due to the high
Doppler boost and low photospheric radius (see Figure 7.2). Within this region the
Lorentz factor is approximately constant. Therefore the observed spectrum from
the jet core is similar to that of an optically thick, spherically symmetric wind with
Γ ≈ Γ0 when only considering the emissivity within 0 ≤ θ ≤ θj. The Doppler boost,
D ≈ 2Γ/(1 + Γ2θ2), and the photospheric radius for a spherically symmetric wind,
Rph ∝ (1 + Γ2θ2/3) [97], are approximately constant for angles up to θ ≈ 1/Γ0,
and so the characteristic energy of photons making their last scattering within
0 ≤ θ ≤ 1/Γ0 is approximately constant and is equal to Epeak.

The observed temperature of photons originating from angles larger than 1/Γ0

decreases with angle due to the increasing photospheric radius and decreasing

3The exact angular behaviour of the Doppler boost and the photospheric radius depends on
the angular dependence of the outflow parameters.
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Figure 7.1. The observed spectrum from a relativistic, optically thick outflow
obtained by numerical integration of equation 7.9. Zero viewing angle is assumed.
Separate integrations of the contributions from the jet core and shear layer are
shown with dashed and dash-dotted lines respectively. Photon energies associated
with characteristic outflow angles are indicated by small vertical lines. For this figure
Γ0 = 100, θj = 0.03 and p = 4. A total outflow luminosity of L = 1052 erg s−1 and
base outflow radius r0 = 108 were used.

Doppler boost. For 1/Γ0 < θ < θj, Rph/Rdcp ∝ (1 + Γ2
0θ

2/3) (see Figure 7.2).4

Therefore, the approximation of thermal equillibrium close to the photosphere be-
comes less accurate with increasing angle (within the jet core). Since the character-
istic photon energy is a monotonically decreasing function of angle for a spherically
symmetric outflow, the approximation of thermal equillibrium becomes less accu-
rate with decreasing observed photon energy. By comparing numerically integrated
spectra to the full Monte Carlo simulations we find that for E & 10−2Epeak the
assumption of thermal equillibrium can be used.

The superposition of comoving spectra causes softening of the Rayleigh-Jeans
part of the observed spectrum from the jet core. Through simulations we find

4This follows from Rph = Rdcp at θ = θL = 0, while Rdcp = const and Rph ∝ (1 + Γ2θ2/3)
for a spherically symmetric outflow, which is a good approximation for θ < θj.
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Figure 7.2. The left panel shows the photospheric radius (Rph, black) and the
photon decoupling radius (Rdcp, gray) as functions of angle. The dashed lines are
the power law approximations used in §7.2.2. The right panel shows the same pho-
tospheric radius (black), and Monte Carlo simulations of the photon last scattering
positions before reaching the observer (gray) for θv = 0 (0.000 ≤ θv ≤ 0.006). The
Lorentz factor profile Γ0 = 100, θj = 0.03, p = 4 was used along with θv = 0. A
total outflow luminosity of L = 1052 erg s−1 was assumed in calculating the radii.

that the spectral index at E = 10−2Epeak from a spherically symmetric outflow
is approximately 0.6 units softer than the Planck spectrum. This agrees with the
index found by [35] who considered radiative transfer in a spherically symmetric,
collisionally heated outflow.

The peak energy of the jet core component is obtained by considering the
Doppler boosted comoving temperature at the photospheric radius along the LOS.
It is the same as that from a spherically symmetric fireball with Γ = Γ0, for which
D ≈ 2Γ0, T ′ = (T0/Γ0)(rs/r)

2/3 and Rph = LσT/8πmpc
3Γ3

0 under the condition
Rph > rs (e.g. [7]);
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Epeak = 5.4× k
(

L

4πr2
0ac

)1/4(
8πmpc

3Γ4
0

r0

)2/3

= 540

(
L

1052

)−5/12 ( r0

108

)1/6
(

Γ0

300

)8/3

keV. (7.10)

Here and below we use cgs units. All characteristic energies below are presented
in units of Epeak. At angles smaller than θj the Lorentz factor is approximately
constant. Therefore, the observed spectrum is approximately that of a spherical
wind for E > Ej ≡ E(θj).

5 Under the assumption of thermal equillibrium at
Rph(θj) we obtain the lower limit

Ej/Epeak ≥

(
1 +

Γ2
0θ

2
j

2

)−1(
1 +

Γ2
0θ

2
j

3

)−2/3

. (7.11)

where the approximations sin θj ≈ θj and βj ≈ 1−1/2Γ2
j were used. This expression

simplifies to Ej/Epeak & 4.2(Γ0θj)
−10/3 for θj > 1/Γ0. We thus conclude that

observations of spectra down to two orders of magnitude below the peak will reveal
deviations from the spherically symmetric scenario if θj . 5/Γ0.

7.2.2 Shear layer component

The spectrum emitted from the shear layer (θj ≤ θ ≤ θs) is shown with a dash-
dotted line in Figure 7.1. It forms an approximate power law between two limiting
energies, Eshear and ED. We derive analytical expressions for the power law index
and the upper and lower energy limits below. No simple analytical expression exists
for the spectrum within the remaining energy range ED < E < Ej. However, this
energy range is typically small for the parameter space considered in this work.

To simplify the calculation, we approximate the photon energy distribution
as a delta function centered on the average observed photon energy within vol-
ume element dV : dP/dE = δ(E − 2.7 kT ob). This approach is validated by the
numerical integration of the spectrum. Furthermore, we assume the outflow to
be in thermal equillibrium at r = Rph(θ). This assumption is justified in the
shear layer for p > 1 below. We therefore limit the analytical calculation to out-
flows with p > 1. The characteristic photon energy within volume element dV
is 2.7 kT ob = (2.7DkT0/Γ)(rs/r)

2/3. The delta function variable is changed to r
using the relation δ(E) = |dE/dr|−1 δ(r),

5In practice, the spectrum starts deviating at slightly higher energies since the Lorentz factor
is not exactly constant within the jet core region (see Figure 7.1).
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E
dP

dE
= Eδ

(
E − 2.7kT ob

)
=

3

2
rδ

(
r − rs

{
D

Γε

}3/2
)
, (7.12)

where ε ≡ E/2.7kT0 is the observed photon energy in units of the average photon
energy at the base of the outflow. Using equation 7.12 one carries out the radial
integral in equation 7.9 which becomes

F ob
E =

Ṅγ
4πd2

L

3

2

π∫
0

D2Rdcp

Γr0

{
Γε

D

}3/2

×

exp

(
−Rph

Γr0

{
Γε

D

}3/2
)

sin θdθ. (7.13)

where 1 + β ≈ 2, rs = Γr0 and dṄγ/dΩ = Ṅγ/4π were used.
In order to solve the angular integral in equation 7.13, Γ, D, Rdcp and Rph

are approximated as power laws of θ. In the shear layer the Lorentz factor is well
approximated as

Γ = Γ0

(
θj

θ

)p
. (7.14)

For values of p > 1, the Doppler boost, D ≈ 2Γ/(1 + Γ2θ2) has a break at θD ≡
θj(Γ0θj)

1/(p−1) (see Figure 7.3).6 For angles θD < θ < θs the desired parameters
can be expressed as power laws in θ to a good approximation, and so we solve for
the power law spectrum between these two integration limits. The characteristic
photon energies associated with θD and θs gives the upper and lower energy limits
ED and Eshear. For θD < θ < θs the Doppler boost is approximately

D = 2Γ0

(
θj

θ

)p
. (7.15)

Using the approximate Lorentz factor profile in equation 7.14 the decoupling radius
(equation 7.7) is readily obtained,

Rdcp =
R∗
Γ3

0

(
θ

θj

)3p

(7.16)

where R∗ ≡ LσT/8πmpc
3 and β ≈ 1 were used. Using the small angle approxima-

tion sin θ ≈ θ, the photospheric radius (equation 7.8) at angle θ is approximately

Rph = (2R∗/θ)
∫ θ

0
Γ−2D−1dθ̃. The integral may be split at angle θD, representing

6The break is located at θDΓ(θD) = 1, and Γ is given by equation 7.14. For p = 1, Γ2θ2 = const
and there is no such break.
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contributions to the optical depth from electrons at larger and smaller angles, re-
spectively. The contribution from within θD is subdominant for p > 1 and θ � θD,
and so it is sufficient to consider θD as the lower angular limit. Using equations
7.14 and 7.15 the angular integration for the photospheric radius is readily solved,

Rph =
R∗

(3p+ 1)Γ3
0

(
θ

θj

)3p

, (7.17)

which is a factor 3p + 1 lower than Rdcp for all angles θD . θ . θs. We therefore
conclude that the outflow is in thermal equillibrium at the photosphere within this
angular range. The approximated power laws are shown in Figures 7.2 (left panel)
and 7.3.

In order to find the photon energy associated with θD,

ED ≈ 2.7D(θD)(kT ′/Γ(θD))(rs(θD)/Rph(θD))2/3

one first calculates Rph(θD).7 Using this approximation and D(θD) = Γ(θD), we
calculate the photon energy associated with θD,

ED/Epeak =
(p+ 3)

2/3

2
(Γ0θj)

−8p/3(p−1)
, (7.18)

which is valid for θj > 1/Γ0. As can be seen from the definition of θD (below
equation 7.14), θD ≈ θj when θj ≈ 1/Γ0. Therefore ED ≈ Ej ≈ Epeak when
θj ≈ 1/Γ0. Thus, for narrow jets (θj ≈ 1/Γ0) the upper limiting energy to the
power law is approximately the same as the peak from the jet core region. For
θj > 1/Γ0 there is a bump-like spectral feature related to ED (see Figure 7.1).
If this feature is observed, constrains can be put on the jet properties through
equation 7.18.

Inserting equations 7.14, 7.15, 7.16 and 7.17 into equation 7.13 gives the ob-
served flux within the energy range Eshear � E � ED,

7At θD, the electrons at angles θ < θD have to be taken into account when calculating the opti-
cal depth. By integrating the expression for the photospheric radius (equation 7.8) over angles θ <
θD, one obtains Rph ≈ (R∗/Γ3

0)(Γ0θj)
−1/(p−1){1 + (Γ0θj)

2[1/3 + (p+ 3)−1(Γ0θj)
(p+3)/(p−1)(1−

(Γ0θj)
−(p+3)/(p−1))]}. This simplifies to Rph ≈ (R∗/Γ3

0)(p + 3)−1(Γ0θj)
3p/(p−1) for θj > 1/Γ0.

Note that this expression is different from equation 7.17, which is derived for θ � θD.



7.2. Contributions from different jet regions to the observed spectrum 83

F ob
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Ṅγ
4πd2
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Γ0θ

p
j
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θ2p+1 ×

exp
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3p+ 1
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R∗
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dθ

=
Ṅγ
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) 2
p

(
R∗
r0

) 1
2 (1− 1

p )
×

( ε
2

) 3
4 (1− 1

p )
xmax∫
xmin

x
1
2 ( 1

p−1) exp (−x) dx (7.19)

where

x ≡ (3p+ 1)−1(Γ0θ
p
j )−4(R∗/r0)(ε/2)3/2θ4p

xmin = (3p+ 1)−1(R∗/r0)(ε/2)3/2(Γ0θ
p
j )4/p−1

xmax = (3p+ 1)−1(R∗/r0)(ε/2)3/2((1 +
√

2)/Γmin)4.

The integral in equation 7.19 is approximately constant for a large range of
energies. The integrand decreases exponentially for large x. When xmax � 1, the
upper limit is well approximated as infinity. This condition translates to

ε� Eshear

2.7 kT0
≡ 2

{
(3p+ 1)

r0

R∗

(
Γmin

1 +
√

2

)4
}2/3

. (7.20)

In units of the peak energy, one obtains

Eshear/Epeak =
(3p+ 1)2/3

(
√

2 + 1)8/3

(
Γmin

Γ0

)8/3

. (7.21)

Setting the upper limit to infinity, the integral in equation 7.19 becomes

∞∫
xmin

x
1
2 ( 1

p−1) exp (−x) dx = Γinc

{
1

2

(
1

p
+ 1

)
, xmin

}
(7.22)

where Γinc{(1/p+1)/2, xmin} is the incomplete gamma function, which for xmin � 1
and p > 1 is approximately constant.8 The condition xmin � 1 translates to

8For xmin = 0 the incomplete gamma function equals the complete gamma function, Γ{(1/p+
1)/2}. For 1 < p < 102, 1 < Γ{(1/p+ 1)/2} < 1.76.
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Figure 7.3. The Lorentz factor (solid black) and the Doppler boost (solid gray) as
functions of angle to the jet axis. θv = 0 is assumed. The respective approximations
used in §7.2.2 are shown as dashed lines. The Doppler boost has a bump at angle
θ ≈ θD. The characteristic photon energy associated with θD is shown in Figure 7.1.
A Lorentz factor profile (equation 5.4) with parameter values Γ0 = 400, θj = 3/Γ0,
p = 4 was used.

ε� 2

{
(3p+ 1)

r0

R∗

(
Γ0θ

p
j

)− 4
p−1

}2/3

≈ ED
kT0

. (7.23)

We thus find that the integral in equation 7.19 is approximately constant within
the energy range Eshear � E � ED. The observed flux in this energy range is a
power law approximately satisfying

F ob
E ∝ E

3
4 (1− 1

p ) (7.24)

for p > 1. Expressed as the photon index within this energy range, equation 7.24
implies α ≈ −(1/4)(1 + 3/p). Redoing the above calculation for p = 1 results in
the same power law index, with the modification that the upper limiting energy is
set by Ej, and so equation 7.24 can be considered valid for p ≥ 1. We therefore
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conclude that for a Lorentz factor profile with p = 1, α ≈ −1 while for p = 2,
α ≈ −0.5. For an angular profile with p = 4 and θj = 3/Γ0 (as shown in Figure
7.1), ED/Epeak = 2.5 × 10−2 and Eshear/Epeak = 4.6 × 10−5. For jets with large
opening angles (θj & 10/Γ0), the range of energies between ED and Eshear is small
and so the shear layer spectrum is not well approximated as a power law.

7.2.3 Non-zero viewing angles

Due to the complexity of the calculation in this scenario, we give here only a quali-
tative explanation. Full quantitative treatment is presented in §7.3. Increasing the
viewing angle has two main consequences: decreasing Epeak (and therefore also the
bolometric flux) and softening the spectrum. Since the characteristic angles for the
jet core are smaller than those for the shear layer, the jet core spectral component
is affected more than the shear layer component by viewing angle variations.

As long as θv � θj the observed spectrum is well approximated by the θv = 0
solution. For θv > θj, Epeak decreases due to the decreasing Doppler boost as well as
the increasing photospheric radius. Photons from the shear layer region contribute
to a general softening of the spectrum below the peak energy. For θv > θj, the
total observed flux decreases with increasing viewing angle, and at some viewing
angle (dependent on jet parameters as well as detector characteristics) the flux in
non-detectable.

For p → ∞ the jet profile approaches a top-hat shape. For such jets the peak
energy and bolometric flux decreases rapidly with increasing viewing angle (for
θv > θj) and the probability of observing the outflow at θv > θj is low. However, for
outflows with a shallow Lorentz factor gradient (small values of p), the bolometric
flux and peak energy decrease are slower. Therefore the outflow may be observed
up to θv ≈ few×θj, depending on detector characteristics and the exact jet profile.
Assume θv,max to be the largest viewing angle where the outflow is still detectable.
The fraction of GRBs observed at θv < θj is ∆Ωj/∆Ωv,max = θ2

j /θ
2
v,max. For

θv,max >
√

2×θj, the majority of observed outflows are viewed at θv > θj. Therefore,
the consequences of observing the outflow at θv ≈ θj should not be neglected.

7.3 Results from simulation and numerical
integration of the spectrum

The obtained spectra are presented in Figures 7.4 to 7.8. In each figure we present
both the simulated spectra and the numerical integration of equation 7.9. We have
considered a large set of the parameter space region: Γ0 = 100, 200, 400; p =
1, 2, 4; θjΓ0 = 1, 3, 10 and θv/θj = 0, 0.5, 1, 1.5, 2. In Figures 7.4 to 7.8 we have
assumed non-dissipative fireball dynamics with L = 1052 erg s−1 and r0 = 108 cm.
A luminosity distance of dL = 4.85 × 1028 cm (z = 2) was used for spectrum
normalization. Each run contains 3 × 107 photons (unbinned) unless otherwise
noted.
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For a top-hat jet (p→∞), the most likely viewing angle is θv/θj ≈ 2/3 since the
jet is obscured for θv > θj. However, the outflows we consider here can be observed
at θv > θj due to the gradual decrease of the Lorentz factor. This increases the
value of the most likely viewing angle. A value of θv ≈ θj may be close to the
average value for jets with intermediate values of p (the exact value of the most
likely viewing angle depends both on the outflow as well as detector properties).
Therefore we choose to show θv/θj = 0, 1, 2 in Figures 7.4 and 7.6.
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Figure 7.4. Simulated (colored) and numerically integrated (black) spectra for a
narrow jet observed at different viewing angles. In this plot, Γ0 = 100, θj = 1/Γ0

and p = 1. Three different viewing angles are shown, θv = 0 (0.000 ≤ θv ≤ 0.0045,
red diamonds and solid black lines), θv = θj (0.009 ≤ θv ≤ 0.011, green triangles
and black dashed lines) and θv = 2 × θj (0.019 ≤ θv ≤ 0.020, magenta squares and
dash-dotted lines). After viewing angle binning, the red, green and magenta spectra
contain 1002, 1758 and 1486 photons, respectively. The photon index below Epeak

is α = −1 for all viewing angles, two units less than the Rayleigh-Jeans index. For
this parameter space region the numerical integration gives an excellent fit to the
simulated spectra.

The most important spectral result is that we obtain α ≈ −1 (where α is the
low energy photon index in the Band function, dN/dE ∝ Eα below Epeak) for a
large region of the considered parameter space. This is demonstrated in Figures
7.4 to 7.8. We consider this a very important result as this is similar to the average
low energy photon index observed in GRBs (e.g. [15, 16, 17]).
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For a narrow jet (θj = 1/Γ0, see Figure 7.4), the peaks of the emission from
the jet core and shear layer (Epeak and ED respectively, see discussion in §7.2)
coincides, and so the spectrum below Epeak is a pure power law for ∼ 6 decades in
energy. The resulting spectral shape is independent of viewing angle, however the
peak energy decrease as the outflow is observed at large viewing angles.

In Figure 7.5 we present spectra for narrow jets with p = 1, 2 and 4 observed at
θv = θj. As can be seen, the low energy photon index is not very sensitive to the
Lorentz factor gradient. The softest spectrum is obtained for p = 1, as shown in
Figures 7.4 and 7.5. For higher Lorentz factor gradients there is a slight increase in
the photon index, consistent with the analytical expression in equation 7.24. For
1 < p < 4, the photon index is −1 . α . −0.5. Values of p lower than unity
has been considered. As p decreases below unity the photon index below the peak
energy increases. For p = 0 the outflow profile is spherically symmetric. Therefore
the observed spectrum is that of a spherically symmetric wind (α ≈ 0.4).9 For
the simulated spectra, the exponential cut-off expected at energies above the peak
energy becomes less sharp for increasing values of p. We discuss this further below.

The spectra from jets with large opening angles (θj ≈ 10/Γ0) observed at θv � θj

appear as those from spherically symmetric winds. However, for viewing angles
θv ≈ θj the observed photon index below the peak energy is lower. In Figure 7.6
we present spectra from an outflow with the profile Γ0 = 100, θj = 0.1 and p = 4
observed at different viewing angles. For θv = θj, α ≈ −1 just as for narrow jets.
Due to the large Lorentz factor gradient, Epeak decreases rapidly with increasing
viewing angle. In Figure 7.6, Epeak(θv = 2 × θj)/Epeak(θv = 0) ≈ 10−3. As
discussed above, depending on the jet properties and detector characteristics the
most likely viewing angle may be close to the jet opening angle.

In Figure 7.7 we present observed spectra from jets with different opening angles
(θjΓ0 = 1, 3 and 10) viewed head on. Both θjΓ0 = 1, 3 result in low energy slopes
close to α = −1 independent of viewing angle, while wider jets viewed at θv = 0
results in a spherically symmetric spectral shape a few decades below Epeak.

Increasing the maximum Lorentz factor, Γ0, shifts the spectral components from
the jet core and shear layer up in energy while keeping their spectral shapes intact
(Figure 7.8, also see equations 7.10, 7.11 and 7.18). As long as Γ0θj is constant,
the spectral shapes of the jet core and shear layer components are not affected by
varying Γ0.

We reach the conclusion that the low energy spectral index is close to α ≈ −1
for narrow jets, with θj ≤ few/Γ0 and moderate Lorentz factor gradients for all
viewing angles. Similar photon indices are obtained from wider jets observed at
θv ≈ θj.

9For values of p < 1, the angle separating the shear layer and the stellar envelope (θs ≈ θjΓ
1/p
0 )

becomes larger than unity (for θj ≥ 1/Γ0) and the outflow consists only of the jet core and shear
layer at all angles.
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Figure 7.5. Simulated (colored) and numerically integrated (black) spectra for
narrow jets with different Lorentz factor gradients. In this plot, Γ0 = 100, θj = 1/Γ0

and θv = θj (0.009 ≤ θv ≤ 0.011). Three different values of p are shown, p = 1 (red
diamonds and solid black lines), p = 2 (green triangles and black dashed lines) and
p = 4 (magenta squares and dash-dotted lines). After viewing angle binning, the
red, green and magenta spectra contain 1758, 1900 and 891 photons, respectively.
The low energy photon index is close to α ≈ −1 for all Lorentz factor gradients
considered here. For p = 4, the high energy spectrum does not decay exponentially
due to photon diffusion from high angles. See further discussion in the text.

7.3.1 Asymmetric photon diffusion and Comptonization

Preferential photon diffusion towards the jet center is expected to occur in outflows
where the bulk Lorentz factor decreases from the jet axis. This can be understood
in terms of average photon scattering angles. The average photon scattering angle
with respect to the radial direction is ∼ 1/Γ in the lab frame. Therefore a photon is
more likely to scatter from a region of low Lorentz factor to a region of high Lorentz
factor than the other way around. The importance of photon diffusion is dependent
on the Lorentz factor gradient, and so the spectra from jet profiles with large
values of p are expected to differ from the numerically integrated spectra where we
assume dṄγ/dΩ is r-independent. This is indeed observed in the simulations. The
effects of angular photon diffusion are, however, sub-dominant as compared to the
observed temperature variations across the jet when considering the formation of
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Figure 7.6. Simulated (colored) and numerically integrated (black) spectra for a
wide jet observed at different viewing angles. In this plot, Γ0 = 100, θj = 10/Γ0

and p = 4. Two different viewing angles are shown, θv = 0 (0.000 ≤ θv ≤ 0.006, red
diamonds and solid black lines) and θv = θj (0.009 ≤ θv ≤ 0.011, green triangles and
black dashed lines). After viewing angle binning, the red and green spectra contain
1577 and 1826, respectively. For θv � θj, the high energy spectrum resembles that
of a spherical wind. For θv = θj, the photon index is α = −1, similar to the spectrum
from a narrow jet shown in Figure 7.4.

the observed spectrum from jets with small Lorentz factor gradients (approximately
p . 4).

Comptonization of photons propagating to regions of higher Lorentz factor may
cause photons to fall out of thermal equillibrium with the local electrons. This has
been investigated by comparing the simulated lab frame photon energy to the lab
frame temperature of the electrons at the last scattering position for all photons
in a given spectrum. The observed photon energies are well described by the local
observed temperature for most of the considered parameter space. However, a
deviation is observed in Figures 7.5 and 7.9. The expected high energy cut-off
is significantly smoother for the spectrum with p = 4 observed at θv = θj. The
same jet observed at θv = 0 forms a high energy power law with photon index
β ≈ −2. The photons, forming the power law, start out with thermal energies
in the shear layer region where the Lorentz factor gradient is large. Repeated
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Figure 7.7. Simulated (colored) and numerically integrated (black) spectra for
jets with different jet opening angles. In this plot, Γ0 = 100, p = 2 and θv = 0
(0.000 ≤ θv ≤ 0.006 for the red and green spectra, 0.000 ≤ θv ≤ 0.020 for the
magenta spectra). Three different values of θj are shown, θj = 1/Γ0 (red diamonds
and solid black lines), θj = 3/Γ0 (green triangles and black dashed lines) and θj =
10/Γ0 (magenta squares and dash-dotted lines). After viewing angle binning, the
red, green and magenta spectra contain 2163, 2267 and 4482 photons, respectively.
The exact spectral shape depends on the value of p, however the average spectral
index is approximately −1 for jet opening angles up to θj ≈ few/Γ0 and values of p
up to a few.

scatterings towards the jet center increases the photon energy until the photon
reaches the jet core where it finally escapes. The final photon energy depends on
the initial thermal photon energy, the number of scatterings before escape and the
average energy gained in each scattering. The last two quantities are dependent on
the Lorentz factor gradient. The Comptonization of photons propagating in media
with a Lorentz factor gradient will be further explored in future works. In general,
the analytical expressions for characteristic energies and spectral shapes presented
in §7.2 agree well with the Monte Carlo simulations except for large Lorentz factor
gradients.
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Figure 7.8. Simulated (colored) and numerically integrated (black) spectra for
narrow jets with different values of Γ0 but constant values of θjΓ0. In this plot,
p = 1, θj = 1/Γ0 and θv = 0 (0.000 ≤ θv ≤ 0.006 for red, 0.0000 ≤ θv ≤ 0.0032
for green and 0.000 ≤ θv ≤ 0.0020 for magenta). Three different values of Γ0 are
shown, Γ0 = 100 (red diamonds and solid black lines), Γ0 = 200 (green triangles and
black dashed lines) and Γ0 = 400 (magenta squares and dash-dotted lines). After
viewing angle binning, the red, green and magenta spectra contain 1934, 558 and
1114 photons, respectively. The magenta spectrum requires small viewing angle bins
due to the high Γ0. Therefore, 1.3 × 108 photons were simulated for the magenta
spectrum. For the other two spectra 1× 107 photons were simulated. The spectral
components from the jet core and shear layer regions are shifted to higher energies
in accordance with equations 7.10 and 7.18.

7.4 Validation of the emissivity approximation

The treatment used in §7.1 is equivalent to solving the radiative transfer under the
assumption of a comoving photon number emission coefficient j ′ν = (σTcn

′
en
′
γ)/4π.

This is however not the true form of the emission coefficient. In order to obtain
the true emission coefficient, the radiative transfer equation must be solved self
consistently. This was done for a spherical outflow in [83]. As a check on the
validity of this assumption, in this subsection we use the above approximate form
of the photon emission coefficient to compute the comoving photon number intensity
at a given radius in a spherical outflow, and compare it to the exact solution from
[83].
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Figure 7.9. Same as Figure 7.5, but θv = 0 (0.000 ≤ θv ≤ 0.006). After viewing
angle binning, the red, green and magenta spectra contain 1934, 2166 and 1178
photons, respectively. A power law above the peak energy is seen in the magenta
spectrum. The power law is further discussed in the text.

We are interested in the comoving photon intensity at a given radius. Lets call
this radius R, and the corresponding radial optical depth is τR (as integrated from
R to infinity along the local radial direction). The spatial coordinates are denoted
by r and θ. First, we calculate the lab frame photon number intensity propagating
at the angle θR with respect to the radial direction at R. This is done by integrating
the source function of the outflow along the straight line that intersects R at the
angle θR (see Fig. 8.1). We then obtain the comoving intensity by the Lorentz
transformation.

The attenuated photon number intensity added to the beam as it passes through
the optical depth dτ along the line is

dI = S exp[−τ(θ, θR, R)]dτ (7.25)

where τ(θ, θR, R) is the optical depth from the point (θ, r) to the point (θR, R) and
dτ = n′eσD

−1ds. The lab frame source function relates to the comoving source
function by S = D3S ′. It is convenient to change the variable of integration from
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Figure 7.10. The left panel shows the geometry of the problem. The source
function is integrated along the red line, up to the point where the red line intersects
the horizontal line at the angle θR. This is most easily done by considering the
(equivalent) geometry in the right panel. The variable of integration is changed
from s to θ, with the integration limits θR and π.

s to θ. Along the line, r sin θ = R sin θR and s = R cos θR − r cos θ (where s is
measured from the point (θR, R) towards the left in Fig. 8.1). This gives

ds =
R sin θR

sin2 θ
dθ. (7.26)

For a spherical outflow, the electron number density is proportional to r−2. We
may therefore write n′e = n′e,R(R/r)2 = n′e,R(sin θ/ sin θR)2 along the line, where
n′e,R is the comoving electron number density at radius r = R. The optical depth
from radius R to infinity along the radial direction is τR = n′e,RσR/[Γ(1 + β)], and
so we can write

dτ = τR
(1 + β)Γ

D sin θR
dθ. (7.27)

The comoving emission coefficient is proportional to n′en
′
γ ∝ r−4. The comoving

absorption coefficient is proportional to n′e ∝ r−2. Therefore, the comoving source
function, S ′, is proportional to r−2, and we write S ′ = S ′R(sin2 θ/ sin2 θR) along the
line. The comoving intensity is given by I ′ = I/D3. We obtain the expression for
the comoving intensity at τR into the comoving angle θ′R,

I ′(θ′R, τR) =
S ′R

D3(θR)

(1 + β)ΓτR

sin3 θR

π∫
θR

D2(θ) exp[−τ(θ, θR, R)] sin2 θdθ (7.28)

where θ′R is obtained by transforming θR to the comoving frame. The optical depth
τ(θ, θR, R) is obtained by integration of the right hand side of equation 7.27 from
θR to θ,
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τ(θ, θR, R) = (1 + β)Γ2τR

{
θ − θR

sin θR
− β

(
sin θ

sin θR
− 1

)}
. (7.29)

Equation 7.28 can now be integrated numerically to find the comoving photon
intensity distribution.

Since the variable of integration is θ, equation 7.28 is valid for all angles except
θR = 0 and θR = π, where the photons propagate radially. In these cases, the
solutions may be found analytically as shown below. The comoving intensity at
(θR = 0, τR) equals

I ′(0, τR) =
1

D3(0)

∞∫
τR

D3(0)S ′ exp (−(τ − τR)) dτ. (7.30)

Setting S ′ = S ′R(R/r)2 = S ′R(τ/τR)2 we may solve the integral, obtaining

I ′(0, τR) = S ′R
{

1 +
2

τR

[
1 +

1

τR

]}
. (7.31)

The solution for radiation streaming backwards is obtained in the same way,

I ′(π, τR) =
1

D3(π)

τR∫
0

D3(π)S ′ exp (−(τR − τ)) dτ, (7.32)

which leads to

I ′(π, τR) = S ′R
{

1− 2

τR

[
1− 1

τR
(1− exp(−τR))

]}
. (7.33)

From these solutions we see that the intensities streaming forward and backward
at τR � 1 are equal to the source function, which is assumed to be isotropic.
For τR � 1, I ′(0, τR) ∝ S ′R/τ2

R = const, while I ′(π, τR) ∝ S ′R ∝ r−2. The ratio
I ′(0, τR)/I ′(π, τR) as a function of τR is shown in the bottom panel of Fig. 7.11,
for comparison to the same ratio for the exact solution from [83] which is shown in
the top panel. The results of the numerical integration of equation 7.28 at angles
θR 6= 0, π are shown in Figure 7.12, again compared to the true solution. The
results are in good agreement.
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Figure 7.11. The ratio of forward to backward intensity in the comoving frame,
as a function of τ−1

R ∝ r. The top panel is from [83], showing the results obtained
by Beloborodov, while the bottom panel shows the results obtained by use of the
approximate emission coefficient considered in this work.
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Figure 7.12. The comoving photon number intensity at different optical depths
in a spherical outflow. The top panel is from Beloborodov [83], while the bottom
panel shows the intensities obtained after integration of equation 7.28. The absolute
normalization used in the bottom panel is arbitrary.



Chapter 8

Polarization properties of
photospheric emission from
structured jets

Current observational efforts are largely focused on measuring the temporal and
spectral properties of the prompt GRB emission. However, with only this infor-
mation available, predictions from different theoretical models can appear similar.
Linear polarization measurements allows for two additional properties of the emis-
sion to be examined (the degree of polarization, and the polarization angle), pro-
viding additional observational information and increasing the probability to break
model prediction degeneracies.

The first claim of detection of polarized prompt emission was made by [39] using
RHESSI data of GRB 021206. The reported linear polarization degree was high
(Π = 80%±20%), however the claims could not be verified by independent analysis
of the data [113, 114]. Using INTEGRAL data in the energy range 100 keV − 1
MeV, high polarization degrees has been measured in GRB 041219A ([40], [41]

and [42] reports Π = 98% ± 33%, Π = 63+31%
−30% and Π = 43% ± 25% respectively)

and GRB 061121 ([43] and [46] reports Π = 29+25%
−26% and Π > 30% respectively),

although instrumental systematics could not be ruled out. More recently, [44, 45]
measured polarization degrees of Π = 25% ± 15% and Π = 31% ± 21% in two
different time intervals of GRB 100826A, Π = 70% ± 22% in GRB 110301A and
Π = 84+16%

−28% in GRB 110721A using data from the GAP instrument. Unfortunately,
all polarization measurements of prompt emission to date suffer from low photon
statistics, leading to large uncertainties in the measurements.

The high polarization degree claimed by [39] encouraged a large theoretical
effort on the polarization predictions of various competing prompt emission models.
These include synchrotron emission in a globally ordered magnetic field [47, 48, 49,

97
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50], synchrotron emission in a random magnetic field within the plane orthogonal to
the local expansion direction [51, 48], Compton drag (upscattering of a background
photon field by the jet, [54]) and Compton sailing (reflection of photons on the
surrounding gas that collimates the jet, [52, 53]). For reviews of the models above,
see [55], [56] and [57].

The previously mentioned models assume the prompt emission to originate in
a transparent region of the jet. As the number of polarization measurements is
growing, and the observational evidence for photospheric emission is accumulat-
ing, quantitative predictions regarding the polarization properties of photospheric
emission is needed for comparison to data.

When observing emission from the whole emitting region simultaneously, the
observed polarization signal can vanish, even though the local fluid elements emit
polarized emission. This happens for all spatially unresolved sources with rotational
symmetry around the line-of-sight (LOS). Jets, by their very nature, have a lateral
structure (i.e. angle dependent outflow properties). Therefore, a natural way to
break the symmetry is by observing the jet off-axis.

As will be explained in detail below (§8.1), there are two basic requirements
for producing polarized emission through Compton scattering in a spatially unre-
solved outflow. First, the comoving intensity streaming through a local, emitting
fluid element must be anisotropic. In the context of photospheric emission from
astronomical jets this requires the outflow to be expanding, and not dominated by
radiation at the photosphere [83]. Second, the jet has to have some lateral structure
while the observer is located off-axis, so that the observed emitting region is not
symmetric around the LOS. The most general model would therefore only make
assumptions on these properties of the jet close to the photosphere. However, in
order to produce quantitative results we here make the additional assumption of
GRB fireball dynamics and perform radiative transfer simulations of the fireball
emission. We stress that the polarization properties of the emission are not sensi-
tive to the specific fireball parameters such as the value of the isotropic equivalent
luminosity of the jet, or the size of the base of the outflow.

This chapter is organized as follows. First, the expected polarization properties
of the emission are discussed qualitatively (§8.1). Second, simplified analytical
treatment of the problem shows how polarization degrees of tens of percent can
be expected for narrow jets (§8.2). Third, the polarization results obtained from
simulations of the polarized radiative transfer (see chapter 6) in jets with different
angular profiles are presented (§8.3). Finally, the origin for the particular values of
the angle of polarization of the emission is discussed (§8.4). The work presented in
this chapter is largely based on Lundman et al. [58].

8.1 A qualitative discussion

The main source of opacity for the photons that propagate close to the photosphere
is due to scattering. Polarization is an inherent feature of the Compton scattering
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process. Thomson scattering of an initially unpolarized photon beam at an angle of
π/2 results in a fully linearly polarized outgoing beam. The polarization vector of
the outgoing beam is orthogonal to the plane defined by the incoming and outgoing
photon directions. There is therefore an inherent potential for observing linearly
polarized emission from environments dominated by scattering, such as the photo-
sphere. No circular polarization is induced by scatterings in the Thomson regime,
and even if the initial photon field carries some degree of circular polarization, this
polarization component quickly dissapears within a few scatterings. Therefore, we
expect to observe only linear polarization from the photosphere1.

A basic requirement for producing a polarized signal by Compton scattering is
that the comoving photon distribution in the fluid element where the last scattering
occurs is anisotropic. This is because an isotropic distribution scatter equally into
all directions, and as there is no preferred direction in the scattered photon field,
there is no preferred direction for emission to be polarized in. As a photon prop-
agates freely along a straight line between successive scatterings in an expanding
outflow, the lab frame angle between the photon momentum vector and the local
velocity direction decreases. If the lab frame angle decreases, so does the local
comoving frame angle. This provides a source of anisotropy to the photon field.
On the other hand, scattering reduces the comoving anisotropy by re-randomizing
photon propagation directions. Deep down in the outflow where the optical depth
is large and the photon mean free path is much smaller than the distance to the
center of the outflow, the comoving photon angle is changed very little between
scatterings, and the local comoving photon field can be considered isotropic. How-
ever, close to the photosphere the mean free path is of the order of the photospheric
radius, and the change in comoving angle between scatterings is significant, which
results in beaming of the local comoving photon field in the direction of the lo-
cal velocity field. Therefore, the local comoving photon field is anisotropic at the
last scattering position, and the escaping emission is polarized. For a thorough
discussion on the comoving intensity in a spherical outflow, see [83].

While an anisotropic local comoving intensity is a necessary requirement for
producing a polarized signal, one additional requirement for spatially unresolved
sources is some way of breaking the rotational symmetry of the emitting region.
Consider a simplified model of a spherical outflow with Lorentz factor Γ, where all
photons propagate strictly radially (corresponding to maximum comoving anisotropy)
before making their last scatterings and reaching the observer. Assuming the elec-
trons are cold, the photons that scatter at a comoving angle of π/2 are fully linearly
polarized. This scattering angle corresponds to an angle 1/Γ in the lab frame, and
so the emission from a single fluid element located at angle 1/Γ from the LOS is
fully polarized. The polarization vector of the emission is orthogonal to the plane
defined by the local radial direction and the LOS. In a spherical outflow that is
spatially unresolved, the distribution of simultaneously observed fluid elements is

1This statement is equivalent to V = 0, where V is the Stokes parameter for circularly polarized
emission.
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symmetric around the LOS. This causes the polarization present in the emission
from individual elements to average out. Therefore, some asymmetry must be
present in the emitting region in order for the observed emission to be polarized.
Now let us consider a non-spherical outflow. For observers located off-axis, the
shape of the photosphere, and hence the shape of the emitting volume of the out-
flow, is not symmetric around the LOS. This provides a source of asymmetry, from
which observed polarization emerges.

In order to qualitatively describe the observed polarization signal in photo-
spheric emission, let us make a separation between the photons emitted by the jet
core (θ < θj) and the shear layer (θj < θ < θs). We start by describing the conse-
quence of observing only the jet core. For observers located at θv . θj − 1/Γ0, the
emission appears to originate in a spherical outflow of Lorentz factor Γ0, and no
polarization is expected.

For larger viewing angles the observed photospheric radius of the core increases
with viewing angle, because the angle between the propagation direction of the
photons emitted towards the observer and the local velocity field increases. This
has several consequences for the observed polarization. First, the observed flux
decreases, since the jet core emission is beamed along the outflow propagation di-
rection. Second, the peak energy of the observed emission decreases due to the
lower Doppler boost of the observed photons. Third, the anisotropy of the comov-
ing photon field at the last scattering position is increased. Fourth, the observed
emitting region asymmetry around the LOS increases. The latter two points in-
crease the polarization signal, while the former two points indicate possible corre-
lations between the observed flux, average photon energy and polarization degree.
Therefore, even for a top-hat jet we expect polarized emission at viewing angles
θj − 1/Γ0 . θv . θj + 1/Γ0.

Including emission from the shear layer modifies the observed spectrum to a
non-thermal shape, while decreasing the asymmetry of the emitting region. When
the observer is located at θj . θv . θs, the last scattering positions of the shear
layer photons are more smoothly distributed around the LOS than those from the
jet core, as the jet core points away from the observer. Decreasing the width of the
shear layer increases the asymmetry of the observed emitting region. Therefore,
a narrow shear layer in general leads to a greater observed polarized signal for
a given viewing angle. The observed luminosity for observers located at viewing
angles larger than θs can be neglected.

The typical observed photon energy of a shear layer photon is lower than the
typical observed energy of a core photon for two reasons: the typical Lorentz factor
is lower in the shear layer which results in a lower Doppler boost, and the photons
lose more energy to adiabatic expansion before escaping the jet. Imposing a low
energy cut on the observed emission (for instance, if the detector used to observe
the outflow is only sensitive to photons above a given threshold) can therefore affect
the asymmetry of the observed emitting region. In general, cutting away low energy
photons is expected to somewhat increase the polarization degree, since photons
from the shear layer are preferentially cut away.
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The polarization vector of the emission integrated over the emitting region must
point either orthogonal to, or lie in the plane defined by the jet axis and the LOS2.
This is necessarily true for any jet with axial symmetry, as this leads to an observed
emitting region with reflective symmetry above and below the plane, which in turn
leads to only two orthogonal preferred directions of the emitting region. From here
on, in order to simplify the discussion we choose to call the plane of symmetry the
“observer plane”, as all observers can be considered located within this plane.

8.2 Simplified analytic treatment of the
polarization properties

Below I demonstrate that polarization of several tens of degrees is a natural con-
sequence of photospheric emission from structured jets. In order to do this, we
consider a toy model which takes into account emission from both the jet core and
the shear layer. While the full treatment of radiative transfer is considered in §8.3,
as discussed below the simplified model is a good approximation when viewing
narrow jets (θjΓ0 . few) at small viewing angles (θvΓ0 . few). We note that the
results of this section are obtained without the assumption of any particular outflow
dynamics, and is therefore generally applicable to different astronomical objects.

Consider the scenario of a stationary, axisymmetric jet, pointing at an angle θv

from the LOS of the observer. The number of photons streaming past the radius
Rph = Rph(θ) per unit time, within the solid angle dΩ as measured from the center
of the outflow, is

dṄ(θ,Rph) =
dṄ

dΩ
(θ,Rph)dΩ. (8.1)

Assuming isotropic scattering in the local comoving frame, the probability for a
photon to make the last scattering into the comoving solid angle dΩ′v is dP =
(1/4π)dΩ′v. Since the solid angle transforms as dΩv = D−2dΩ′v [37], the probability
for a photon to scatter into the solid angle dΩv in the direction pointing towards
the observer is

dP (θ, θv) =
D2(θ, θv)

4π
dΩv(θv), (8.2)

where θL is the angle between the local radial direction and the LOS and Γ = Γ(θ) is
given by equation 5.4. By symmetry, the polar angle of a fluid element as measured
from the LOS equals the angle between the LOS and the local radial direction. The
photon rate emitted within the solid angle dΩv towards the observer from the solid
angle dΩ is then

2Using the Stokes parameter definitions in §8.2 and forward, this statement is equivalent to
U = 0.
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d2Ṅob(θ, θv, Rph) =
D2(θ, θv)

4π

dṄ

dΩ
(θ,Rph)dΩdΩv(θv). (8.3)

The photon flux reaching the observer is partially polarized. We now aim to
compute the observed polarization degree of photons emitted by all parts of the
jet. This is accomplished by considering the polarization properties of the photons
emitted by a local fluid element and integrating the contributions from all parts of
the jet. We assume the solid angle extended by the emitting region from the center
of the outflow to be confined within the angle of the outer part of the shear layer,
θs. We denote this solid angle by Ωs. The total number of photons emitted per
second and steradian from the jet towards the observer is then

dṄob

dΩv
(θ, θv, Rph) =

1

4π

∫
Ωs

D2(θ, θv)
dṄ

dΩ
(θ,Rph)dΩ. (8.4)

As discussed in §8.1, the observed emission can only be polarized parallel or
perpendicular to the observer plane. Therefore, the polarization properties of the
photons are uniquely defined by the Stokes parameter ratio Q/I, where Q/I =
+1 (−1) indicates fully linearly polarized emission perpendicular (parallel) to the
observer plane, the polarization degree is Π = |Q|/I and I is the photon number
intensity of the observed emission.

It was shown by [83] that emission propagating at a comoving angle of π/2 has
Π ≈ 0.45 close to, and above the photosphere in a spherical outflow. An unpolarized
photon beam that Thomson scatters at an angle θ′ obtains the polarization degree
Π(θ′) = (1 − cos2 θ′)/(1 + cos2 θ′). We therefore approximate the polarization
degree of emission making the last scattering into the comoving angle θ′ as Π(θ′) '
0.45(1− cos2 θ′)/(1 + cos2 θ′). Since the polarization degree of emission is invariant
[111], and the lab frame angle θL corresponds to a local comoving angle cos θ′ =
(β − cos θL)/(1− β cos θL), the polarization degree of the observed emission from a
local fluid element with the lab frame angle θL between the local radial direction
and the LOS is

Π(θL) ' 0.45
(1− β cos θL)2 − (cos θL − β)2

(1− β cos θL)2 + (cos θL − β)2
. (8.5)

We define χ to be the angle between the observed projections on the sky of the local
radial direction of a fluid element, and the jet axis3. Therefore, the contribution to
the Stokes parameter ratio Q/I from a local fluid element equals Π cos(2χ), and
we obtain

3If a coordinate system is defined where the observer is located along the z-axis and the jet
lies in the x-z plane, χ = φL where φL is the azimuthal angle as measured from the x-axis.
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Q
I

=

∫
Ωs
D2(dṄ/dΩ)Π(θL) cos(2χ)dΩ∫

Ωs
D2(dṄ/dΩ)dΩ

. (8.6)

In our model, deep down in the outflow dṄ/dΩ is constant with respect to angle
from the jet axis (for θ ≤ θs). A consequence of neglecting detailed radiative
transfer is that dṄ/dΩ stays constant as the emission approaches the photosphere.
Therefore, the expression for the polarization degree simplifies to

Q
I

=

∫
Ωs
D2Π(θL) cos(2χ)dΩ∫

Ωs
D2dΩ

. (8.7)

Equations 8.4 and 8.7 may be solved numerically after the integration boundaries
(corresponding to θ ≤ θs) and the jet properties have been defined.

In order to perform the integrations in equations 8.4 and 8.7, we define a right-
handed coordinate system (shown in Figure 8.1) in which the observer is located in
the direction of the z-axis and the unit vector pointing along the jet axis is

ẑj =

sin θv

0
cos θv

 . (8.8)

Within this coordinate system, the x−z plane defines the observer plane. A general
position on the unit sphere, defined by the polar angle θL (measured from the z-
axis) and the azimuthal angle φL (measured from the x-axis towards the y-axis),
may then be expressed by the unit vector

r̂ =

sin θL cosφL

sin θL sinφL

cos θL

 . (8.9)

By the definition of our coordinate system, the solid angle element can be expressed
as dΩ = sin θLdθLdφL while the angle χ between the projections on the sky of the
local radial direction and the jet axis equals φL. In order to make use of the Lorentz
factor profile (equation 5.4) we need to express θ (the angle between r̂ and the jet
axis) as a function of θv, θL and φL: ẑj ·r̂ = cos θ = sin θL cosφL sin θv+cos θL cos θv.
The emitting region is confined to cos θ ≥ cos θs, which gives a constraint on the
variables of integration,

cos θs ≤ sin θL cosφL sin θv + cos θL cos θv. (8.10)

The integration limits on θL and φL are found in the following way: the polar angle
is limited by two constraints, π ≥ θL ≥ 0 and θv +θs ≥ θL ≥ θv−θs, which together
define the integration limits on θL. Since φL is measured from the x-axis, and the
emitting regions on both sides of the observer plane possess reflective symmetry,
the upper and lower limits on φL are of equal magnitude but opposite sign. Due to
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Figure 8.1. The geometry considered in the simplified analytical calculation. The
observer is located in the direction of the z-axis, while the jet points along the unit
vector ẑj. A general direction can be described by the unit vector r̂, which has polar
angle θL and azimuthal angle φL.

the reflective symmetry, the contributions to the observed emission from the jet on
each side of the observer plane is equal, and we may consider the lower integration
limit on φL to be zero, while multiplying the integrand by two.

If 0 ≤ θL ≤ θs − θv, the integration range for φL is π ≥ φL ≥ 0, otherwise the
upper limit on φL is determined by equation 8.10 and the integration range equals

arccos(
cos θs − cos θL cos θv

sin θL sin θv
) ≥ φL ≥ 0, (8.11)

where sin θL sin θv 6= 0 has been assumed, which is true as long as 0 ≤ θL ≤ θs − θv

is false. The integrals in equations 8.4 and 8.7 may then be evaluated numerically.
The characteristic angle at which the optical depth changes for a photon that

propagates within the jet core is 1/Γ0, the photon beaming angle. Therefore, the
assumption of neglecting the treatment of opacity is not appropriate for viewing
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angles θv & few/Γ0. The calculation presented above is therefore most applicable
to the scenario of a jet with opening angle, shear layer width, and observer viewing
angles all comparable to the photon beaming angle. These types of jets are also
the ones from which the largest polarization degree is expected, since narrow jets
with narrow shear layers maximize the asymmetry of the emitting region for a given
viewing angle.

Figure 8.2 shows the numerical solutions to equations 8.4 and 8.7 for a jet
with θjΓ0 = 1 and p = 4, within the viewing angle range 0 ≤ θv/θj ≤ 2. As
expected, the polarization degree for an on-axis observer equals zero. However, the
polarization degree of emission at θv/θj = 2 reaches 20%. The observed photon
rate is also shown in Figure 8.2. It decreases slowly with viewing angle, indicating
that the jet is observable up to angles of several times θj. Computing the observed
luminosity at a given viewing angle involves an estimation of the adiabatic energy
losses for a local fluid element. This requires computing the surface of the observed
photosphere, which requires integration of the optical depth between each fluid
element and the observer. Due to the complexity of the problem, the observed
luminosity was computed from a Monte Carlo simulation of the radiative transfer
within the jet (see §8.3). At θv/θj = 2, the luminosity has dropped by close to
an order of magnitude as compared to the luminosity for an on-axis observer. For
the jet parameters considered here, the most likely observed viewing angle is & θj.
Therefore, a large average polarization signal is expected if the polarization degree
of the photospheric emission from a large sample of similar jets is measured.

8.3 Simulation results

In Figures 8.3 - 8.9 we present the results obtained from simulating the radiative
transfer in the structured jets described in chapter 5. Typical central engine pa-
rameters characterizing GRBs were used: L = 1052 erg s−1 and r0 = 108 cm. The
same parameter space as explored in chapter 7 has been considered: all combina-
tions of the parameters θjΓ0 = {1, 3, 10} and p = {1, 2, 4}. As shown in chapter 7,
increasing Γ0 increases the peak of the observed spectrum while keeping the spec-
tral shape intact, as long as all other characteristic angles are decreased to keep the
ratio with 1/Γ0 constant (i.e. all characteristic angles are rescaled). Numerically, it
is more expensive to consider large Lorentz factors. While jets with different values
of Γ0 have been simulated, a value of Γ0 = 100 was used for producing the figures
presented here. In presenting the results, a typical width of a viewing angle bin
was chosen to be ∼ θj/10.

A top-hat jet is only visible up to viewing angles θv ≈ θj + 1/Γ0. Assuming
θj � 1/Γ0 and that all jets point in random directions with respect to the observer,
the expectation value of the viewing angle is∼ (2/3)θj. However, because of photons
emitted from the shear layer, some of the jets considered here are still luminous at
angles several times θj. Depending on the jet properties, the most probable viewing
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Figure 8.2. The polarization properties (solid black line) and photon rate per solid
angle (dashed green line, normalized to the photon rate at θv = 0), of the observed
photospheric emission as functions of the observer viewing angle obtained by solving
equations 8.4 and 8.7 numerically. The parameters θjΓ0 = 1 and p = 4 were used.
The gray dotted line indicates Q/I = 0 for reference.

angle can be significantly increased so that most jets are observed at θv & θj. We
therefore present the simulated results in the range 0 ≤ θv/θj ≤ 5.

The thermal peak of the spectrum of photons emitted from these types of jets
may correspond to the peak energy observed in the prompt emission of GRBs.
Usually, the observed spectrum extends a few order of magnitude above and below
the peak energy. We chose to present the results in a similarly defined energy range.
For the chosen outflow parameters, we keep photons with E/mec

2 > 10−4 where E
is the observed photon energy. After applying the energy and viewing angle cuts,
the simulation that Figures 8.3, 8.4 and 8.8 are produced from had 6 · 105 photons
remaining. For Figures 8.5 and 8.6 the corresponding number is 106 photons, for
Figure 8.7 it is 4.5 · 105 photons and for Figure 8.9 it is 5.2 · 105 photons.

We plot the Stokes parameter ratio Q/I in the figures. This ratio fully charac-
terizes the polarization signal, since U = V = 0 (see §8.1). The polarization degree
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Figure 8.3. The polarization properties (solid black line) and luminosity (dashed
red line, normalized to the luminosity at θv = 0) of the observed emission as functions
of the observer viewing angle, for a narrow jet (θjΓ0 = 1) with p = 4. The gray
dotted line indicates Q/I = 0 for reference. The polarization and luminosity are
calculated using photons with E/mec2 > 10−4. To avoid fluctuations due to low
photon statistics, the polarization is only shown for viewing angle bins including
more than 200 simulated photons.

of the emission is Π =
√
Q2 + U2 + V2/I = |Q|/I. A positive value of Q corre-

sponds to emission polarized perpendicular to the observer plane, while a negative
value of Q indicates emission polarized within the observer plane.

One of our major findings is that emission from the photosphere can be highly
polarized. Figure 8.3 shows the viewing angle dependence of Q/I and the observed
luminosity of emission from a narrow jet (θjΓ0 = 1) with a narrow shear layer
(p = 4). As seen in Figure 8.3, the polarization degree reaches Π ≈ 20% at
θv/θj = 2, Π ≈ 30% at θv/θj = 3 and Π ≈ 40% at θv/θj & 4. This is because of the
large asymmetry of the emitting region achieved by considering both a narrow jet
and a narrow shear layer. The observed luminosity at θv/θj = 3 is approximately
2.5 orders of magnitude less than at θv/θj = 0. This implies that for plausible GRB
parameters, the outflow is expected to be observed at these angles. The polarization
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degree calculated using the approximate analytical expression in §8.2 fits very well
with the numerical results for θv/θj . 2.

By assuming that all GRBs are produced by narrow jets with narrow shear
layers, that the jets are observable above some minimum luminosity, and that the
GRBs are pointing uniformly in random directions, we can estimate the probability
to observe a GRB with a polarization degree larger than some minimum value by
taking the ratio of the solid angle of the polarized emission to the total observable
solid angle. Assuming GRBs are observable in three order of magnitudes in luminos-
ity (which is similar to the range reported by [115]), we obtain P (Π > 30%) ≈ 0.15,
P (Π > 20%) ≈ 0.62 and P (Π > 10%) ≈ 0.80 from Figure 8.3.

Photons from the shear layer of narrow jets significantly affect the observed
spectrum of the emission. The photon index below the thermal peak is −1 . α .
−0.5 (dN/dE ∝ Eα) for 1 . p . 4 (as shown in chapter 7). Furthermore, if the
shear layer itself is narrow (i.e. comparable to few/Γ0), a power law is expected
above the thermal peak, resulting from repeated scatterings between regions with
different Lorentz factor (see chapter 7, [116]). The observed spectrum emitted from
narrow jets with narrow shear layers therefore has a broken power law shape for all
observable viewing angles. This is presented in Figure 8.4.

The fact that a narrow shear layer results in both large polarization degrees
and efficient Comptonization implies a potential correlation between the strength
of the emission above the spectral peak and the polarization degree of the prompt
emission. Both effects are largest for top-hat jets. The non-thermal, Componized
photons are visible at θv & θj−1/Γ0, while significant polarization arises at θv & θj.
This implies that if the observed emission is highly polarized, a tail of Comptonized
photons should be observed above the thermal peak. However, this tail may be ob-
served also at smaller viewing angles where the polarization degree is low (for a
narrow jet, the tail is visible even for on-axis observers, for which the polarization
averages out). The correlation could be used to test the hypothesis that the ob-
served GRB emission above the spectral peak is due to Comptonization of photons
in the shear layer.

We find that for wider jets, within the considered parameter space, the polar-
ization degree is lower than for narrow jets. This is illustrated in Figure 8.5, where
θjΓ0 = 10 and p = 4 were used and the polarization degree peaks at Π ≈ 13%. In
our parameterization the width of the shear layer is proportional to θj, and there-
fore a wider jet also have a wider shear layer as compared to 1/Γ0, which decreases
the observed asymmetry of the emitting region. We expect a larger polarization
degree from wide jets with narrower shear layers.

As shown in Figure 8.5, the emission from wide jets is polarized either parallel,
or perpendicular to the observer plane, depending on the viewing angle. This is
a consequence of the shear layer not being visible to all observers. For a detailed
discussion, see 8.4.

An important finding is that for all viewing angles where a significant polariza-
tion degree is observed (Π & few %), the spectrum below the thermal peak has an
index in the range −1 . α . −0.5. This is illustrated for a jet with θjΓ0 = 1, p = 4
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Figure 8.4. Observed spectra from a narrow jet (θjΓ0 = 1) with a narrow shear layer
(p = 4) observed at different viewing angles. The polarization degree of emission
viewed at θv/θj = 0 and θv/θj = 1 is approximately zero, while the polarization
degree at θv/θj = 2 is Π ≈ 20% and θv/θj = 3 is Π ≈ 40%.

in Figures 8.3 and 8.4 and θjΓ0 = 10, p = 4 in Figures 8.5 and 8.6. The underlying
reason is that high degrees of polarization requires significant viewing angles, and
for those viewing angles the shear layer is clearly observable.

Figure 8.7 shows the polarization properties of emission from a jet of interme-
diate width (θjΓ0 = 3) with p = 4. The polarization degree peaks at Π ≈ 37% for
large viewing angles, similar to narrow jets. At θv/θj ≈ 2.5, where the luminosity
is approximately three orders of magnitude below the luminosity at zero viewing
angle, the polarization degree is Π ≈ 20%.

Figure 8.8 is similar to Figure 8.3 (θjΓ0 = 1, p = 4), but different low-energy
cuts has been imposed on the emission. As can be seen, cutting the lower energy
photons slightly increases the polarization degree. This is expected, as photons
from the shear layer are preferentially cut away, increasing the asymmetry of the
observed emitting region (see discussion in §8.1).

In general, lower values of p correspond to wider shear layers and less asymmetry
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Figure 8.5. The polarization properties (solid black line) and luminosity (dashed
red line, normalized to the luminosity at θv = 0) of the observed emission as functions
of the observer viewing angle, for a wide jet (θjΓ0 = 10) with p = 4. The gray dotted
line indicates Q/I = 0 for reference. The polarization and luminosity are calculated
using photons with E/mec2 > 10−4. The polarization is only shown for viewing
angle bins including more than 200 photons.

in the emitting region. The decrease in asymmetry causes the observed polarization
to be lower than from similar jets with narrower shear layers, while also causing a
slower decrease of the observed luminosity with viewing angle. Figure 8.9 shows the
polarization of emission from a narrow jet (θjΓ0 = 1) with p = 2. The luminosity
has decreased by three orders of magnitude at θv/θj ≈ 5, where the polarization
degree is Π ≈ 20%.

8.4 The asymmetry of the emitting region and
the polarization angle

Close to the photosphere, the local comoving photon field is beamed along the radial
direction (i.e. along the outflow propagation direction). This causes the scattered
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Figure 8.6. Observed spectra from a wide jet (θjΓ0 = 10) with p = 4 observed at
different viewing angles. The polarization degree of emission viewed at θv/θj = 0 is
zero, while the polarization degree of emission viewied at θv/θj = 1 is Π ≈ 3% and
θv/θj = 2 is Π ≈ 10%.

emission from a local fluid element to be polarized perpendicular to both the local
radial direction and the outgoing photon three-momentum. The observed emission
from a local fluid element is therefore polarized perpendicular to the projection of
the local radial direction on the sky.

The emission from wide jets is polarized either parallel or perpendicular to the
observer plane depending on the observer viewing angle (see Figures 8.5 and 8.7).
The explanation lies in the projected distribution of last scattering positions on
the sky. Figures 8.10 and 8.11 show the projection of the last scattering positions
of the observed photons onto the sky for a wide jet (θjΓ0 = 10) and a narrow jet
(θjΓ0 = 1) respectively, as seen by observers located at different viewing angles.
Let φL be the last scattering azimuthal angle (as previously defined in Figure 8.1),
measured from the projection of the jet axis on the sky. If the distribution of φL

peaks close to φL = 0 or π, fluid elements which contribute to Q > 0 dominate and
the emission is polarized orthogonal to the observer plane. If the distribution peaks



112Chapter 8. Polarization properties of photospheric emission from structured jets

0 1 2 3 4 5
θv/θj

0.2

0.0

0.2

0.4

0.6

0.8

Q
/
I

10-5

10-4

10-3

10-2

10-1

100

101

L
/
L

(θ
v
=

0
)

Figure 8.7. The polarization properties (solid black line) and luminosity (dashed
red line, normalized to the luminosity at θv = 0) of the observed emission as functions
of the observer viewing angle, for a jet of intermediate width (θjΓ0 = 3) with p =
4. The gray dotted line indicates Q/I = 0 for reference. The polarization and
luminosity are calculated using photons with E/mec2 > 10−4. The polarization is
only shown for viewing angle bins including more than 200 photons.

at φL = π/2 or 3π/2, the emission is polarized within the observer plane (Q < 0).

An observer located at zero viewing angle, observing a wide jet (Figure 8.10),
do not see the shear layer. Only when the viewing angle becomes θv ≈ θj − 1/Γ0

does the shear layer come into view. At θv/θj ≈ 1, the photons from the shear
layer are more numerous than those from the jet core, as the emission from the
jet core is beamed more strongly along the local radial direction. The distribution
of φL then peaks away from the jet axis, at φL = π, which leads to Q > 0. At
θv/θj ≈ 2, the last scattering position of photons from the shear layer is centered
around the LOS, but enlongated in the direction orthogonal to the observer plane.
Consequently, the distribution of φL has two peaks at φL = π/2 and 3π/2, and the
emission is polarized within the observer plane and Q < 0. For even larger viewing
angles the distribution of last scattering positions of all photons becomes elongated
around φL = 0, parallel to the projection of the jet axis on the sky. Therefore, the
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Figure 8.8. The polarization properties of the observed emission with different low
energy cuts, for a narrow jet (θjΓ0 = 1) with p = 4. The gray dotted line indicates
Q/I = 0 for reference.

emission at these angles again obtain Q > 0.
The situation is different for narrow jets (Figure 8.11), for which the shear layer

is visible also for observers located at θv/θj = 0. Increasing the viewing angle leads
to an increase in the projected anisotropy around the LOS and an increase in the
observed polarization degree, while decreasing the observed flux. The distribution of
φL peaks at π for all observers, and the emission is therefore polarized perpendicular
to the observer plane (Q > 0) for all observers.
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Figure 8.9. The polarization properties (solid black line) and luminosity (dashed
red line, normalized to the luminosity at θv = 0) of the observed emission as functions
of the observer viewing angle, for a narrow jet (θjΓ0 = 1) with p = 2. The gray
dotted line indicates Q/I = 0 for reference. The polarization and luminosity are
calculated using photons with E/mec2 > 10−4. The polarization is only shown for
viewing angle bins including more than 200 photons.



8.4. The asymmetry of the emitting region and the polarization angle 115

1e15
2

1

0

1

2

y
[c

m
]

1e15

θv/θj = 0

1e15

1e15

θv/θj = 1

3 2 1 0 1 2 3
x [cm] 1e15

2

1

0

1

2

y
[c

m
]

1e15

θv/θj = 2

3 2 1 0 1 2 3
x [cm] 1e15

1e15

θv/θj = 3

Figure 8.10. Last scattering positions of simulated photons from a wide jet (θjΓ0 =
10) with p = 4, as projected onto the sky. The panels correspond to different viewing
angles. The red line indicates the projection of the jet axis on the sky. The length
of the projection is proportional to the viewing angle. The photons are from the
simulation as presented in §8.3 (with parameters θjΓ0 = 10 and p = 4). At θv/θj = 1
photons from the shear layer starts entering the field of view (from the right side).
This makes the distribution of the last scattering positions elongated away from the
projection of the jet axis, which results in Q > 0. At θv/θj = 2 the distribution has
moved further towards the jet axis, causing it to be vertically elongated, resulting
in Q < 0.
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Figure 8.11. Last scattering positions of simulated photons from a narrow jet
(θjΓ0 = 1) with p = 4, as projected onto the sky. The panels correspond to different
viewing angles. The red line indicates the projection of the jet axis on the sky. The
length of the projection is proportional to the viewing angle. The photons are from
the same simulation as presented in §8.3 (with parameters θjΓ0 = 1 and p = 4).



Chapter 9

Discussion

This chapter contains discussion regarding assumptions made in previous chapters,
as well as the results obtained. In particular, the last section focuses on the different
ways of testing the proposed theory using future observatories designed for GRB
polarimetry.

9.1 Sensitivity to the chosen dynamics and
Lorentz factor profile

This thesis has considered fireball dynamics for connecting the relevant outflow
properties. However, other dynamics are possible: kinetic energy dissipation may
be significant during the acceleration phase, or the outflow may be dominated by
magnetic fields. The overall shape of the spectral component from the jet core is
not expected to be sensitive to the exact dynamics, however the value of Epeak

is dependent on the radial scalings of the outflow properties as well as possible
heating of the electrons in the outflow. The exact value of the power law slope in
the shear layer component is expected to be modified for other dynamics, as well
as ED (equation 7.18, the energy of the spectral bump below the peak energy in
Figure 7.1). However, the ratio Ej/Epeak (equation 7.11) which gives an indication
of the energy where the spectrum starts to deviate from the sperically symmetric
spectrum is less sensitive to the dynamics.

The shape of the angular profile is motivated by hydrodynamical simulations.
One may consider other shapes (e.g. Gaussian) for the angular parameters. The
exact values of the characteristic energies and spectral shapes are naturally depen-
dent on the chosen profile, however the general spectral features are not sensitive
as long as the considered profile has similar characteristics.
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9.2 Relative photon time delays

The jets considered in this work are assumed to be steady. However, in much the
same way as photons from a certain angle to the LOS has a characteristic energy
(see §7.2), they also have a characteristic time delay as compared to a photon from
the center of the jet. One can therefore associate a given photon energy in the
spectrum with a certain time delay.

Assuming the jet is viewed at zero viewing angle, the characteristic lab frame
time delay as a function of angle is

∆t(θ) ≈ Rph(θ)

c
[1− β(θ) cos θ]− Rph(0)

c
[1− β(0)]

≈ Rph(θ)

c
[1− β(θ) cos θ] (9.1)

where θ > 1/Γ0 is assumed in the last step. The time delay for a given energy
is generally larger for an outflow with a Lorentz factor that decreases from the
jet axis, as compared to the sperically symmetric case. It increases with de-
creasing θj and increasing p, but decreases rapidly with Γ0. As an upper limit
(i.e. the largest time delay for a given energy), we consider a jet profile with
θj = 1/Γ0. The time delay of photons with lower energy than the observed peak
energy is calculated as follows. Consider photons that make their last scattering
in the shear layer (i.e. at angles θ > 1/Γ0, since θj = 1/Γ0). For θj = 1/Γ0,
θD = θj and equations 7.14, 7.15 and 7.17 are good approximations for Γ(θ),
D(θ) and Rph(θ) respectively. The characteristic photon energy at angle θ is
E(θ)/Epeak ≈ {[D(θ)/Γ(θ)][rs(θ)/Rph(θ)]2/3}/{2[rs(0)/Rph(0)]2/3}. Since ∆t ≈
Rph(1− β cos θ)/c = Rph/DΓc, we write

∆tob ≈ 1.3

(
1 + z

3

)(
L

1052

)(
Γ0

300

)−5

×(
E/Epeak

10−2

)−15/8(
3p+ 1

13

)1/4

s. (9.2)

which is valid for E � Epeak, θv � θj and θj = 1/Γ0. Time-resolved analysis
of spectra detected down to two orders of magnitude below the peak energy may
resolve the superposition of blackbodies in the lowest observed energies if the time
bins are smaller than ∆tob. The result in equation 9.2 shows that for a narrow jet
with otherwise typical GRB parameters, the expected time delay is approximately
1 s for photons with energy E ≈ 10−2Epeak. For wider jets (θj > 1/Γ0) the time
delay is shorter.

This result may be compared to the case of an angle independent emission
radius (such as the case for the afterglow, e.g. [117]). Assuming the emission
radius to be equal to the photospheric radius at the LOS, photons with energy
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E = 10−2Epeak (originating at θ > 1/Γ0) arrives with a time delay of ∆tob ≈
4×10−3(L/1052)(Γ0/300)−5([E/Epeak]/10−2)−1 s. This time delay is three orders of
magnitude shorter than the result obtained in equation 9.2. This example highlights
the importance of recognizing the angular dependence of the photospheric radius.

9.3 General considerations of the photospheric
emission spectrum

The observed photospheric spectrum from a spherical outflow has previously been
considered in the literature (e.g. [35, 118]). In the limiting case of outflows with
θj & 5/Γ0 observed at θv � θj, we obtain similar results. For larger viewing angles
or smaller jet opening angles, geometrical broadening of the spectrum has to be
considered.

For this work we have considered outflows with angle independent luminos-
ity, and so the shape of the Lorentz factor profile is fully determined by the an-
gle dependent baryon loading. As shown above, the spectral slope in the range
10−2Epeak . E . Epeak is formed by photons making their last scattering at
θ . 5/Γ0. Therefore, this assumption is a good approximation for jets where
dL/dΩ ≈ const for θ . 5/Γ0.

Furthermore, we consider non-dissipative fireball dynamics. The dynamics of
the outflow are dependent on the dominant form of energy carried by the jet as
well as energy dissipation. In particular, the radial scalings of the comoving tem-
perature and Lorentz factor in magnetically dominated outflows are expected to
differ significantly from the scalings of thermal fireballs. [92] and [93] considered
the scaling of Epeak in dissipative outflows. Heating keeps the comoving temper-
ature approximately constant in the range Rph/30 . r . Rph, in contrast to the
non-dissipative outflows considered here. However, the framework for calculating
the spectrum presented in §7.1 is general and may be applied to any relativistic,
optically thick outflow.

Since the causally connected parts of the outflow are separated by angles ∼
1/Γ, one may consider outflows with Lorentz factor variations at angular scales of
∆θ ≈ few/Γ. Geometrical broadening of the observed spectrum is expected as a
consequence of the beaming of photons being a function of angle from the jet axis,
in much the same way as for the jets considered in this work. The spectral slope
below the peak energy is expected to depend on both the typical angular scale as
well as the amplitude of the Lorentz factor variations.

Observed GRB spectra do not, in general, appear like blackbodies. The spectra
are usually well fitted by the Band function, although more complex spectra have
been observed (e.g. [25, 77, 76]). The average values of the low and high energy
photon indices are α ≈ −1 and β ≈ −2.5 respectively. This is in contrast to a
blackbody spectrum in which α = 1 and the spectrum cuts off exponentially above
the peak energy. To reconcile the photospheric model with observations, energy
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dissipation close to the photosphere has been considered as a way to modify the
local comoving photon spectrum [31, 32, 27, 28, 33, 29, 30, 35, 26, 34, 36]. In these
scenarios the observed spectrum results from a combination of radiative processes.
Comptonization of the thermal photon spectrum is the source of the high energy
power law, and synchrotron photons contribute to the low energy spectrum (e.g.
[36]). In this work we show that three dimensional effects arising from the jet shape
may add a significant contribution to understanding the soft low energy spectrum.
Narrow jets, or wider jets observed at θv ≈ θj result in a low energy photon index
α ≈ −1 under natural assumptions. Harder values of the low energy photon index
are obtained for wide jets viewed at θv � θj. The details of the observed spectrum
predicted here are expected to be modified if significant energy dissipation takes
place below the photosphere, since in this scenario the outflow dynamics is changed.
Moreover, in such a scenario the soft tail of the spectrum may be modified by non-
thermal emission.

Spectral broadening by energy dissipation in regions of moderate optical depth
may be combined with geometrical broadening. As the observed spectrum below
the peak energy is a superposition of comoving spectra, it is not sensitive to the
exact shape of the comoving spectrum. Comptonization of the comoving spectrum
by electrons which are heated by energy dissipation (e.g. [35, 119]) can shape the
spectrum above the peak energy, while geometrical broadening forms the spectrum
below the peak energy.

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. [17]). Within the framework presented in this thesis, the
distribution could naturally be interpreted as a result of viewing angle variations.
In particular, observing a wide jet at zero viewing angle results in α ≈ 0.4. The
exact α-distribution predicted by our 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.

Because the GRB090902B spectrum appears close to blackbody during the first
half of the prompt emission, the processes that are expected to modify the photo-
spheric spectrum can be constrained. The rate of energy dissipation in regions of
moderate optical depth must be relatively low as the observed Band component is
not severely distorted from the Planck spectrum. Within the framework consid-
ered in this thesis, further constraints can be set. The requirement for geometrical
broadening to not significantly distort the observed spectrum in the energy range
10−2Epeak . E . Epeak is θv � θj and θj & 5/Γ0. Depending on typical GRB
outflow characteristics, the probability for such parameter combinations may be
low. This would help explaining the rarity of similar events.
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9.4 General considerations of the polarization of
photospheric emission

As explained in §8.1, two requirements have to be satisfied in order to produce
polarized emission from a spatially unresolved outflow dominated by scattering:
the comoving intensity at the last scattering positions must be anisotropic and the
emitting region must be asymmetric around the LOS. In order for the comoving
intensity to be anisotropic, the outflow must expand and not be in the radiation
dominated regime [83]. In order for the emitting region to be asymmetric, the jet
needs to have a lateral structure and be viewed off-axis. The polarization properties
of the emission are not sensitive to fireball properties such as the isotropic equivalent
luminosity or the size of the base of the jet, but they are sensitive to the lateral jet
structure (i.e. θj, Γ0 and p).

In this work we consider photospheric emission from non-dissipative jets. If
the electrons in the jet are heated, the peak energy of the observed spectrum is
increased [92, 120]. However, heating has only a small effect on the transfer of
photon number [83]. Therefore, the polarization results obtained here are expected
to be valid for heated jets as well. The details of the shape of the observed spectrum
may nevertheless be modified by heating (e.g. [29]). In particular, if a significant
amount of the dissipated energy goes into both accelerating electrons and generating
magnetic fields, additional synchrotron emission may complicate the spectral shape
and polarization properties of the emission.

The total luminosity per solid angle of the initial fireball may be different from
what has been considered in this work. If the luminosity in the shear layer is lowered
significantly the emitting region of the jet approaches a top-hat. Since including
photons from the shear layer generally decrease the asymmetry of the emitting
region (see §8.1 and §8.4), slightly larger polarization degrees may be obtained in
such cases. As photons emitted from the shear layer can significantly soften the
observed spectrum through geometrical broadening, the exact details of the spectral
shape below the peak energy may be affected by different assumptions on the angle
dependence of the total fireball luminosity.

9.5 Allowed shifts of the polarization angle

As discussed in §8.1, the polarization vector of emission observed from a spatially
unresolved, axisymmetric jet may only point in two different directions. One is given
by the projection of the jet axis on the sky, while the other direction is perpendicular
to the first. We find that the polarization angle measured by an observer located at
a fixed viewing angle depends on the jet width (θjΓ0). Therefore, if the jet width
changes with time, the observed polarization angle may change by π/2.

The polarization properties of the prompt emission of GRB 100826A was mea-
sured using the GAP instrument [44]. The data was split into two time intervals
of approximately similar length for separate analysis. The reported polarization
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degrees and polarization angles are Π = 25% ± 15% and φ = 159◦ ± 18◦ for the
first interval and Π = 31% ± 21% and φ = 75◦ ± 20◦ for the second interval. The
polarization angle shift of ∼ 90◦, as well as the polarization degrees can both be
explained in the context of photospheric emission from a variable jet. As an ex-
ample, consider a jet with fixed θj but varying Γ0. A transition from a narrow jet
(θjΓ0 ≈ 1) to a wider jet (θjΓ0 & 3) can shift the polarization angle by 90◦ for the
majority of the observers (see Figures 8.3 and 8.5 for observers at θv/θj ≈ 1.5− 2).

9.6 Comparison to synchrotron emission

The spectral shapes allowed by photospheric emission and synchrotron emission
are different. In general, synchrotron emission produce wide spectra that may
be characterized as a smoothly broken power law within a limited energy band.
There exist well known limits on the value of the photon index below the peak
energy from basic synchrotron theory. If the electrons cool efficiently by emitting
synchrotron radiation (fast cooling electrons) the low energy photon index α must
be smaller than, or equal to −3/2. This is in conflict with the majority of observed
GRBs (e.g. [17]). On the other hand, if the electrons lose most of their energy
to adiabatic expansion (slow cooling), the limit is −2/3. This is still inconsistent
with ∼ 1/3 of observations, and the synchrotron efficiency problem gets even worse.
Photospheric emission can reach values as hard as α = 1 (the Rayleigh-Jeans index)
for wide, radiation dominated jets observed on-axis. By simple considerations of the
jet structure, the possible range of indices extends to −1 . α ≤ 1 [38]. Additional
non-thermal emission resulting from energy dissipation close to the photosphere,
or integration of time-varying spectra may reduce α even further. In general, it
is less challenging to broaden a narrow spectrum than to make an inherently wide
spectrum narrower.

The polarization degree of synchrotron emission from GRB jets has been consid-
ered by several authors (e.g. [47, 48, 49, 50, 51, 57]). Large polarization degrees are
possible when the magnetic field in the emitting region is ordered, perpendicular to
the local expansion direction (the maximally anisotropic configuration) and the jet
is wide. Consider the photon indices α and β, below and above the spectral peak
respectively (dN/dE ∝ Eα, Eβ). [47] reports polarization degrees of Π ≈ 30% for
α = −1 (typical low energy photon index in GRBs, inconsistent with fast cooling
electrons) and Π ≈ 65% for β = −2.5 (typical high energy photon index). [49]
finds Π ≈ 45% − 50% for an ordered magnetic field, while polarization degrees up
to Π ≈ 35% was obtained for a top-hat jet with a magnetic field that is random
within the plane perpendicular to the local expansion direction. However, these
synchrotron calculations were performed under maximally asymmetric conditions
(perfectly ordered field, or top-hat jet). If the magnetic field is somewhat curved
within the emitting region or if the jet has a lateral structure (also considered by
[49]), the polarization degree of synchrotron emission decreases due to the lower
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asymmetry of the emitting region. As a comparison, we find polarization degrees
in the range 0% . Π . 40% for photospheric emission from a structured jet.

[57] argues that synchrotron emission theories needs to invoke a patchy jet
in order to explain the shift of ∼ π/2 in polarization angle as observed in GRB
100826A. A shift of π/2 is easily explained by photospheric emission from a jet
with variable Γ0 (see §9.5). In fact, this shift is the only one that is allowed
by photospheric emission from an axially symmetric jet, while a patchy jet could
provide a shift of any angle. Furthermore, the brightness of GRB 100826A implies
a high efficiency of the prompt emission, which is natural in photospheric models.
In contrast, the presumably large efficiency presents an additional challenge for the
synchrotron interpretation [57].

Synchrotron models predict a direct correlation between the photon index and
the polarization degree of the emission (e.g. [47, 57]). Emission with a softer
spectral index is more highly polarized than emission with a hard spectral index.
According to synchrotron theory, the emission from GRBs with lower values of
α have a larger polarization degree. Similarly, GRBs with lower values of β also
have a larger polarization degree. From purely geometrical considerations, a similar
correlation for α (albeit with a different range of allowed values) and an opposite
correlation for β exists for photospheric emission. If a wide jet is observed on-axis,
the spectrum is narrow (somewhat wider than the Planck spectrum). Increasing the
viewing angle widens the low energy spectrum as the shear layer comes into view,
and simultaneously increases the polarization degree of the emission. Therefore,
in the context of the photospheric emission model considered here, GRBs with
lower values of α are expected to be more highly polarized (similar to synchrotron
predictions). If the shear layer is narrow, increasing the viewing angle will also
lead to observation of a Comptonized power law of photons above the peak energy.
Therefore, GRBs with larger values of β are expected to be more polarized (opposite
to synchrotron predictions). The correlation is less pronounced for narrow jets.
This is because the shear layer is visible also for on-axis observers, which causes
the spectrum to change less with increasing viewing angle.

9.7 Possible explanation for the spectral
behaviour of GRB090902B

A speculative explanation for the spectral behaviour of GRB090902B, in the con-
text of geometrical broadening, can be constructed based on the assumption that
the Lorentz factor is decreasing with time (which is indicated by observations,
see §3.3.1). For simplicity we assume that the jet opening angle, θj, is constant
throughout the prompt emission. The effects of geometrical broadening can not
be significant during epoch 1 because of the narrow spectrum. We must therefore
be located fairly close to the jet axis of symmetry, and θjΓ & 5 (see chapter 7) so
that the observed emitting region of the jet appears spherically symmetric. As the
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Lorentz factor decreases, θjΓ approaches unity and the effects of geometrical broad-
ening becomes significant, which leads to the broadening of the spectrum during
epoch 2.

9.8 Suggestions for future GRB polarization
instruments

As shown in chapter 8, polarimetry is an important tool for determining both the
dominant prompt GRB radiative process, as well as the jet geometry. So far, only
one dedicated GRB polarimeter (GAP) has been launched. Due to the small ef-
fective area of the detector, the GAP measurements have large uncertainties. Nev-
ertheless, current polarization measurements have had a deep impact on the GRB
field. Unfortunately, no more GRBs will be observed by GAP due to loss of contact
with the host space craft (IKAROS, [121]). As all major prompt emission models
now provide polarization predictions, there is a need for new GRB polarization in-
struments. In this section, the types of observations needed to test current models
are described, with a focus on the model presented in this work. In particular,
we argue for the need to measure not only the polarization degree of the emission,
but simultaneous spectral observations as well as consecutive measurements of the
polarization angle for single GRBs.

A positive correlation between the observed polarization degree and the width
of the νFν-spectrum is expected from our model (for GRBs with θj > 1/Γ0). The
correlation arises from the fact that both the polarization degree and the spectral
broadening arise as viewing angle effects. In particular, if the spectrum is very
narrow (i.e. quasi-blackbody, α . 1, β & 4) the photons are expected to be
unpolarized, while if the spectrum is of a more typical Band shape (α . −0.5,
β ≈ 2.5), the emission is expected to be more highly polarized. Due to parameter
degeneracy, it is hard to make the predictions more specific. However, no correlation
is expected between the polarization degree and spectral shape in the photospheric
models that explain the broadened spectrum as a consequence of energy dissipation.
Therefore, testing if the spectral width correlates with the polarization degree in a
statistically significant sample of GRBs is a potential way to discriminate between
geometrical broadening and broadening from energy dissipation. With regards to
optically thin synchrotron emission, the polarization degree is expected to increase
with decreasing α, similarly to our model [47]. However, these models still confront
the issues of incompatible low energy photon indices in a substantial fraction of
GRBs (α ≤ −2/3 or α ≤ −3/2 are allowed for slow and fast cooling, respectively),
as well as the low prompt emission efficiency.

The angle of polarization, φ, may change throughout the prompt emission.
While obtaining a single measurement of φ from a GRB only provides information
on the pointing of the GRB relative to the observer, consecutive measurements of φ
opens up for additional tests on emission models and jet geometry. As discussed in
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§8.1, an axisymmetric jet which is not spatially resolved can only produce emission
that is polarized in one, or two orthogonal directions throughout the burst. The
model presented in this thesis can accomodate a shift of the polarization angle of
π/2, or no shift at all. This is a firm prediction of our model, based on the axisym-
metry of the jet. Toma [57] argues that synchrotron emission from an axisymmetric
jet can not explain a shift. Only two consecutive measurements of φ are therefore
needed to test both emission models as well as the assumption of jet axisymme-
try. Future instruments should be designed with the importance of time-resolved
measurements of φ in mind.

The above discussion can also be extended to the afterglow phase. The jet
axis of symmetry is commonly assumed to stay fixed during the prompt emission
and afterglow. Combining measurements of φ during the prompt phase and the
afterglow results in data that can test this assumption. For this, only one good
measurement of φ is needed during the prompt phase.

If measurements of φ show that shifts occur that are inconsistent with π/2, two
possible explanations exist. First, the axisymmetry of the jet could be broken. This
could potentially be done by large scale magnetic fields, or perhaps a patchy jet
which consists of blobs that alternate in brightness. In the patchy jet scenario, φ is
expected to shift in a random fashion on the same time scale as the individual blob
emission duration. Second, the jet could precess on time scales shorter than, or
comparable to the prompt emission. This is then expected to cause either a cyclic
behaviour in φ, or a slow, more gradual shift. So far, consecutive measurements
of φ during the prompt phase has only been performed once (using GAP, [44], see
§9.5). The observed shift was consistent with π/2, providing support for the model
considered in this thesis.

In the context of our model, the observer must be located at θv & θj in order
to see φ shift by π/2. Assuming Γ0 is varying in time while θj stays constant, the
shear layer is then always within the field of view, causing the low energy index to
be soft for bursts where the shift is observed. Furthermore, the shear layer may
transition between being narrow (θs−θj ≈ 1/Γ0) and wide (θs−θj � 1/Γ0) because
of the variations in Γ0. This transition will affect the efficiency of producing the
high energy power law, which is then expected to fluctuate on the same time scales
as φ.

In conclusion, current prompt emission models as well as common assumptions
on the jet geometry can be tested by future instruments capable of time resolved
polarimetry (even if only two time bins may be resolved), or through combining
polarization and spectral measurements.
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Chapter 10

Summary and conclusions

In this thesis, I have presented a comprehensive study of the observable proper-
ties of photospheric emission from relativistic, structured jets. This was motivated
by time-resolved spectral analysis of GRB090902B. The hard sub-peak photon in-
dex during the first half of the burst is inconsistent with optically thin interpreta-
tions, providing clear evidence for dominating photospheric emission. The spectrum
broadens during the second half of the prompt emission into a more typical Band
function shape, providing observational evidence for the existance of a mechanism
capable of broadening photospheric spectra.

Motivated by results from hydrodynamical simulations (i.e. [95]), we consider
optically thick jets consisting of a highly relativistic core, and a surrounding shear
layer where the outflow properties connect smoothly towards the jet edges. The jet
core Lorentz factor, Γ0, the core opening angle, θj, and the Lorentz factor gradient
in the shear layer, p, are free model parameters. In order to isolate the effects arising
from the jet geometry, non-dissipative fireball dynamics are considered. First, the
spectral properties of the emission released at the jet photosphere have been exten-
sively studied. The integral expression for the observed photospheric spectrum was
found, which reveals the spectral shape as a smooth superposition of blackbodies,
and can therefore appear highly non-thermal. The expression was approximately
solved for on-axis observers, resulting in analytical expressions for the spectral fea-
tures (i.e. characteristic energies and spectral slopes). The full radiative transfer
below the photosphere was simulated using a re-written and extended Monte Carlo
code. The analytical and Monte Carlo methods agree very well, except for narrow
jets where Comptonization of photons occur in the shear layer (a non-thermal effect
which is not considered in the analytical treatment). The Comptonization in jets
with narrow shear layers leads to the build up of a power law of photons above
the spectral peak. The result is a smoothly broken power law spectrum. A typical
value found for the low energy photon index is α ≈ −1, similar to the average value
found in GRBs.
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Second, the polarization properties of the emission was studied. A simplified
version of the problem was solved analytically without any assumptions on the
outflow dynamics, while the polarized radiative transfer was simulated using the
extended Monte Carlo code. It is shown that, contrary to common expectations, the
emission from the jet photosphere may be strongly polarized. In particular, emission
from a narrow jet (θjΓ0 ≈ 1) with a narrow shear layer (p = 4) has a polarization
degree of Π ≈ 40% at viewing angles where the luminosity is approximately three
orders of magnitude lower than for an observer at zero viewing angle. Assuming the
jet is observable in three orders of magnitude in luminosity (similar to the actual
range observed [115]), the probability to observe a polarization degree larger than
30%, 20% or 10% from such a jet is P (Π > 30%) ≈ 0.15, P (Π > 20%) ≈ 0.62 and
P (Π > 10%) ≈ 0.80, and the spectrum appears highly non-thermal for all viewing
angles.

Within the considered parameter space, and for all viewing angles where a signif-
icant polarization degree is observed (Π & few %), the spectrum below the thermal
peak has an index in the range −1 . α . −0.5 due to geometrical broadening
[38]. The model therefore predicts that GRBs with Π & few % will have low energy
photon indices within the given range.

Furthermore, jets with narrow shear layers produce a power law of photons
above the thermal peak. Within the considered parameter space this effect is most
pronounced for a narrow jet with a narrow shear layer (θjΓ0 = 1, p = 4). The
observed spectrum then becomes a smoothly broken power law, similar to what is
observed in many GRBs. As this type of jet provides a large asymmetry of the
observed emitting region for off-axis observers, the emission is highly polarized.
Therefore, the jets that produce broken power law spectra also produce highly po-
larized emission for most observers (≈ tens of percent), while the jets that produce
spectra more similar to the Planck spectrum produce emission with lower degrees
of polarization for most observers (≈ a few, up to about ten percent).

A qualitative explanation for the behaviour of GRB090902B can be given, within
the context of photospheric emission from a structured jet. If the Lorentz factor
decreases throughout the burst, the jet can transition from wide (θjΓ0 & 5) to
narrow (θjΓ0 ≈ 1) geometries. For on-axis observers, the wide jet spectrum appears
quasi-blackbody, consistent with observations during the first half of the prompt
emission. As the jet becomes narrower, the spectrum broadens, consistent with the
second half of the prompt emission. The peak energy is an increasing function of
Γ0, which means that a decrease in Γ0 should be followed by a decrease in the peak
energy. This is also consistent with observations, which show a positive correlation
between Ep and α. The model predicts that due to the on-axis location of the
observer, the emission should have very low polarization degrees (. few percent).

Possible ways to test the model have been suggested. They involve both separate
polarization measurements, as well as combining polarization and spectral analysis.
It is shown that rather simple measurements, such as the time evolution of the
polarization angle, can test both emission models and common assumptions on
the jet structure (even for the case of only two time bins). Such a measurement
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have been done by GAP for one GRB, which showed a shift in the polarization
angle of π/2, which is the only shift allowed by our model. As GAP will not
provide additional data, there is a clear need for new GRB missions equiped with
instruments dedicated to polarimetry.
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Chapter 11

Svensk populärvetenskaplig
beskrivning av avhandlingen

Gammablixtar observeras ett par g̊anger i veckan av teleskop monterade p̊a satel-
liter i omloppsbana kring jorden. En gammablixt varar vanligtvis bara n̊agra
sekunder, men under sin aktiva tid lyser den starkare än alla andra källor av gam-
mastr̊alning p̊a himlen. Eftersom supernovor ibland observeras sammanfallande
med gammablixtar s̊a vet man att åtminstone en del av gammablixtarna produc-
eras under kollapserna som sker när massiva stjärnor f̊ar slut p̊a bränsle. Under kol-
lapsen skjuts kraftigt relativistiskta utflöden (s.k. jetstr̊alar) ut fr̊an stjärnans poler,
i vilka gammastr̊alningen produceras. Trots stora observationalla och teoretiska sat-
sningar är det dock fortfarande oklart i vilken region av jetstr̊alen som str̊alningen
uppkommer, samt genom vilken fysikalisk str̊alningsprocess som str̊alningen skapas.

Tidiga teoretiska modeller antog att den str̊alningen som fr̊an början är in-
ternt inf̊angad i utflödet frigjordes i jetstr̊alens fotosfär, omr̊adet där jetstr̊alen blir
genomskinlig, för att sedan observeras som en gammablixt. De modellerna förkas-
tades dock, eftersom man förväntade sig att fotonernas energispektrum skulle vara
väldigt smalt (det s.k. svartkroppsspektrumet), vilket inte stämde överens med ob-
servationerna som p̊avisade ett bredare spektrum. Den modell som varit populärast
det senaste årtiondet tolkar gammastr̊alningen som synkrotronstr̊alning, skapad av
elektroner som blivit accelererade i internal chocker i utflödet. Synkrotronstr̊alning
ger naturligt upphov till ett brett spektrum av fotoner, vilket verkade vara fallet
för gammablixtar. Det har dock p̊a senare tid visat sig att den tolkningen inte är
förenlig med en betydande del av gammablixtspektrumen. Med hjälp av skarpare
observationer har man funnit att den typiska bredden p̊a gammablixtspektrumet är
n̊agonstans mellan svartkropp och synkrotronspektrumet. Det har därför funnits
ett stort behov av nya idéer som skulle kunna förklara str̊alningens uppkomst.
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I den här avhandlingen presenteras först en spektralanalys av en gammablixt
som observerades den 9 september 2009, GRB090902B, en av de starkaste gammablix-
tarna som hittills uppmätts. Spektralanalysen resulterar i observationella belägg
för att gammablixtarna faktiskt uppst̊ar vid jetstr̊alens fotosfär, p̊a grund av det
ovanligt smala fotonspektrumet som uppmättes under gammablixtens första halva.
Vidare visar observationerna att spektrumet breddas under gammablixtens andra
halva, till ett mer typiskt gammablixtspektrum. Vi kan därför, för första g̊angen,
observationellt p̊avisa existensen av en fysikalisk process som breddar spektrumet
av fotoner som frigörs vid fotosfären.

Man har sedan tidigare misstänkt, p̊a rent teoretiska grunder, att spektrumet
fr̊an fotosfären kan vara breddat. Flera studier har gjorts runt temat att en del
av jetstr̊alens rörelseenergi skulle kunna dissiperas nära fotosfären, vilket kan re-
sultera i ett breddat spektrum. I den här avhandlingen presenteras en djupg̊aende
teoretisk studie av ett alternativt sätt att bredda spektrumet, som tidigare inte
har undersökts. Idéen best̊ar i att observatören faktiskt ser flera olika delar av
jetstr̊alen samtidigt. De olika delarna har olika temperatur, och det observer-
ade spektrumet best̊ar därför av summan av de lokala spektrumen som utsänds
i olika delar av jetstr̊alen. Resultatet blir att spektrumet breddas fr̊an den smala
svartkroppen, eftersom det best̊ar av en summa av svartkroppar. Processen kallas
för geometrisk breddning av spektrumet. Om de olika fysikaliska storheterna i jet-
str̊alen, till exempel farten och utflödet av massa, beror p̊a vinkeln fr̊an jetstr̊alens
symmetriaxel (s.k. lateral struktur i jetstr̊alen) s̊a kan effekterna av den geometriska
breddningen förstärkas, och det observerade spektrumet helt tappa likheten med
svartkroppsspektrumet.

Huvuddelen av avhandlingen presenterar en analys av egenskaperna hos foton-
erna som frigörs vid fotosfären hos jetstr̊alar med lateral struktur. P̊a analytisk
väg har b̊ade formen p̊a spektrumet, samt polarisationsgraden hos den fotosfäriska
str̊alningen undersökts. Analytiska uttryck för de viktigaste egenskaperna hos spek-
trumet, samt ett uttryck för polarisationsgraden hos str̊alningen har härletts. Nu-
meriska simuleringar har utförts, med m̊al att undersöka effekter som är för kom-
plicerade för analytisk behandling. Den numeriska koden, som löser den polariser-
ade str̊alningstransporten nära fotosfären, har utvecklats specifikt för detta syfte.

I den här avhandlingen visas att den fotosfäriska str̊alningen fr̊an jetstr̊alar med
lateral struktur kan ha det karakteristiska gammablixtspektrumet, utan att n̊agra
andra str̊alningsprocesser nödvändigtvis behöver bidra till breddningen. Utöver
detta visas att str̊alningen kan vara starkt linjärt polariserad (upp till ∼ 40 %).
B̊ade formen p̊a spektrumet, samt polarisationsgraden, beror p̊a vinkeln som jet-
str̊alen observeras ifr̊an. En positiv korrelation mellan spektrumets bredd och
str̊alningens polarisationsgrad är därför förväntad. Modellen förutsäger dessutom
att polarisationsvinkeln antingen är konstant under gammablixten, eller gör ett
hopp med 90◦. Hittills har bara en observation av tidsförändringen av polarisa-
tionsvinkeln utförts p̊a en gammablixt, med ett resultat som är förenligt med att
vinkeln förskjutits med 90◦.
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Slutligen presenteras ett antal mätningar som skulle kunna testa den föreslagna
modellen. Eftersom b̊ade formen p̊a spektrumet samt polarisationsgraden beror
p̊a vinkeln som jetstr̊alen observeras ifr̊an, bygger de flesta testen p̊a samtida
mätningar av spektrumet och polarisationen. Just nu finns inga aktiva polarisation-
sinstrument designade för gammablixtar, men förhoppningsvis kommer framtida
mätningar kunna avgöra fr̊agan om den dominanta str̊alningsprocessen.
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