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Gamma-ray bursts (GRBs) are the most powerful electromagnetic events in

universe. GRBs are powered by either core-collapse of massive stars or binary merg-

ers of two compact objects. These progenitor systems are believed to launch rela-

tivistic, collimated jets, which produce short, bright γ-ray flashes (prompt emission)

and long-lived, fading emission (afterglow) in the broad energy band from radio to

γ-rays. Even though the characteristics of the prompt emission and the afterglow

have been vigorously studied, many details of the physics of GRBs remain uncer-

tain. The Fermi Gamma-ray Space Telescope (Fermi) provides invaluable data for

studying GRBs with the help of a very wide field of view and broad energy cov-

erage from the hard X-ray to γ-ray band. Fermi consists of two instruments, the

Gamma-ray Burst Monitor (GBM; 8 keV–40 MeV) and the Large Area Telescope

(LAT; 20 MeV–>300 GeV).

In this thesis, I present dedicated analysis results on three bright GRBs:



GRB 131108A, GRB 160709A, and GRB 190114C. Each of them shows its own evo-

lution that includes the unusual and general features of GRBs. In addition, I per-

formed two systematic studies using the full 10 year samples of LAT and GBM

detected GRBs. For the first, I focused on the high-energy emission (> 100 MeV)

and its origin by tracking its temporal and spectral evolution. In the second, focus-

ing on the prompt emission phase, I found an observational signature that originates

in the geometry of the relativistic jet, which had been predicted but was previously

unobserved.
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Chapter 1: Introduction

A gamma-ray burst (GRB) is a burst of
 -rays, typically lasting from millisec-

onds to thousands of seconds in the energy band from tens of keV to several MeV.

This bright and highly variable emission is usually called the prompt GRB emission.

This is followed by a longer-lasting emission in the broad energy band from radio

to 
 -rays, which decays as a function of time. This is known as the GRB afterglow.

Since the �rst discovery of a GRB in the late 1960s, our understanding of

this mysterious phenomenon has progressed dramatically. In 1990s, the �rst GRB

afterglow was observed, followed by a redshift measurement, showing that GRBs

are cosmological. With the measured distance scale, the typical isotropic
 -ray lu-

minosity of GRBs is� 1051{1053 erg s� 1 (sometimes higher than 1054 erg s� 1), which

suggests GRBs as the most energetic electromagnetic events in universe. Such ener-

getics released within very short time scales imply that GRBs must be attributed to

catastrophic events: either the core collapses of massive stars or the binary mergers

of two compact objects such as neutron stars and black holes. In both cases, a black

hole or a rapidly rotating highly magnetized neutron star (millisecond magnetar)

can be formed and serve as the central engine for launching two relativistic, colli-

mated out
ows (jets) in opposite directions. The sketch of the origin of GRBs is

1



well established, but many details are still veiled such as the jet composition, the

energy dissipation process, and the origin of the high-energy emission.

The Fermi Gamma-Ray Space Telescopewas launched in 2008 with two in-

struments, the Gamma-ray Burst Monitor (GBM; 8 keV{40 MeV) and the Large

Area Telescope (LAT; 30 MeV{ > 300 GeV). Since then,Fermi has provided in-

valuable data to broaden our understanding of GRBs, especially the GRB prompt

emission. During the last 11 years (2008{2019), the LAT has detected more than

180 GRBs, all also detected at lower energies. In the same period, the GBM has

detected more than� 2500 GRBs. Both LAT and GBM observations provide a

large sample size enabling systematic studies of the
 -ray emission to reveal general

properties of GRBs. In addition, combined GBM and LAT observations allow us to

study the broadband properties of GRBs over seven decades in energy. By tracking

the temporal and spectral evolutionary features of the broadband GRB spectrum,

the physics of GRBs can be further explored.

In this work, I present dedicated studies on three bright GRBs detected by

both GBM and LAT: GRB 131108A, GRB 160709A, and GRB 190114C. The de-

tailed analysis on those GRBs addresses the question of the origin of the broadband

emission and their mechanisms. In addition, two systematic studies on the large

sample of GRBs are presented: i) I test the leading afterglow model (the external

forward shock model) to the LAT GRB sample and constrain several physical pa-

rameters. ii) I search for evidence of the curvature e�ect of a relativistic jet in the

large sample of the GBM GRBs. These studies shed light on the physical properties

and the detailed emission mechanisms of GRBs.
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Chapter 2: Gamma-Ray Bursts

Gamma ray bursts are the most energetic explosions in the universe. Over

the last 50 years, we have observed many surprising events, each of which gives us

a small piece of information to understand mysterious GRBs. Here, I would like

to present an outline for the journey to explore the evolutionary characteristics of

GRBs.

2.1 Brief History of Gamma-Ray Bursts

The discovery of the �rst GRB was made byVela satellites, which were a series

of United States military satellites used to monitor
 -ray emission possibly from

nuclear weapons tested in space. On July 2, 1967, the very �rst GRB, GRB 6707021

was detected, and it was later con�rmed that it was not associated with terrestrial

events or supernovae [1] (Figure 2.1).

A breakthrough in the understanding of the origin of GRBs could not be

made until the launch of the Compton Gamma Ray Observatory (CGRO) in 1991

due to the lack of signi�cant improvement in detectors or telescopes. Nevertheless,

1The name of a GRB is determined by its detected year, month, and day. If multiple GRBs are
detected on the same day, the additional alphabet is added in the order in which it occurs; e.g.,
GRB080916C was the third burst detected on August 16, 2008

3



Figure 2.1: The light curve of the very �rst GRB detected by Vela satellites
on July 2, 1967. [Credit: J.T. Bonnell 1995]

some tentative conclusions were derived. The �rst Konus GRB catalog [2] showed

that the duration distribution of GRBs showed two categories (long and short)

(left panel in Figure 2.2), and GRBs appeared to be isotropically distributed (left

panel in Figure 2.3). In the meantime, over a hundred GRB models had been

suggested [3], and the �reball model of GRBs, the standard GRB model, started to

be established [4{6].

The Burst and Transient Source Experiment (BATSE; 25 keV{2 MeV), one

of the four instruments on boardCGRO, was dedicated to the study of GRBs.

Over nine years of operation (1991{2000), the BATSE had detected 2704 GRBs and

opened a new era in GRB research, especially for the prompt phase of GRBs. The

GRB categories (long and short) were clearly con�rmed, where the separation was

made at � 2 seconds (right panel in Figure 2.2) [10]: short bursts last less than 2

4



Figure 2.2: The distribution of bursts in duration. Left : from the �rst Konus
GRB catalog [2]. Right: from the forth BATSE GRB catalog [7].

Figure 2.3: The sky distribution (in galactic coordinates) of bursts. Left :
from the �rst Konus GRB catalog [2]. Right: 2704 bursts detected by BATSE dur-
ing the nine-year mission (available athttp://gammaray.nsstc.nasa.gov/batse/
grb/skymap/ ).

seconds (T90
2 � 2), while long bursts continue longer (T90 > 2). A comparison of

the spectral hardness between the two classes found that short GRBs tend to be

described by harder spectra than those of long GRBs [10]. The BATSE observa-

tions supported the extragalactic origin of GRBs: the angular distribution of GRBs

2The time during which the cumulative background-subtracted counts increase from 5% to 95%.
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Figure 2.4: GRB light curves observed by BATSE. Twelve light curves show
the variety of GRB light curves. [Credit: J.T. Bonnel]
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Figure 2.5: The Band function [8] is one of GRB models widely used for
explaining GRB spectra. For example, the spectrum of GRB 990113 is well
described by the Band function. Adopted from [9].
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were highly isotropic (right panel in Figure 2.3) [11], and the intensity distribu-

tion deviated from the simple expectation of Euclidean geometry [12]. In addition

to more elaborate systematic studies, BATSE allowed for the study of individual

GRBs in great detail. The GRB light curves composed of a single pulse or multi-

ple pulses were di�erent from one another, and each pulse was rather asymmetric

(Figure 2.4). The GRB energy spectra were non-thermal and usually well described

by an empirical model, the \Band function", a smoothly joined broken power-law

function [8] (Figure 2.5). As the cosmological origin with non-thermal emission of

GRBs made the �reball model more attractive and elaborate, the standard �reball

\shock" model was proposed: the external shock between a relativistic out
ow and

an external medium [13,14] and internal shocks within an unsteady relativistic out-


ow [15]. During this period, the progenitors of GRBs were progressively studied:

the binary merger model [16{18] and the collapsar model [19].

Due to the poor localization of the BATSE (the size of the error circle was

at least a few degrees), a follow-up observation of the prompt emission of GRBs

was unsuccessful until theBeppoSAX mission (1996{2002). BeppoSAX was able

to quickly identify a possible X-ray counterpart of a GRB. In 1997, the �rst X-ray

counterpart and afterglow of GRB 970228 was discovered [20], and the discovery

of the �rst optical afterglow from the same burst followed [21] (Figure 2.6). Not

long after, the �rst radio afterglow with a redshift measurement (z = 0.835) was

made for GRB 970508 [22, 23], which con�rmed the extragalactic origin of GRBs.

Surprisingly, two weeks before the discovery of the �rst X-ray and optical afterglow of

GRB 970228, the theoretical prediction of the multi-wavelength afterglows of GRBs

8



Figure 2.6: The �rst observation of X-ray and optical afterglows of
GRB 970228. Left : the X-ray afterglow of GRB 970228 observed byBeppoSAX
[20]. Right: the optical afterglow of GRB 970228. A later bump was interpreted as
the contribution from an underlying supernova [29].

was published [24], which was found to be generally consistent with observations

[25,26]. In addition to these great achievements, a breakthrough in identifying the

origin of long GRBs was made. The association between a Type Ic supernova (SN)

and a long GRB was disclosed, which implies that long GRBs are attributed to the

deaths of massive stars [27{29].

The next generation GRB mission was theNeil Gehrels Swift Observatory

(Swift; 2004{present)3 [30], which consists of three instruments: the Burst Alert

Telescope (BAT; 15 to 150 keV), the X-Ray Telescope (XRT; 0.2 to 10 keV), and

the Ultra-Violet/Optical Telescope (UVOT; 170 to 600 nm wavelengths). The un-

precedented capability ofSwift is to slew promptly to a GRB detected by the BAT,

so that X-ray and UV/optical counterparts can easily be observed by the XRT

and the UVOT, respectively. As a result,Swift has provided abundant afterglow

3The original name of the mission was theSwift Gamma Ray Burst Explorer spacecraft. In
memory of the mission's original principal investigator, Neil Gehrels, the mission was renamed the
Neil Gehrels Swift Observatoryin 2018

9



Figure 2.7: The canonical GRB afterglow light curve. The light curve is
composed of �ve distinct components: an early steep decay (I), a shallower-than-
normal decay or plateau (II), a normal decay (III), a late steeper decay (IV), and
one or more X-ray 
ares (V). Adopted from [31].

data, and the canonical GRB X-ray afterglow light curve was identi�ed [31, 32]

(Figure 2.7). One surprise in X-ray afterglows was the observation of bright X-ray


ares [33], suggesting that the GRB central engine can be reactivated after the end

of the prompt emission phase [31].

BeppoSAX and Swift broadened our understanding of the GRB afterglow sig-

ni�cantly, but the understanding of the prompt emission of GRBs was left behind;

the broadband spectrum and its evolution, the jet composition, and the energy dissi-

pation mechanism are not well understood. Furthermore, even though the Energetic

Gamma Ray Experiment Telescope (EGRET; 20 MeV{30 GeV) on boardCGRO

provided some hints of the high-energy emission of GRBs such as the necessity of

an additional spectral component and the evolution of the GeV emission, many
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questions regarding the high-energy emission mechanism remain unsolved.Fermi

(2007{present) with two scienti�c instruments, the GBM [34] and the LAT [35], is

the mission to respond to the demand for in-depth exploration of the prompt emis-

sion with wider �eld of view and broader energy coverage.Fermi can monitor the

whole sky for GRBs and cover more than 7 decades in energy. In particular, the

LAT high-energy observations provide invaluable data for characterizing the high-

energy emission (> 100 MeV) of GRBs [36, 37]. By combining the GBM and the

LAT data, time-integrated and time-resolved spectral analyses can be performed

in unprecedented detail in a wide range of energy bands. ManyFermi -detected

GRBs have shown one or more spectral components, implying one or more emission

sources [38{41].

On August 17, 2017, a gravitational wave (GW), GW 170817, from the merging

of binary neutron stars was detected by theLaser Interferometer Gravitational-Wave

Observatory (LIGO ) and the Virgo GW detectors, which was followed by a short

GRB, GRB 170817A, about 1.7 seconds later detected by the GBM. This answered

the long-standing question of the progenitor of short GRBs (at least low-luminosity

short GRBs) [42, 43] (Figure 2.8). This event opened the multi-messenger era of

GRB research.

11



Figure 2.8: Observation of GW 170817 and GRB 170817A. The top three
panels show GRB 170817A observed by two instruments (Fermi /GBM and INTE-
GRAL/SPI-ACS). The bottom panel shows GW 170817 about 1.7 seconds prior to
GRB 170817A [43].
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2.2 Gamma-ray Emission and Interaction Processes

The energy spectra of GRBs are in general observed to be non-thermal in that

the nature of radiation cannot be described by a temperature of a source. The

main radiation mechanism for GRBs is believed to be synchrotron radiation from

relativistic electrons [44{46]. Inverse Compton scattering is usually suggested as a

possible radiation mechanism for the high-energy emission [47]. In this chapter, I

summarize non-thermal emission and interaction processes relevant to the physics

of GRBs.

2.2.1 Particle Acceleration

In order to generate high-energy photons (in case of GRBs, keV{MeV pho-

tons), energetic charged particles (electrons, proton, or ions) are necessary. Ener-

getic charged particles can be generated by the so-called Fermi acceleration pro-

cesses. There are two types of the Fermi acceleration processes. Originally, Erico

Fermi suggested a second-order Fermi acceleration mechanism [48], where charged

particles are accelerated from collisions against magnetic �eld clouds. The e�ciency

for this process is proportional to (V=c)2, whereV (� c) is the the average random

motion speed of the magnetic clouds, so that this process is ine�cient to produce

energetic particles required for high-energy emission. The more e�cient �rst-order

Fermi acceleration mechanism was later proposed [49{51], which is the acceleration

process of charged particles in a shock environment. In a shock, there is a sharp

jump in the physical conditions such as density, pressure, temperature, etc. Charged
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particles can gyrate around magnetic �eld lines due to strong magnetic �elds near

the shock front. Each time charged particles cross the shock front moving a speed

of V, the particles gain energy, �E=E / V=c. At the same time, a small number

of particles will escape the acceleration region. Considering the energy gain and

retention rate of charged particles, the energy distribution can be derived as [49{51]

N (E) / E � p; or N (
 ) / 
 � p; (2.1)

wherep is the spectral index,
 is the Lorentz factor of charged particles,


 =
1

p
1 � � 2

; (2.2)

� = v=c, andv is the speed of particles. For electrons, this index is called the electron

spectral index that determines the shape of the GRB light curve and spectrum.

2.2.2 Synchrotron Radiation

Synchrotron radiation is the electromagnetic radiation emitted when relativis-

tic charged particles in a magnetic �eld are accelerated radially. The total syn-

chrotron emission power per frequency by a charged particle in a magnetic �eldB ,

a synchrotron spectrum, can be described as

P(� ) =

p
3q3B sin�

mc2
F

�
�

� ch

�
(2.3)
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whereq and m are charge and mass of the particle, and� is an incident angle with

respect to the �eld line [52]. The characteristic (critical) frequency,� ch, is de�ned

as

� ch(
 ) =
3

4�

 2qB sin�

mc
; (2.4)

where 
 is the Lorentz factor of the charged particle. The functionF
�

�
� ch

�
for a

single charged particle is

F
�

�
� ch

�
�

8
>>><

>>>:

� 1=3; for � � � ch

� 1=2e� (�=� ch ) ; for � � � ch:

(2.5)

Top left panel of Figure 2.9 shows the synchrotron spectrum from a single relativistic

particle. Integrated over � , the total emission power of the charged particle via

synchrotron radiation average over all angles is

Psyn =
4
3

� T c� 2
 2UB ; (2.6)

where

� T =
8�
3

�
q2

mc2

� 2

(2.7)

is the Thompson cross section, andUB = B 2=(8� ) is the magnetic energy density.

For a power-law distribution of charged particles (Equation 2.1), the total

power per unit volume per unit frequency, the so-called speci�c 
ux,Fv, is described
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Figure 2.9: Synchrotron spectra of electrons. Top left: synchrotron spectrum
for a single electron.Top right : synchrotron spectrum for a power-law distribution
of electrons,N (E) / E � p. The synchrotron cooling of electrons is also considered.
Bottom left: Same condition as on the top right, but fresh electrons are injected con-
tinuously. Bottom left: putting all these e�ects together. The parameters,� m , � M ,
and � c are the minimum, maximum, and cooling frequencies, respectively. Adopted
from [53].
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as

F� /
Z

P(�; 
 )N (
 )d
 /

8
>>>>>>>><

>>>>>>>>:

� 1=3; for � < � m � � ch(
 m )

� � p� 1
2 ; for � m < � < � M � � ch(
 M );

� 1=2e� (�=� M ) ; for � > � M ;

(2.8)

where
 m (� m ) and 
 M (� M ) are the minimum and maximum Lorentz factors (injec-

tion frequencies) of the charged particles (top right panel of Figure 2.9).

Relativistic charged particles lose their energy via synchrotron radiation (syn-

chrotron cooling). In particular, particles with Lorentz factors above the so-called

cooling Lorentz factor (
 c) lose a signi�cant fraction of their energy within time,

� c �

mc 2

Psyn
=

6�mc

� T � 2B 2

/ 
 � 1: (2.9)

Rearranging this equation, the cooling Lorentz factor and corresponding frequency

(� c) are given by


 c '
6�mc

� T B 2� c
and � c � � ch(
 c); (2.10)

respectively. Depending on the relative position of the minimum injection frequency

(� m ) and the cooling frequency (� c), one can de�ne two cooling regimes. When

� c < � m , all particles cool down within the short time scale, the so-called fast

cooling. Inversely, if � m < � c, only high-energy particles above� c cool down, the

slow cooling.

The maximum synchrotron energy can be estimated from the assumption that
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energy gain from the �rst-order Fermi acceleration is same as the energy loss by the

synchrotron cooling. For each gyration in a relativistic shock taking� gyr � 
mc=qB,

a charged particle gains energy by a factor of about 2. If a particle loses more than a

half of its energy,
mc 2=2, it cannot recover its original energy from the acceleration

process; i.e., the particle acceleration process is ine�cient. This gives the condition

for the maximum synchrotron energy [53,54],

Psyn � gyr =
� T mc2� 2
 3B

6�q
.


mc 2

2
! 
 M �

�
3�q
� T B

� 1=2

=
�

9m2c4

8q3B

� 1=2

; (2.11)

assuming� � 1. Plugging in this Lorentz factor to Equation 2.4 gives the maximum

synchrotron energy [54],

h� M � h
3

4�

 2

M qB sin�
mc

�
9mc3h
16�q 2

� 50 MeV4; (2.12)

where the incident angle� has been averaged out byhsin� i = 2=3. In GRB physics,

shocks occur within a relativistic out
ow moving with a Lorentz factor of � bulk , so

that the maximum synchrotron limit in the observer frame is boosted,

E 
; max '
50 � bulk

1 + z
MeV (2.13)

When fresh particles are continuously accelerated and injected to the emission

region, Q(
 > 
 m ; t) = Q0(t)
h




 m (t )

i � p
, the continuity equation in energy space can

4This value may vary depending on the details of the acceleration,h� M � 30{110 MeV [36,55].
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be described as [53]

@N(
; t )
@t

= �
@

@

[ _
 N (
; t )] + Q0(t)

�




 m (t)

� � p

; (2.14)

where _
 is the energy loss rate via synchrotron, _
 / � 
 2 (Equation 2.6). By solv-

ing this continuity equation for three di�erent regimes, one can derive the particle

distributions and corresponding synchrotron spectra. For
 c < 
 < 
 m , particles

in this regime are cooled in a very short time scale without injection (t � � c and

Q(
; t ) = 0); i.e., _
 N (
; t ) = constant. For 
 > 
 c and 
 m , all injected particles

are again cooled within a very short time scale (t � � c); i.e., the left hand side,

@N(
; t )=@t, is negligible. To sum up,

N (
 ) /

8
>>>>>>>><

>>>>>>>>:


 � 2;


 � p;


 � (p+1) ;

and F� /

8
>>>>>>>><

>>>>>>>>:

� � 1
2 ; for 
 c < 
 < 
 m ;

� � p� 1
2 ; for 
 m < 
 < 
 c;

� � p
2 ; for 
 > 
 c and 
 m :

(2.15)

See bottom panels in Figure 2.9.

2.2.3 Inverse Compton (IC) Scattering

Interaction (or scattering) between relativistic electrons and photons is another

important radiation process ; low-energy photons are scattered by energetic electrons

and gain energy in this process. Depending on the relative energies of an incident

photon and an electron moving with a relativistic speed (with Lorentz factor
 ),
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there are two regimes in this scattering process: the Thompson regime (h� 0 � mec2)

and the Klein-Nishina regime (h� 0 . mec2), where h� 0 is the energy of the incident

photon in the electron rest frame.

In the Thompson regime, this scattering is approximately elastic, so that the

photon energy after the scattering is similar to the initial energy (h� 0
after � h� 0

before),

but its direction of propagation is modi�ed. As a result, the photon gains energy

by a factor of order
 2 by this scattering process,

h� after � 
 2h� before: (2.16)

In the Klein-Nishina (KN) regime, the electron receives a recoil force, so that

the energy of the scattered photon is smaller than that of the incident photon

(h� 0
after < h� 0

before). Thus, the photon energy after the scattering is limited to the

electron energy in the rest frame,

h� after � min(
 2h� before; 
m ec2): (2.17)

Also, the scattering cross section is greatly suppressed compared to the Thompson

regime [52],

� KN / � T �
mec2

h�
: (2.18)

The IC emission power for a single scattering is given by [52]

PIC =
4
3

� T c� 2
 2Uph ; (2.19)
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Figure 2.10: Total synchrotron + SSC spectrum for � m < � c. The thin and
thick lines indicate the seed synchrotron component and the upscattered SSC com-
ponent, respectively. The dotted line indicates the broken power-law approximation.
The peaks for two components are normalized to unity. Adopted from [56].

whereUph is the initial photon energy density.

2.2.3.1 Synchrotron Self-Compton

The most widely discussed case of IC radiation is synchrotron self-Compton

(SSC), where the electron distribution, which produces seed photons via synchrotron,

interacts with the seed photons up-scattered to higher energies via the IC process.

In this case, the group of energetic electrons loses their energies by both synchrotron

and IC processes.

The ratio of energy loss by synchrotron and IC, which is also known as aY

parameter in GRB physics5, can be described as the ratio between the magnetic

5In some spectral regimes, this parameter is not exactly identical to the Compton-y parameter
[52]. See discussion in [53].
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�eld energy density and the photon energy. Assuming that the SSC occurs within

an out
ow moving with a Lorentz factor of � bulk ,

Y �
PSSC

Psyn
'

8
>>>><

>>>>:

Usyn

UB
; for the Thompson regime,

Usyn

UB
min

�
1;

�
� bulk mec2


h�

� 2
�

; for the KN regime,

(2.20)

where Usyn is the energy density of the synchrotron photons. Therefore, the total

emission power can be written as

Ptot = Psyn + PSSC = Psyn(1 + Y): (2.21)

The introduction of SSC enhances the electron cooling, reducing the electron

cooling Lorentz factor and corresponding cooling frequency;

� c �

m ec2

Ptot
=


m ec2

Psyn(1 + Y)
; so that 
 c !


 c

(1 + Y)
and � c !

� c

(1 + Y)2
: (2.22)

Note that when the SSC component is negligible due to the KN e�ect (Y � 1),

these equations are reduced to Equation 2.9 and Equation 2.10.

The spectrum of the SSC emission depends on both the synchrotron spectrum

and the energy distribution of the electrons (Figure 2.10). For the details of the

SSC spectrum, especially in GRB physics, see the references [56{58].
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2.2.4 Pair Production and Annihilation

According to quantum electrodynamics (QED), when a photon has energy

� 2mec2 � 1:022MeV, the photon can be converted to unstable electron-positron

pairs (pair production), which instantly returns to a photon identical to the original

photon. In order to produce stable electron-positron pairs, two photons should be

involved to conserve both energy and momentum;E 
; 1 � E 
; 2 � (mec2)2. Inversely,

electron-positron pairs can annihilate and emit two photons (pair annihilation).

In an out
ow with a Lorentz factor of � bulk (� 100), each photon (� MeV) can

be considered to be de-boosted in the out
ow comoving frame by a factor of �bulk , so

that the photon energy becomes X-ray (� few keV), lower than the pair production

threshold; E 
; 1 � E 
; 2 � � 2
bulk (mec2)2, and the inferred 
ux is lower. Therefore, this

interaction is less likely to occur within the relativistic out
ow.

Since the GRB prompt emission is mostly dominated in the keV{MeV en-

ergy band (sometimes with GeV photons), pair production and annihilation are the

important e�ects [3,59,60].

2.2.5 Hadronic Process -p
 Interaction

An interaction between photons and hadrons, which can be relevant to GRB

physics, is a photo-meson (p
 ) interaction6. The p
 interaction in a relativistic

out
ow involves an accelerated proton and an energetic photon. This interaction

6Since the cross sections of synchrotron and SSC for protons are much smaller by a factor
(me=mp)2 � 10� 7 than those of electrons, the synchrotron and IC contributions by protons can
be generally ignored.
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results in neutrinos, as well as hadrons and leptons:

p
 !

8
>>><

>>>:

n� + ! ne+ � e�� � � �

p� 0 ! p



(2.23)

Similar to the pair production, this interaction occurs only when involved

particles have energy above a certain threshold [53],

Ep � E 
 � 0:16(GeV)2
�

� bulk

1 + z

� 2

: (2.24)

The resultant neutrino energy would be [53]

E � � 0:05Ep; or E � & 8 GeV
�

� bulk

1 + z

� 2 �
E 


MeV

� � 1

: (2.25)

The observation of neutrinos from a source may indicate the existence of energetic

protons in an emission site (x 2.3.3).

2.3 Key Observational Results

Over more than 50 years of GRB observations, valuable data from various

observatories or telescopes has been accumulated, which provides important clues to

shed light on the physics of GRBs. In this section, I summarize the key observational

results for two emission phases in a GRB: the prompt emission and the afterglow.
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2.3.1 Prompt Emission

The prompt emission phase of a GRB can de�ned as the temporal phase

during which short and spiky pulses are observed in the keV { MeV energy range

(Figure 2.12)). GRBs are classi�ed into two categories depending on the duration

of their prompt emission,T90 (x 4.1.1): short (T90 � 2) and long (T90 > 2). The

recent distribution of T90 is shown in the left panel of Figure 2.11, which is well

described with two Gaussian functions. Another well-known property, which shows

a di�erence between long and short GRBs, is a hardness ratio (HR) that is de�ned

as a ratio between the deconvolved counts in two energy bands (50{300 keV and

10{50 keV). It is known that long GRBs tend to be softer (or have smaller HR

values) than short GRBs (the right panel of Figure 2.11). Several authors claim

a third group in the T90 and HR distributions [63], but this has not been clearly

identi�ed [61]. Table 2.1 shows the detection rate, the energy band, and the �eld of

Figure 2.11:T90 and hardness ratio (HR) distributions. Left : T90 distribution
measured in 50 keV{300 keV. The distribution is well described with two Gaussian
functions. Right: duration versus hardness ratio distribution of GRBs. Ellipses
show the best-�tting multivariate Gaussian model: one for short GRBs and the
other for long GRBs. Adopted from [61]
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Figure 2.12: Broadband light curve of GRB 080916C. The �ve panels show
the light curve in di�erent energy bands from lowest to highest energies. Adopted
from [62]
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Table 2.1: GRB detection rate of BAT, GBM, and LAT

Swift/BAT [64] Fermi /GBM [61] Fermi/LAT [37]

Long rate [per year] � 85 � 200 � 15{16
Short rate [per year] � 10 � 40 � 1{2
Total rate [per week] � 2{3 � 4{5 < 1

Long : Short 9:1 5:1 10:1

Energy band 15{150 keV 8 keV{40 MeV > 100MeV
Field of view 2.2 sr 9.5 sr 2.4 sr

(� 1/6 all sky) ( � 3/4 all sky) ( � 1/5 all sky)

view of three detectors,Swift/BAT, Fermi /GBM, and Fermi /LAT.

The patterns of GRB light curves in the keV{MeV band are di�erent from one

another (Figure 2.4), which are irregular and consist of one or more pulses. However,

there are several common features. Within the keV band, the spectrum tends to

become softer with time [65,66]. This phenomenon is called the spectral lag. Several

authors have suggested the curvature e�ect of the relativistic jet as a possible origin

of such spectral lag [67], but this hypothesis was rejected by a simulation study [68].

Therefore, the origin of the spectral lag shown in the keV{MeV band is still in

debate [69, 70]. A fraction of GRBs show the so-called precursor emission that is

a weak and soft pulse well separated from the main burst [71{73]. The simplest

interpretation for GRB precursors is that they are attributed to the erratic GRB

central engine activities [74, 75]. Many pulses show a fast-rising exponential decay

pro�le, which is well described by the so-called Norris function [65].

In general, the GRB spectrum is non-thermal and well described by either the

Band function or a cuto� power law (CPL) (seex 4.2.2 for their functional forms).

The distributions of model parameters observed in 487 GRBs detected by GBM
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Figure 2.13: Distribution of � , � , and Epk. PL is a power law, COMP is a
power law with an exponential cuto�, BAND is the band function [8], and SBPL
is a smoothly broken power law.Left : the distribution of the low-energy photon
index � . Middle: the distribution of the high-energy photon index� . Right: the
distribution of the peak energyEpk. Adopted from [76]

Figure 2.14: Temporal decay index and spectral photon index of GRBs
detected by LAT. Left : the distribution of temporal indices (^� ) for 88 GRBs
observed by LAT.Right: the spectral photon indices (�) versus GRB duration (T90)
for 169 GRBs. Adopted from [37]
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are shown in Figure 2.13; the low-energy spectral photon index is� � � 1, the

high energy spectral photon index is� � � 2:1, and the peak energy isEpk � 150{

200 keV [76]. Many GRBs show� > � 2=3 [76, 77], which challenge the standard

GRB framework, because the energy spectrum of the synchrotron radiation resulted

from the power-law electron distribution (x 2.2.2) has an upper limit on its spec-

tral steepness,� � � 2=3 [45]7. In some GRBs, a thermal emission, which is well

described by a Planck function (black body), was observed as either a dominant com-

ponent as shown in GRB 090902B [38,78] or a sub-dominant component accompa-

nied by a dominant non-thermal component as shown in many GRBs [40,41,70,79].

An extraordinary event, GW{GRB 170817A, showed a soft thermal emission with

kT � 10:3 keV followed by the main non-thermal emission [80,81]. Dedicated stud-

ies found 13 GRBs with characteristics similar to GW{GRB 170817A [82,83].

One well-known phenomenon is the correlation betweenEpk and 
ux in in-

dividual GRB pulses. There are, in general, two types of evolution patterns: a

hard-to-soft evolution and an intensity tracking evolution [84]. The hard-to-soft

evolution means thatEpk has its maximum at the beginning of the pulse and de-

creases throughout the pulse. The intensity tracking evolution is thatEpk tracks

the intensity of the pulse. Both evolution patterns can be generated in the usual

synchrotron emission and its evolution in time [85].

The high-energy emission above 100 MeV shows distinct features compared to

the keV{MeV emission. The high-energy emission (> 100 MeV) shows a delayed

7This limit is derived from the synchrotron spectrum from a single electron (Equation 2.8).
Note that � of -2/3 is equivalent to �̂ of -1/3 in the convention of F� / � � �̂ .
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onset compared to that of the keV{MeV emission (see Figure 2.12)8. Also, the

high-energy emission (> 100 MeV) lasts longer than the keV{MeV emission, which

is usually called the \GeV extended emission" [37]. In contrast to complicated

keV{MeV light curves, light curves of the GeV extended emission are, in general,

simple and well described by a power law with the temporal index ^� � 1:0 in the

convention of F� / t � �̂ (left panel of Figure 2.14) [36, 37]. The spectral photon

index for the high-energy energy band (> 100 MeV) is � � � 2:5 (right panel in

Figure 2.14), which is consistent with� �tted from keV{MeV emission (middle panel

in Figure 2.13). However, the high-energy spectrum (> 100 MeV) is, sometimes,

not explained by the extrapolation of the spectrum of the keV{MeV band, and an

additional spectral component, usually shaped by a power law, is required to explain

the observed high-energy emission successfully [39,60,62,69].

Many empirical correlations among observational parameters have been estab-

lished. Here, some of them are introduced. The Amati relation refers to a correlation

between the GRB bolometric isotropic-equivalent energy,E iso, and the rest-frame

peak energy,Epk;z = (1 + z)Epk [86] (Figure 2.15),

Epk;z / E iso
0:49+0 :06

� 0:05 : (2.26)

A similar relation is the Yonetoku relation, which is a correlation between the

8This high-energy delayed onset is thought to be irrelevant to the spectral lag of the keV{MeV
emission [36,37].
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Figure 2.15: GRB empirical correlations: Amati, Yonetoku, Ghirlanda
relations. Top left: Amati relation [86]. Top right : Yonetoku relation [87]. Bottom
left: Ghirlanda relation [88]. Bottom right : Yonetoku relation within the same
burst [89]

GRB isotropic peak luminosity,Lp;iso, and Epk;z [87],

L iso / Epk;z
1:94� 0:19: (2.27)

The Ghirlanda relation is a correlation between the \beaming-corrected" bolo-

metric energy (Equation 2.36), andEpk;z [88],

Epk;z / E 

0:71� 0:05: (2.28)
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Since these relations are not physically motivated, the origins of them are

under debate. Several groups argue that these relations results from an observational

selection e�ect [90,91]. Since current
 -ray detectors are less sensitive toEpk lower

than few keV and to lowE iso GRBs, it is possible that a large number of lowEpk;z{

high E iso GRBs or high Epk;z{low E iso GRBs may be undetected and omitted in

these relations [90, 91]. Some groups found that these relations exist \internally"

within the same burst [70,84,89,92,93]. For example, the Yonetoku relation within

the same burst becomes [89]

LNT
iso / E NT

pk;z
1:38� 0:04; (2.29)

where \NT" indicates that the parameters are estimated only from non-thermal

spectral components.

2.3.2 Afterglow

The afterglow phase of a GRB is de�ned as the temporal phase after the end

of the prompt keV{MeV emission. The afterglow is observed in the broad energy

band from radio to X-ray (Figure 2.16 and Figure 2.17).

Through the use of numerous observations of GRB afterglows, a canonical

X-ray afterglow picture has emerged [31, 32]. In general, the GRB afterglow light

curve consists of �ve components: steep decay, shallow decay (or plateau), normal

decay, post-jet-break decay, and 
ares (Figure 2.7):

� The steep decay phase is interpreted as the tail of the prompt emission, which is
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Figure 2.16:Broadband afterglow light curves of GRB 130427A from radio
to 
 -ray. Adopted from [94].

dominated by the high-latitude emission (HLE), emission from higher latitude

relative to the observer's line of sight (x 2.4.2.1).

� The shallow decay or plateau is usually observed in the X-ray energy band,

and has a slope from 0 to� � 0:7. This phase can be attributed to either

internal or external dissipation [31].

� The normal decay phase is well explained by the external forward shock model

(x 2.4.7). The light curves and corresponding spectra during this phase are well

described by a series of broken power laws or smoothly broken power laws [95,

96]; see Figure 2.16 and Figure 2.17 in the X-ray energy band or above9. The

9In early phase, observed emission below the X-ray energy band is dominated by the reverse
shock emission
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Figure 2.17: Broadband afterglow spectra of GRB 130427A from radio to

 -ray. The afterglow spectra for di�erent epochs are overplotted, which are from
0.007 day (10 min) to 130 days after the trigger. Adopted from [94].

characteristics of the light curve and spectrum of the GeV extended emission

are similar to those of the X-ray energy band during the normal phase (x 2.3.1).

The analogy between the GeV extended emission and the canonical X-ray

afterglow leads to interpretation of the GeV extended emission as emission

from the external forward shock [37,97].

� During the afterglow phase, bright 
ares above an underlying emission have

been observed. Nearly half ofSwift GRBs show X-ray 
ares [98], and optical

and radio 
ares have been rarely observed [99{101]. The X-ray 
ares have been

explained as a result of the late-time activities of the central engine [31,98,102].

The steep decay of the X-ray 
ares is regarded as the HLE (x 2.4.2.1) [98,103].
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Several authors argue that X-ray 
ares, sometimes, decay faster than the HLE

prediction, implying the need of the bulk acceleration10 [104,105].

2.3.3 Other phenomena associated with GRBs

Some long GRBs are associated with some broad-line Type Ic supernovae

[27, 28, 106, 107]. This type of SNe does not show hydrogen, helium, and silicon

absorption lines [108], and they are generated from core collapses of massive stars

[109]. The �rst association was identi�ed when SN 1998bw was observed shortly

after the observation of GRB 980425 [27], and many SN{GRB observations have

been followed [107, 110{112]. A SN light curve generally shows a peak at� 1-2

weeks after a burst. Sometimes, the signature of a SN is observed as a bump in the

optical afterglow light curve (Figure 2.6) [29, 106]. This clear association implies

that the progenitor of long GRBs are core collapses of massive stars.

Another GRB associated phenomenon is a gravitational wave (GW) [42, 43].

GWs are \ripples" in space-time occurring when massive accelerating objects disturb

space-time and generate time variations of the mass quadrupole moment. The �rst

\direct" detection of a GW was made in 2015 by the LIGO team [113]11 [114].

Two years later, GW 170817 from the binary NS merger was observed, followed by

GRB 170817A with a delay of 1.7 s (Figure 2.8) [42, 43]. This milestone con�rmed

that at least some of short GRBs are powered by NS{NS mergers. Interestingly,

a bright kilonova, which is an optical transient event fainter than SNe, was also

10If an out
ow is accelerated at the expense of internal energy, the HLE relation changes (Equa-
tion 2.41)

11GWs were \indirectly" detected from the observation of the change in the binary orbit
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Table 2.2: Comparison between short and long GRBs

Short GRBs Long GRBs Ref.

Duration T90 . 2 T90 & 2 [61]
Spectrum On average hard On average soft [120]

Epk On average high On average low [120]
E iso On average low On average high [37,76]

Progenitor Compact stars Massive stars [16,19]
SN association No Yes [27]
GW association Yes No [42]
Density pro�le Usually ISM Wind or ISM [121]

Host galaxy Elliptical galaxies Star forming galaxies [122,123]
O�set a On average large On average small [124]

Redshift On average low (z . 1) On average high (z � 2) [125]

afrom the center of a host galaxy

observed at the position of GW{GRB 170817A [115]. The mechanism of a kilonova is

attributed to rapid neutron-capture process and radioactive decay of the synthesized

heavy elements [116,117].

A possible phenomenon associated with GRBs is the high-energy neutrino,

which has not been observed yet [118]. In a GRB out
ow, it is possible that the

protons are accelerated, and, then, interact with photons, resulting in thep
 interac-

tion (x 2.2.5). From this interaction, three types of neutrinos can be produced,� e, � � ,

and �� � . Depending on the detail of the representative GRB models (x 2.4.4,x 2.4.5,

and x 2.4.6), each model yields di�erent neutrino 
ux levels (Figure 2.18) [118,119].

Non-detection of such high-energy neutrinos may constrain the GRB models and

their parameters.

Table 2.2 summarizes the observational properties of GRBs. Some properties

are not discussed in this chapter (and in this thesis). For them, see the references.
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Figure 2.18: Neutrino 
ux predictions for three GRB models. The solid
segments indicate the central 90% energies of neutrinos that could be detected by
IceCube. Adopted from [118].

37



2.4 The Physics of Gamma-ray Bursts

A 
 -ray burst is believed to be attributed to an outgoing relativistic, colli-

mated jet, in which irregular activities of the central engine result in internal shocks

(collisions between out
ows), and the out
ow later interacts with the circumburst

medium invoking the external shock (the standard �reball model; Figure 2.19). In

this section, I summarize the physics and leading models of GRBs by referring to

excellent review articles [46,126{128].

2.4.1 Compactness Problem

GRBs are the most powerful electromagnetic events that are extremely bright

with high-energy photons, highly variable, and non-thermal emission. Observing

these properties from a single source gives rise to an inevitable question: how ob-

served high-energy photons above the electron rest mass energy can escape from

Figure 2.19: A cartoon picture of the evolution of a GRB jet within the
general theoretical framework of GRBs [Credit: B. Zhang].
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Figure 2.20: The geometry sketch for explaining the observed temporal
variability. The source (out
ow from the central engine) is moving with the Lorentz
factor � bulk at an angle� with respect to the observer's line of sight.

the source. From the observed brightness, one can calculate the total energy release

from a GRB (E � 1051{1052 erg). Also, the highly variable light curve (� � 10 ms)

implies that the emission region is very compact (R � c�t � 3 � 108 cm). These

facts imply a small and photon-dense region. In such photon-dense region, the high-

energy photons can be converted into the electron-positron pair (x 2.2.4). In order

to escape from such region, it is required to have the opacity for the high-energy

photons less than unity. With typical values of the energetics, the variability, and

the luminosity distance, one can estimate the optical depth [126],

� 

 � � T f 

 nR � � T

�
f 

 4�D 2F

E 
 c3�t 2

�
(c�t ) =

f 

 � T 4�D 2F
E 
 c2�t

� 1015 � 1; (2.30)

wheref 

 is the fraction of photon pairs above the pair production threshold,

F is an observed 
ux,E 
 is a targeted photon energy,D is a distance to a source,

and � t is a minimum variability time scale. This calculation implies that no MeV

photons can escape from the source, which is contradictory to observations, the so-

called compactness problems. This problem can be easily resolved by introducing a

relativistic bulk motion.
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2.4.2 Relativistic Jet

How can relativistic bulk motion alleviate the compactness problem? First

of all, let's consider the size of the emission regionR. In the non-relativistic case,

the radius can be simply approximated asR � c �t . However, if a source moves

with a Lorentz factor � bulk , the size of the emission region should be corrected by

multiplying a factor 2� 2
bulk . Figure 2.20 shows the geometry of a moving source at

speed� bulk . Since the source is moving, photons emitted at later time start to travel

from the closer distance to an observer,

c�t obs = c�t (1 � � bulk cos� ) '
c�t

2� 2
bulk

; ! R � 2� 2
bulk c�t obs; (2.31)

where the last equality is valid when �bulk � 1 and cos� � 1.

Secondly, observed photons have been blue shifted by a factor �bulk ; for � bulk �

100, the observed
 -ray photons can be the hard X-ray photons in the comoving

frame,

h� obs = � bulk h�: (2.32)

This implies that the threshold of the pair production in the observer frame should

be shifted to � bulk mec2, resulting in the decrease of the fraction of the photons

above the pair production threshold. For a power-law energy spectrum of observed

photons, F� / � � �̂ , the fraction of photons above the pair production threshold is

decreased by a factor �� 2�̂
bulk , f 

 ! f 

 � � 2�̂ . Combining these two corrections, the
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optical depth is greatly reduced,

� rel;

 / f 

 R� 2 �
� non� rel;



� 2�̂ +4
bulk

: (2.33)

Assuming�̂ � 1:2, the required Lorentz factor is& 100 to be optically thin (� 

 � 1).

Let's consider other relativistic e�ects. When an emission source with �bulk

emits isotropically in the comoving frame, the emission is beamed and seen within

a small cone in the observer frame, the relativistic beaming (aberration of light;

Figure 2.21). The size of the cone (the opening angle) can be described as a function

of � bulk . The half opening angle for an observer on Earth is written as

tan
�

�
2

�
=

sin�
1 + cos�

=
sin � 0

� bulk (1+ � bulk cos� 0)

1 + cos� 0+ � bulk
1+ � bulk cos� 0

=
1

� bulk (1 + � bulk )
tan

�
� 0

2

�
; (2.34)

where� and � 0 are the opening angle in the observer frame and the comoving frame,

Figure 2.21: Relativistic beaming. Half of the photons is within an angle of
1=� bulk around the sources direction of motion. Adopted from [129]
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respectively. Since the emission source emits isotropically in the comoving frame

(� 0 = �= 2) and moves relativistically with � bulk � 1 (� bulk � 1), Equation 2.34

reduces to

� � 1=� bulk : (2.35)

Therefore, photons emitted at any direction or point on the relativistic jet are

beamed and seen within a 1=� bulk cone by an observer on Earth.

It had been suggested that if the jet is not spherical but collimated within an

angle� j , a sharp transition in the afterglow light curve can happen at a certain point

[130,131]. The argument follows. During the afterglow phase, as an out
ow sweeps

up the surrounding material, � bulk is decreasing continuously (x 2.4.7), and, thus,

a 1=� bulk cone is getting wider. When the size of the cone starts to be wider than

a certain cone (� j ), the observer, from then on, sees the entire GRB jet, resulting

in a sudden change in the decay rate in the 
ux. This feature, the so-called jet

break, has been indeed observed in many afterglow light curves [132]. Now, a

relativistic jet of GRBs is believed to be collimated with an opening angle� j �

few degrees. This collimation reduces the total eneretics of GRBs by a factor of

f b = (1 � cos� j ) [133{135], which is called a beaming correction,

E 
 = f bE iso = (1 � cos� j )E iso (2.36)
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Figure 2.22:The geometry sketch for explaining the curvature e�ect. LoSE
and HLE stand for the Line-of-Sight (LoS) Emission and High Latitude Emission,
respectively. The shell expands with a Lorentz factor �bulk .

2.4.2.1 Curvature E�ect - High-Latitude Emission

One interesting relativistic e�ect is the curvature e�ect. If an emission source

turns o� abruptly, a far away observer sees not only emission coming from the line

of sight (LoS), but also emission from higher latitudes, the so-called high-latitude

emission (HLE) (Figure 2.22). [136]. Equation 2.31 implies that a photon emitted

from a relativistic shell (� bulk ) at a certain position (r; � ) arrives at the observer

with a time delay with respect to a photon emitted fromr = 0 [136],

tobs = t(1 � � bulk cos� ): (2.37)
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For a �xed radius (r = R), a time delay of a high-latitude photon with respect to a

photon emitted from the line of sight (� = 0) can be given by [136]

� tobs = t � � t � =0 =
R
c

(1 � cos� ); and R ' 2� 2
bulk c� tobs; (2.38)

where 1� cos� ' 1=(2� 2
bulk ) (Equation 2.35). This implies that photons from higher

latitudes with respect to the LoS arrive at progressively later. Also, photons from

an angle� are boosted by the Doppler factor [136],

� = D� 0 =
� 0

� bulk (1 � � bulk cos� )
: (2.39)

Note that the LoSE (� = 0) is boosted by 2�bulk .

The 
ux density is proportional to the integral of the speci�c intensity over

the solid angle of the source [136],

F� (� ) /
Z

d� sin(� )I 0
� 0D3; (2.40)

where I 0
� 0 is the speci�c intensity in the comoving frame at radius r. Assuming a

power-law spectrum for the intrinsic speci�c intensity,I 0
� 0 = I 0� 0 � �̂ , the 
ux density

becomes [128,136]

F� (� ) /
Z

d�� 0 � �̂ D3 / � � �̂
Z

d� D (3+ �̂ ) / � � �̂ D (2+ �̂ ) / � � �̂ t � (2+ �̂ ) 12: (2.41)

12From Equation 2.37 and Equation 2.39,t / D � 1
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For a more precise and generalized derivation, see references [128,136,137].

Equation 2.41 gives the famous HLE relation between ^� and �̂ in the conven-

tion of F� / � � �̂ t � �̂ ,

�̂ = 2 + �̂ (2.42)

When a characteristic frequency and its 
ux density are dominated by HLE and �xed

in the comoving frame, they are observed to evolve in a certain way. Speci�cally,

the peak frequency (� p) and the 
ux density at the peak frequency (F� p ) can be

described as a function of time, and they are related13,

� p / t � 1 and F� p / t � 2; ! F� p / � 2
p : (2.43)

2.4.3 Progenitor and Central Engine

Early observational results of GRBs showed that GRBs are related to catas-

trophic, astrophysical events with
 -ray energy of 1049 � 1052 erg. In the late '90s,

the association between long GRBs and Type Ic SNe was found, invoking deaths

(collapses) of massive stars (x 2.3.3) [27{29,107]. Recently, GW-GRB 170817A con-

�rmed that some short GRBs are attributed to mergers of two compact objects such

as a neutron star (NS) and a NS, or a NS and black hole(BH) (x 2.3.3) [42,43]. These

observational results suggest, at least, two categories for the progenitor of GRBs.

After the end of the progenitor system, a central engine is formed to power

a GRB relativistic jet ( x 2.4.1 andx 2.4.2). Regardless of the progenitor system,

13These relations can be derived by using Equation 2.39 and Equation 2.40.
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the nature of the central engine is believed to be similar. The leading model for

the central engine is a hyper-accreting BH [19,138,139], but a millisecond magnetar

has also been proposed [140{142]. The central engine launches an out
ow, which

is accelerated relativistically by converting thermal energy to kinetic energy (the

�reball model; x 2.4.4 and 2.4.5) or by converting magnetic energy to kinetic energy

(the magnetic jet model;x 2.4.6) (Figure 2.19). Observations of X-ray 
ares indicate

that the central engine can be re-active at a very late time [31,101,102,143,144].

2.4.4 Photosphere Model

The photosphere is de�ned as a outer shell from which photons can escape

(� 

 � 1). Photospheric emission is naturally expected from the standard �reball

picture [4,6,46,141,145]. A typical radius of the photosphere for GRBs is known to

be 1010 � 1012 cm [128].

The photopheric emission is expected to be thermal, a blackbody (Planck

Figure 2.23: GRB spectra expected from the photosphere. Left : photon
spectra obtained for di�erent values of optical depth [146].Right: quasi-thermal
photon spectrum predicted in the dissipative photosphere model [147].
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function) or a very hard spectrum (F� / � 1:5 { 2 :0 for the low-energy regime), if

dissipation of thermal photons does not occur or occurs at a very large radius (left

panel in Figure 2.23). It is possible that there are deviations in the spectrum due to

various observational and geometrical e�ects such as the curvature e�ect [148,148{

152]. When signi�cant dissipation occurs below the photosphere (Comptonization

regime; 1 . � . 100), the photon spectrum can be greatly altered, especially in

the high-energy regime [141, 147, 153, 154]. Due to the Comptonization process,

the high-energy spectrum becomes a power law in energy [146, 147] (right panel

in Figure 2.23). For further details on the photospheric emission and models, see

references [128,155,156].

2.4.5 Internal Shock Model

In an unsteady relativistic out
ow, when slow outer shells are caught up by

fast inner shells produced by later activities of the central engine, collisionless shocks

(abrupt disturbance) occur, the so-called internal shocks [15]. The radius of the

internal shocks (RIS ) can be estimated by considering the catch-up radius of two

relativistic shells (� 2 > � 1 � 1) [53],

RIS = � 2c
�

� 1� t
� 2 � � 1

�
'

c� t
1

2� 2
1

� 1
2� 2

2

' 2� 2
1c� t � 1013 � 1014 cm (2.44)

where � t is the launch time interval between the two shells.

This model easily explains the rapid variability observed in the GRB light

curve (x 2.3.1) [157]. The observer time, which is time when a photon (or pulse)
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from an internal shock reaches the observer, can be written as,

tobs = tej; 1 +
RIS

� 1c
' tej; 1 +

RIS

2c� 2
1

' tej; 1 + � t ' tej; 2; (2.45)

where tej; 1 (tej; 2) is time when the outer (inner) shell is ejected. This implies that

the observation time of each pulse is the same as each active time of the central

engine; i.e., the observed light curve replicates the temporal activity of the central

engine [157]. Also, the pulse width (or duration) is determined by the angular time

scale de�ned in Equation 2.31,�t = RIS=(2c� 2
bulk ).

The leading radiation mechanism is synchrotron radiation (x 2.2.2) from rela-

tivistic electrons accelerated in internal shocks (x 2.2.1) [15]. Observed GRB spectra

constrain the details of the internal shock model. First of all, only a small fraction

of the �reball energy (� � 1{5%) is converted to 
 -rays [158{161]; i.e., internal

shocks are ine�cient in producing 
 -rays, which is an important inherent issue in

the internal shock model. The total e�ciency is given by considering the dissipation

e�ciency 14 and the radiative e�ciency 15. Considering these two e�ciencies, the

total e�ciency is very low compared to that of afterglow, and such low e�ciency

implies that the prompt emission should then be dominated by the early afterglow

associated with an external shock, and the total energetics should be very high.

These implications are not favored observationally and theoretically.

Another constraint of confronting this model is that a cooling frequency (� c) is

14The dissipation e�ciency is conversion of kinetic energy of moving shells to internal energy of
a shock, which is about 1{20% [157,162,163]

15The radiative e�ciency is conversion of internal energy of a shock to observed
 -rays, which
is proportional to � e � 0.1 [164{166]
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required to be very low in order to be match the observedEp, so that a break usually

seen in the GRB spectra should be regarded as the minimum injection frequency

(� m ). In this case, the asymptotic spectral index below (above) this break is expected

to be �̂ = 0:5 (�̂ = p=2), which is softer than a typical GRB spectrum (̂� � 0;

x 2.3.1). Several internal shock models show that the internal shock spectrum is

adjustable, and can be consistent with the observed GRB spectra [167{169]. For

further details on the internal shock emission and models, see references [126{128].

2.4.6 Magnetic Jet Model

The internal shock model is based on the �reball framework, where the central

engine releases energy in form of thermal energy. An alternative model for the

prompt emission of GRBs is the magnetic jet model for which an out
ow from the

rapidly spinning central engine is dominated by the Poynting 
ux. The dynamic

of the magnetic jet model is characterized by a magnetization parameter� 0, which

is de�ned as ratio between the initial Poynting 
ux luminosity, Lp;0(t), and matter

luminosity, Lm;0(t),

� 0 �
Lp;0(t)
Lm;0(t)

=
B 02

4�� 0c2
� 1; (2.46)

where B 0 and � 0 are the magnetic �eld strength and the rest mass energy density,

respectively, as measured in the comoving frame. In the early phase, the out
ow is

rapidly accelerated due to the non-zero magnetic pressure gradient, so that the bulk

Lorentz factor reaches �bulk � � 1=3
0 [170]. Above this point, the bulk Lorentz factor

further increases as a function of radius (�bulk / r 1=3) due to magnetic dissipation
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Figure 2.24: A sketch for magnetic reconnection. Black lines indicate a mag-
netic �eld. The pink region at the center indicates a magnetic island. The red
arrows show the direction of the in
ow and the out
ow. Adopted from [173]

such as magnetic reconnection [171] or the magnetic pressure gradient within an

expanding shell [172].

Magnetic reconnection is a reconnection of two magnetic �eld layers with oppo-

site orientations approaching each other [175{178]. From this process, magnetic en-

ergy is e�ciently converted to thermal or kinetic energy. Charged particles are accel-

erated by the electric �eld at the reconnection point (the so-called X-point) [179,180]

or the �rst-order Fermi acceleration as particles are re
ected back and forth be-

tween converging magnetic islands [181, 182] (Figure 2.24). Particle-in-cell (PIC)

simulations show that the distribution of accelerated electrons is consistent with a

non-thermal distribution [174,182] (Figure 2.25), which can radiate by synchrotron

radiation.

Many GRB models based on the magnetic dissipation are suggested [183{185].

One representative model is the Internal-Collision-induced MAgnetic Reconnection

and Turbulence (ICMART) model [184]. This model describes the dynamics for a

hybrid jet ( � 0 & 100). According to this model, highly magnetized shells collide and

dissipate magnetic energy in the out
ow e�ciently (� � 35 � 50%). The emission
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Figure 2.25: Electron distribution accelerated by dissipation via magnetic
reconnection. Solid lines indicate temporal evolution of particle energy spectrum.
A dotted red line shows the Maxwellian distribution. Adopted from [174]

radius for this model is� 1015 � 1016 cm from the central engine, which is further

away compared to the emission radius proposed by the most of the internal shock

models (RIS � 1013 � 1014 cm). This magnetic jet model alleviates several prob-

lems confronting the internal shock model such as low e�ciency and inconsistency

between the expected and observed spectral index (x 2.4.5). For further details on

the external shock emission and models, see references [128,184].

2.4.7 External Shock Model

As a relativistic jet from the central engine sweeps up the ambient medium,

the jet decelerates. In this collision, the shock environment is developed, the so-

called external shock (Figure 2.26) [13]. When the mass collected from the ambient
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medium is comparable to the initial mass of the GRB blastwave, the e�ect of the

deceleration is important. The deceleration radius (Rdec), where the initial Lorentz

factor decreases by a factor 2, isRdec � 1017 cm. The external shock model explains

the normal decay phase of the GRB afterglow successfully (Figure 2.7) [31,32,186].

As shown in Figure 2.26, two shocks (forward and reverse shocks) are expected

to develop. In general, the forward shock, which propagates into the circumburst

medium, is responsible for the broadband afterglow (x 2.3.2) [95, 96, 187], and the

reverse shock, which propagates into the ejecta itself, is used for explaining early

optical 
ashes [24,188,189]. The reverse shock is believed to fade away rapidly, but

in some reverse shock models, the reverse shock is long-lived [190,191]. Here, I focus

on the forward shock model, because it is more relevant to my work.

The dynamics of the GRB blastwave can be described by a self-similar solution,

The surface between the shocked medium (III) and shocked ejecta (II)
is called the contact discontinuity (CD). Adopted from [53]

Figure 2.26: A sketch of the external shock system. The FS and RS stand
for the forward shock and the reverse shock, respectively.
 i is the Lorentz factor of
each ejecta, andpi is the .
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resulting in simple scalings [95, 96, 192]. The main radiation mechanism of the

external forward shock model is synchrotron radiation (x 2.2.2) [95, 96, 187]. In

general, a medium density pro�le is described as a function of radius,n(r; k ) / r � k .

In a simple model, this pro�le is assumed to be either uniform (k = 0), relevant to

the interstellar medium (ISM), or a wind-like medium where density decays with the

square of the radius (k = 2). Here I will consider these twok values for simplicity.

For electrons accelerated in the shock, a minimum Lorentz factor is given by [95]


 m ' � e

�
p � 2
p � 1

�
mp

me
� bulk ' 610� e� bulk ; for p > 2; (2.47)

where � e is the fraction of internal energy that is given to electrons. The cool-

ing frequency is given by Equation 2.10 with the magnetic �eld strengthB 0 =

(32�m p� B n)1=2� bulk c, where� B
16 is the fraction of internal energy that goes to mag-

netic �elds. In the adiabatic evolution of the forward shock, the energy of the

blastwave (E) is constant [95,128,187],

E � nmpc2r 3� 2
bulk = const !

8
>>><

>>>:

� bulk / r � 3=2 for ISM (n = n0);

� bulk / r � 1=2 for wind (n = n0r � 2);

(2.48)

where mp is the mass of the proton17. Note that if there is a continuous energy

injection into the blastwave18, the scaling relations are changed [142, 193]. From

16By de�nition, � B + � e + � p = 1, where � p is the fraction of internal energy that is partitioned
to protons (ions).

17Sincemp � me, the total mass is approximated to the mass of protons.
18For example, E /

Rt
0 dtL (t) /

Rt
0 dt t � q / t1� q where q is the energy injection coe�cient,

q < 1. Note that q = 1 refers no energy injection.
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Equation 2.44,

t �
r

2� 2
bulk c

/

8
>>><

>>>:

r 4 / � � 8=3
bulk for ISM;

r 2 / � 4
bulk for wind;

(2.49)

Plugging Equation 2.48 and Equation 2.49 to the characteristic frequencies of syn-

chrotron (� m and � c) gives [194]

� m / � bulk 
 2
mB 0 / t � 3=2 and � c / � bulk 
 2

c B 0 /

8
>>><

>>>:

t � 1=2 for ISM;

t1=2 for wind;

(2.50)

where B 0 / � bulk , 
 m / � bulk , and 
 c / � � 3
bulk t � 1. The speci�c 
ux at the peak of

the spectrum can be written as

F�; max / Psyn;max N tot /

8
>>><

>>>:

� 2
bulk r 3 / t0 for ISM;

� 2
bulk r / t � 1=2 for wind:

(2.51)

The precise coe�cients for each parameter can be found in a reference [194].

A light curve between or above two characteristic frequencies can be derived

by combining Equation 2.15, Equation 2.50, and Equation 2.51. For example, in

case of� m < � < � c in wind, the speci�c 
ux ( F� / � � �̂ t � �̂ ) evolves

F� / F�; max

�
�

� m

� � (p� 1)=2

/ t1=2� � (p� 1)=2� (p� 1)=2
m / � � (p� 1)=2t � (3p� 1)=2: (2.52)

Since both ^� and �̂ are a function of the electron spectral index (p), a relation
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between ^� and �̂ , the so-called closure relation (CR), can be speci�cally derived

for each spectral regimes (see Table 2.3) [194]. The spectrum and corresponding

light curve from the external forward shock are, therefore, described as a series of

broken power laws [95], more accurately, smoothly-broken power laws [96,195,196]

(Figure 2.28).

A large sample of observed afterglows allow to estimate micro-physical param-

eters such as� B , � e, and p, which are the key ingredients for determining 
ux and

spectrum of the external forward shock at any given time (x 2.4.7). Figure 2.27

shows the distribution of � e and � B . It is unclear that universal values exist in� e

and � B . All the discussion above is valid forp � 219, which is the predicted range of

p from both theoretical studies and numerical simulations;p has a universal value�

2.2{2.4 [197{200]. In contrast, the observational studies found thatp varies from one

GRB to another, and the distribution of p forms a Gaussian function [201{204]; e.g.,

the p distribution of Swift GRB X-ray afterglows is well described by a Gaussian

function centered atp = 2.36 and having the standard deviation of 0.59 [204]. For

further details on the external shock emission and models, see references [31,96,194].

19The total energy of electrons is
RE max

E min
EN (E)dE = ( E 2� p

max � E 2� p
min )=(2 � p), which is divergent

for p < 2. For p < 2, a cuto� in electron energy is required, which a�ects � m , and its evolution [194]
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Table 2.3: The subset of closure relations. For the complete set, see [194]

Condition Closure Relation

CRa pb Cooling regime Environment �̂ (p)c �̂ (p)d �̂ ( �̂ )

1 - � c < � < � m ISM/wind 1/2 1/4 -
2 p > 2 � > � m ; � c ISM/wind p=2 (3p � 2)=4 (3�̂ � 1)=2
3 p > 2 � m < � < � c ISM (p � 1)=2 3(p � 1)=4 3�̂= 2
4 p > 2 � m < � < � c wind (p � 1)=2 (3p � 1)=4 (3�̂ + 1) =2
5 1 < p < 2 � > � m ; � c ISM p=2 (3p + 10)=16 (3�̂ + 5) =8
6 1 < p < 2 � m < � < � c ISM (p � 1)=2 3(p + 2) =16 (6�̂ + 9) =16
7 1 < p < 2 � > � m ; � c wind p=2 (p + 6) =8 (�̂ + 3) =4
8 1 < p < 2 � m < � < � c wind (p � 1)=2 (p + 8) =8 (2�̂ + 9) =8

aClosure relation
bElectron spectral index
cSpectral index
dTemporal index

Figure 2.27:Distribution of micro-physical parameters: � e and � B . Left : the
distribution of � e. The values of� e were drawn from the published literature.Right:
the distribution of � B . The values were determined from the optical afterglow data
with reasonable assumptions. Adopted from [205].
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Figure 2.28:Spectra and light curves for the external forward shock model.
Top: the energy spectra for the fast and slow cooling regimes. The solid (dashed)
line is from the simple (detailed) analytic solutions [95, 187, 195]. The black and
red indicate the ISM and wind solutions, respectively.Middle & Bottom: the light
curves for di�erent initial cooling regimes [95,187]. Since� m and � c evolve di�erently,
there are more than one possibility even when it starts from the same cooling regime;
e.g.,� m passes a �xed frequency (� 0) �rst, and then � c is followed. The solid (dashed)
line is when � m (� c) passes �rst. The black and red indicate the ISM and wind
solutions, respectively.
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Chapter 3: The Fermi Gamma-ray Space Telescope

The Fermi Gamma-ray Space Telescope (Fermi ) was launched on June 11,

2008 and opened a new era of the GRB research. Two scienti�c instruments on board

Fermi, the Gamma-ray Burst Monitor (GBM) [34] and the Large Area Telescope

(LAT) [35], cover eight orders of magnitude in energy from 8 keV to> 300 GeV.

Both instruments have a wide �eld of view (FoV); the GBM monitors the full sky

unhindered by the Earth, and the LAT scans the full sky every 3 hours (2 orbits)1.

In this chapter, I brie
y describe the LAT and the GBM, and how they contribute

to provide data used in a GRB analysis.

3.1 Large Area Telescope

The LAT is a pair-conversion telescope, which uses the pair conversion process2

to measure the energy and direction of the photon through the electron and positron

pair created in the detector. A pair-conversion telescope has three subsystems. A

tracker converts the photon into thee� and e+ pair and tracks their trajectories. The

trajectories are used for estimating the direction of the initial photon. A calorimeter

1On March 16, 2018, one of two solar arrays on the spacecraft, which power theFermi, was stuck,
resulting in the change of the observing strategy. See details in the Fermi Science Support Center
(FSSC) webpage,https://fermi.gsfc.nasa.gov/ssc/observations/types/post_anomaly/ .

2p + 
 ! p + e+ + e�
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Figure 3.1: The Fermi LAT and its subsystems. An incoming 
 -ray converts
into an electron-positron pair in the Tracker, and, subsequently, the pair deposits
their energy into the Calorimeter [35].

which measures the energy of the shower, typically with scintillators, provides a

measure of the
 -ray energy. The anti-coincident detector consists of charged particle

detectors, which covers the two subsystems, allowing incoming charged particles to

be identi�ed. The anti-coincident detector makes it possible to avoid being triggered

by the overwhelming 
ux of cosmic rays.

The LAT consists of a 4 x 4 array of identical towers (Figure 3.1), and each

tower comprises the two subsystems, the Tracker (TKR) [206] and the Calorimeter

(CAL) [207]. The Anti-coincidence detector (ACD) covers the entire 4 x 4 array of

towers. [208].

3.1.1 Tracker

The primary purpose of the TKR is to convert incoming
 -rays into electron-

positron (e+ + e� ) pairs and to track their paths, which are used for reconstructing
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