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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 y-ray flashes (prompt emission)
and long-lived, fading emission (afterglow) in the broad energy band from radio to
~v-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 «-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 y-rays, which decays as a function of time. This is known as the GRB afterglow.

Since the first discovery of a GRB in the late 1960s, our understanding of
this mysterious phenomenon has progressed dramatically. In 1990s, the first GRB
afterglow was observed, followed by a redshift measurement, showing that GRBs
are cosmological. With the measured distance scale, the typical isotropic v-ray lu-
minosity of GRBs is ~10°1-10% erg s™! (sometimes higher than 10°* erg s7!), 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 outflows (jets) in opposite directions. The sketch of the origin of GRBs is



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 Telescope was 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: GRB131108A, GRB 160709A, and GRB190114C. 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 effect 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.



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 first GRB was made by Vela satellites, which were a series
of United States military satellites used to monitor y-ray emission possibly from
nuclear weapons tested in space. On July 2, 1967, the very first GRB, GRB 670702*
was detected, and it was later confirmed 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 significant improvement in detectors or telescopes. Nevertheless,

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

some tentative conclusions were derived. The first 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 fireball 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 board CGRO, 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 confirmed, where the separation was

made at ~ 2 seconds (right panel in Figure 2.2) [10]: short bursts last less than 2
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Figure 2.2: The distribution of bursts in duration. Left: from the first Konus
GRB catalog [2]. Right: from the forth BATSE GRB catalog [7].
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Figure 2.3: The sky distribution (in galactic coordinates) of bursts. Left:
from the first Konus GRB catalog [2]. Right: 2704 bursts detected by BATSE dur-
ing the nine-year mission (available at http://gammaray.nsstc.nasa.gov/batse/
grb/skymap/).

seconds (Tgo? < 2), while long bursts continue longer (Tgy > 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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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 different 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 fireball model more attractive and elaborate, the standard fireball
“shock” model was proposed: the external shock between a relativistic outflow and
an external medium [13,14] and internal shocks within an unsteady relativistic out-
flow [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 the BeppoSAX mission (1996-2002). BeppoSAX was able
to quickly identify a possible X-ray counterpart of a GRB. In 1997, the first X-ray
counterpart and afterglow of GRB970228 was discovered [20], and the discovery
of the first optical afterglow from the same burst followed [21] (Figure 2.6). Not
long after, the first radio afterglow with a redshift measurement (z = 0.835) was
made for GRB 970508 [22, 23], which confirmed the extragalactic origin of GRBs.
Surprisingly, two weeks before the discovery of the first X-ray and optical afterglow of

GRB 970228, the theoretical prediction of the multi-wavelength afterglows of GRBs
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Figure 2.6: The first observation of X-ray and optical afterglows of
GRB 970228. Left: the X-ray afterglow of GRB 970228 observed by BeppoSAX
[20]. Right: the optical afterglow of GRB970228. 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 the Neil Gehrels Swift Observatory
(Swift; 2004-present)® [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 of Swift 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 the Swift Gamma Ray Burst Explorer spacecraft. In
memory of the mission’s original principal investigator, Neil Gehrels, the mission was renamed the
Neil Gehrels Swift Observatory in 2018
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Figure 2.7: The canonical GRB afterglow light curve. The light curve is
composed of five 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 flares (V). Adopted from [31].

data, and the canonical GRB X-ray afterglow light curve was identified [31, 32]
(Figure 2.7). One surprise in X-ray afterglows was the observation of bright X-ray
flares [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-
nificantly, 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 board CGRO
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. Ferm:
(2007—present) with two scientific 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 field 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. Many Fermi-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 the Laser Interferometer Gravitational- Wave
Observatory (LIGO) and the Virgo GW detectors, which was followed by a short
GRB, GRB170817A, 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.
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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 field clouds. The efficiency
for this process is proportional to (V/c)?, where V (< c) is the the average random
motion speed of the magnetic clouds, so that this process is inefficient to produce
energetic particles required for high-energy emission. The more efficient first-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 field lines due to strong magnetic fields near
the shock front. Each time charged particles cross the shock front moving a speed
of V, the particles gain energy, AE/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)x E7P, or N(v)x~y7P, (2.1)

where p is the spectral index, 7 is the Lorentz factor of charged particles,

= —— (22)

V1=p5%
f = wv/c, and v 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 field are accelerated radially. The total syn-
chrotron emission power per frequency by a charged particle in a magnetic field B,

a synchrotron spectrum, can be described as

P(v)

_ \/§q3BSin0zF< v ) 2.3)

mc? Veh,

14



where ¢ and m are charge and mass of the particle, and « is an incident angle with
respect to the field line [52]. The characteristic (critical) frequency, v, is defined

as

3 y?¢Bsina
Vch(’Y) = n me (2.4)

where v is the Lorentz factor of the charged particle. The function F ( L ) for a

Vch

single charged particle is

y v, for v < vy,
F (_) - (2.5)

V1 2e=Wiven)  for v > vy,

Top left panel of Figure 2.9 shows the synchrotron spectrum from a single relativistic
particle. Integrated over v, the total emission power of the charged particle via
synchrotron radiation average over all angles is

4
Psyn = 50T05272UB, (2-6)

where

o= (q—) 27)

mc?

is the Thompson cross section, and Up = B?/(87) 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 specific flux, F,,, 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) o< 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 effects together. The parameters, v,,, va,
and v, are the minimum, maximum, and cooling frequencies, respectively. Adopted

from [53].

16



as

vi/3, for v < v = Ven(Ym)
F, x /P(v, VIN(y)dy o< § -2t for vm < v < vy = ven(y),  (28)

1/1/26_(V/VM): for v > vy,

\

where vy, (V) and Yy (vpr) 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 (7.) lose a significant fraction of their energy within time,

2
yme=  6rme 1

Poyn o3 X7 (29)

Te ~~

Rearranging this equation, the cooling Lorentz factor and corresponding frequency

(v.) are given by

6mme

Ve = and v, = v (7e), (2.10)

orB?%1,

respectively. Depending on the relative position of the minimum injection frequency
(V) and the cooling frequency (v.), one can define two cooling regimes. When
V. < Uy, all particles cool down within the short time scale, the so-called fast
cooling. Inversely, if v,, < 1., only high-energy particles above v, cool down, the
slow cooling.

The maximum synchrotron energy can be estimated from the assumption that
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energy gain from the first-order Fermi acceleration is same as the energy loss by the
synchrotron cooling. For each gyration in a relativistic shock taking 7,,, ~ yme/qB,
a charged particle gains energy by a factor of about 2. If a particle loses more than a
half of its energy, ymc?/2, it cannot recover its original energy from the acceleration
process; i.e., the particle acceleration process is inefficient. This gives the condition

for the maximum synchrotron energy [53,54],

Psyn TgyT

232,3 2 1/2 2.4\ 1/2
orme” 57y’ B < yme 3mq 9m<c
_ \ ~ [ —/—L = = 2.11

6mq ~o2 m (O’TB 8¢>B  ( )

assuming 8 ~ 1. Plugging in this Lorentz factor to Equation 2.4 gives the maximum

synchrotron energy [54],

3 v3qBsina  9mcih

hvyg ~ ~ 50 MeV*, (2.12)

me 167q?

where the incident angle « has been averaged out by (sin ) = 2/3. In GRB physics,
shocks occur within a relativistic outflow moving with a Lorentz factor of I'yui, so

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

90 Dbuic
~v,max — 1+ 2

MeV (2.13)

When fresh particles are continuously accelerated and injected to the emission

p
region, Q7 > Ym,t) = Qo(t) [#(t)] , the continuity equation in energy space can

4This value may vary depending on the details of the acceleration, hvys ~ 30-110 MeV [36,55].
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be described as [53]

20D 2w+ @l (s 2.1

where 7 is the energy loss rate via synchrotron, ¥ oc —v? (Equation 2.6). By solv-
ing this continuity equation for three different regimes, one can derive the particle
distributions and corresponding synchrotron spectra. For v. < v < ~,,, particles
in this regime are cooled in a very short time scale without injection (¢t > 7, and
Q(v,t) = 0); i.e.,, ¥ N(v,t) = constant. For v > =, and 7,,, all injected particles
are again cooled within a very short time scale (¢t > 7.); i.e., the left hand side,

ON(v,t)/0t, is negligible. To sum up,

( (
v vz, for e < 7 < Y,
N(’y) X ,Y—p’ and FV X V_%, fOI' Ym < ol < Ye, (215)
A=), v, for v > 7. and v,,.
\ \

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 (hv' < m.c?)
and the Klein-Nishina regime (ht/ < m.c?), where ht/ 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 (hvlg.. ~ " otore)s
but its direction of propagation is modified. As a result, the photon gains energy

by a factor of order 72 by this scattering process,

hVafter ~ 72thefore' (216)

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
(htlgor < M4 erore)- Thus, the photon energy after the scattering is limited to the

a

electron energy in the rest frame,

hVafter ~ min(/thVbeform /VmeCQ)- (217)

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

regime [52],
2
mec
X — 2.18
RN 0O X = (2.18)
The IC emission power for a single scattering is given by [52]
4 2.2
Pic = joreB™y Uph; (2-19)

3
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Figure 2.10: Total synchrotron + SSC spectrum for v,, < v.. 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].

where Upy, 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 a Y

parameter in GRB physics®, 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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field energy density and the photon energy. Assuming that the SSC occurs within

an outflow moving with a Lorentz factor of I'yyy,

U syn

Pssc Up for the Thompson regime,

>.<
Il
12

(2.20)

2

U . 2 .

- min [1, (—Fb“lkmec ) } , for the KN regime,
B yhv

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

emission power can be written as
Pot = Psyn + Pssc = Psyn (1 +Y). (2.21)

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

cooling Lorentz factor and corresponding cooling frequencys;

YMec? YMec?

Ve
_ d v, —2 (2.2
P Pon(1+Y) and. Ve = (2.22)

(1+Y)?

Te ~ so that ~. — ( Je

14+Y)

Note that when the SSC component is negligible due to the KN effect (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
> 2m.c? ~ 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, ; - E, 5 > (m.c?)?. Inversely,
electron-positron pairs can annihilate and emit two photons (pair annihilation).

In an outflow with a Lorentz factor of I'y i (~ 100), each photon (~ MeV) can
be considered to be de-boosted in the outflow comoving frame by a factor of 'y, so
that the photon energy becomes X-ray (~ few keV), lower than the pair production
threshold; E, 1 - E, 5 > T'f . (mec?)?, and the inferred flux is lower. Therefore, this
interaction is less likely to occur within the relativistic outflow.

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 effects [3,59,60].

2.2.5 Hadronic Process - py Interaction

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

physics, is a photo-meson (py) interaction®. The py interaction in a relativistic

outflow 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/myp)? ~ 1077 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:

nrt — netv.o,u,
Py — (2.23)

pr = pyy

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

particles have energy above a certain threshold [53],

T 2
E,-E, > 0.16(GeV)>? (1 'I“;) . (2.24)

The resultant neutrino energy would be [53]

E

Louik \ -
E, ~0.05E E, > - 2 . 2.2
0.05E,, or > 8 GeV <1+z) (MeV> (2.25)

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

protons in an emission site (§ 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 defined as the temporal phase
during which short and spiky pulses are observed in the keV — MeV energy range
(Figure 2.12)). GRBs are classified into two categories depending on the duration
of their prompt emission, Tyy (§ 4.1.1): short (Tgy < 2) and long (Tyy > 2). The
recent distribution of Tyg 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 difference between long and short GRBs, is a hardness ratio (HR) that is defined
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 Ty, and HR distributions [63], but this has not been clearly

identified [61]. Table 2.1 shows the detection rate, the energy band, and the field of

101 50 - 300 keV

05
s

Number
IOg 10 HR
0.0

-0.5
L

0.1 1 10 100 1000

log 10 Teo [ 5] log 10 Teo

Figure 2.11: Ty, and hardness ratio (HR) distributions. Left: Ty, 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-fitting multivariate Gaussian model: one for short GRBs and the
other for long GRBs. Adopted from [61]
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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 different 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 effect 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
profile, 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 cutoff power law (CPL) (see § 4.2.2 for their functional forms).

The distributions of model parameters observed in 487 GRBs detected by GBM
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observed by LAT. Right: the spectral photon indices (I') versus GRB duration (Ty)
for 169 GRBs. Adopted from [37]
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are shown in Figure 2.13; the low-energy spectral photon index is a ~ —1, the
high energy spectral photon index is § ~ —2.1, and the peak energy is F,; ~150—
200 keV [76]. Many GRBs show a > —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 (§ 2.2.2) has an upper limit on its spec-
tral steepness, o < —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 GRB090902B (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 between E,; and flux 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 that E,; has its maximum at the beginning of the pulse and de-
creases throughout the pulse. The intensity tracking evolution is that £ 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

"This limit is derived from the synchrotron spectrum from a single electron (Equation 2.8).

Note that a of -2/3 is equivalent to 3 of -1/3 in the convention of F, oc v,
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onset compared to that of the keV-MeV emission (see Figure 2.12)%. 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, oc t=% (left panel of Figure 2.14) [36,37]. The spectral photon
index for the high-energy energy band (> 100 MeV) is I' ~ —2.5 (right panel in
Figure 2.14), which is consistent with § fitted 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, Ei,, and the rest-frame

peak energy, E . = (1 + 2)E, [86] (Figure 2.15),

By, o Ergo 17005, (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, L, s, and E, . [87],

Liso < Epy, , 1945019, (2.27)

The Ghirlanda relation is a correlation between the “beaming-corrected” bolo-

metric energy (Equation 2.36), and E, . [88],

Epk,z o E’y 0.71i0.05' (228)
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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 effect [90,91]. Since current v-ray detectors are less sensitive to Ep, lower
than few keV and to low Ei,, GRBs, it is possible that a large number of low E, .~
high Fis, GRBs or high E,; .-low Ei,, 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]

INT o ESsz 1.38:!:0.04’ (2_29)

1SO

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 defined 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 five components: steep decay, shallow decay (or plateau), normal

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

e 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 y-ray. Adopted from [94].

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

relative to the observer’s line of sight (§ 2.4.2.1).

e 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].

e The normal decay phase is well explained by the external forward shock model
(§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 above’. 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
~v-ray. The afterglow spectra for different 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 (§ 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].

e During the afterglow phase, bright flares above an underlying emission have
been observed. Nearly half of Swift GRBs show X-ray flares [98], and optical
and radio flares have been rarely observed [99-101]. The X-ray flares 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 flares is regarded as the HLE (§ 2.4.2.1) [98,103].
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Several authors argue that X-ray flares, sometimes, decay faster than the HLE

prediction, implying the need of the bulk acceleration'® [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 first association was identified 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 first
“direct” detection of a GW was made in 2015 by the LIGO team [113]'! [114].
Two years later, GW 170817 from the binary NS merger was observed, followed by
GRB170817A with a delay of 1.7 s (Figure 2.8) [42,43]. This milestone confirmed
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

107f an outflow 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 Too <2 Ty = 2 [61]
Spectrum On average hard On average soft [120]
E On average high On average low [120]
Ei, 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 profile Usually ISM Wind or ISM [121]
Host galaxy Elliptical galaxies Star forming galaxies [122,123]
Offset® On average large On average small [124]
Redshift On average low (2 $1) On average high (z ~ 2) [125]

“from 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 outflow, it is possible that the
protons are accelerated, and, then, interact with photons, resulting in the py interac-
tion (§ 2.2.5). From this interaction, three types of neutrinos can be produced, v, v,
and v,. Depending on the detail of the representative GRB models (§ 2.4.4, § 2.4.5,
and § 2.4.6), each model yields different neutrino flux 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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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 outflows), and the outflow later interacts with the circumburst
medium invoking the external shock (the standard fireball 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

P
. Wy \—
‘ 1\ .
— 11 | — —
~—~—
' ’ ni |-
—
?
central photosphere internal external shocks
engine (reverse) (forward)

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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cOtops = cOt(1 — Bpukcost)

Figure 2.20: The geometry sketch for explaining the observed temporal
variability. The source (outflow from the central engine) is moving with the Lorentz
factor I'yuxk at an angle 6 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 (F ~ 10°1-10°% erg). Also, the highly variable light curve (6 ~ 10 ms)
implies that the emission region is very compact (R ~ ¢dt ~ 3 x 10® 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 (§ 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],

4 D?F AnD*F

Try ~ 0TS~ o1 ( E.c35t? E.c?t

where f,, is the fraction of photon pairs above the pair production threshold,
F is an observed flux, F, is a targeted photon energy, D is a distance to a source,
and 0t 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 region R. In the non-relativistic case,
the radius can be simply approximated as R ~ cdt. However, if a source moves
with a Lorentz factor I'yyi, the size of the emission region should be corrected by
multiplying a factor 2T ;. Figure 2.20 shows the geometry of a moving source at
speed Spuk. Since the source is moving, photons emitted at later time start to travel

from the closer distance to an observer,

cot

COtohs = cOt(1 — Ppuik cos ) ~ ——,
215 i

R ~ 212 1\ cOtops, (2.31)

where the last equality is valid when 'y > 1 and cosf ~ 1.

Secondly, observed photons have been blue shifted by a factor I'yuy; for 'y ~
100, the observed v-ray photons can be the hard X-ray photons in the comoving
frame,

hvghs = Lbuchv. (2.32)

This implies that the threshold of the pair production in the observer frame should
be shifted to [puxmec?, 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, vB , the fraction of photons above the pair production threshold is

decreased by a factor ngﬁ, fry — fWF_QB . Combining these two corrections, the
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optical depth is greatly reduced,

T 1
-2 non—rel,yy
Tty O fyy B2 o DRI, (2.33)
F2,3+4
bulk

Assuming 3 ~ 1.2, the required Lorentz factor is 2 100 to be optically thin (7., ~ 1).

Let’s consider other relativistic effects. When an emission source with 'y
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 I'yuk. The half opening angle for an observer on Earth is written as

sin 0’

0 sin Tpulk (14+Boulk cos 6') 1 4
A — Do+ oo _ tan (=), (2.34
an <2> 14cosf 14 -Ccost+Bounc Ihuk (1 + Bouik) 2 (2.34)

1+Bpulk cos 0’

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

=05 Ip=1

% % %

rp

]
N

Figure 2.21: Relativistic beaming. Half of the photons is within an angle of
1/Tpu 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 = m/2) and moves relativistically with Ty > 1 (Bpu &~ 1), Equation 2.34
reduces to

0 ~ 1/Thul. (2.35)

Therefore, photons emitted at any direction or point on the relativistic jet are
beamed and seen within a 1/I',, cone by an observer on Earth.

It had been suggested that if the jet is not spherical but collimated within an
angle 6;, 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 outflow sweeps
up the surrounding material, 'y is decreasing continuously (§ 2.4.7), and, thus,
a 1/Tpuyx cone is getting wider. When the size of the cone starts to be wider than
a certain cone (6;), the observer, from then on, sees the entire GRB jet, resulting
in a sudden change in the decay rate in the flux. 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 6; ~
few degrees. This collimation reduces the total eneretics of GRBs by a factor of

fo = (1 — cos#;) [133-135], which is called a beaming correction,

E, = fyEio = (1 — cos b)) Ei (2.36)
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Figure 2.22: The geometry sketch for explaining the curvature effect. LoSE
and HLE stand for the Line-of-Sight (LoS) Emission and High Latitude Emission,
respectively. The shell expands with a Lorentz factor I'yyy.

2.4.2.1 Curvature Effect - High-Latitude Emission

One interesting relativistic effect is the curvature effect. If an emission source
turns off 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 (Bpuk) at a certain position (r,6) arrives at the observer

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

tobs = t(l — Bbulk COS 6) (237)
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For a fixed 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]
R 2
Atops = tg — tg—o = —(1 — cos ), and R =~ 2T}  cAtgps, (2.38)
c

where 1 —cosf ~ 1/(2T'2 ;) (Equation 2.35). This implies that photons from higher
latitudes with respect to the LoS arrive at progressively later. Also, photons from

an angle 0 are boosted by the Doppler factor [136],

l//

(1 — Bpu cos 0)

v=DV =

(2.39)

Note that the LoSE (8 = 0) is boosted by 2I',.
The flux density is proportional to the integral of the specific intensity over

the solid angle of the source [136],
F,(v) « /d@ sin(9)1,D?, (2.40)

where I}, is the specific intensity in the comoving frame at radius r. Assuming a
power-law spectrum for the intrinsic specific intensity, I/, = I't/ *B, the flux density

becomes [128,136]

F,(v) « /d@l/ D3 I/_B/dGD(?’JrB) ox v DD oy A2 (9 47)

12From Equation 2.37 and Equation 2.39, t oc D!
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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 B in the conven-
tion of F), o I/_Bt_d,

a=2+p (2.42)

When a characteristic frequency and its flux density are dominated by HLE and fixed
in the comoving frame, they are observed to evolve in a certain way. Specifically,
the peak frequency (v,) and the flux density at the peak frequency (F),,) can be
described as a function of time, and they are related!?,

yyoct™h and F, <t — F, I/g. (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 y-ray energy of 10*® — 10°? erg. In the late '90s,
the association between long GRBs and Type Ic SNe was found, invoking deaths
(collapses) of massive stars (§ 2.3.3) [27-29,107]. Recently, GW-GRB 170817A con-
firmed 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) (§ 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 (§ 2.4.1 and § 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 outflow, which
is accelerated relativistically by converting thermal energy to kinetic energy (the
fireball model; § 2.4.4 and 2.4.5) or by converting magnetic energy to kinetic energy
(the magnetic jet model; § 2.4.6) (Figure 2.19). Observations of X-ray flares 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 defined as a outer shell from which photons can escape
(7,4 =~ 1). Photospheric emission is naturally expected from the standard fireball
picture [4,6,46,141,145]. A typical radius of the photosphere for GRBs is known to
be 101 — 10" cm [128].

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

dN/dInE
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Figure 2.23: GRB spectra expected from the photosphere. Left: photon
spectra obtained for different 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, o v!5720 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 effects such as the curvature effect [148, 148
152]. When significant dissipation occurs below the photosphere (Comptonization
regime; 1 < 7 < 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 outflow, 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 (Rrs) can be estimated by considering the catch-up radius of two

relativistic shells (I'y > T'; > 1) [53],

LAt
B2 — B

At
Rls:ﬁzc( )’i T > 20feAt ~ 107 — 10 em (244)

where At is the launch time interval between the two shells.
This model easily explains the rapid variability observed in the GRB light

curve (§ 2.3.1) [157]. The observer time, which is time when a photon (or pulse)

47



from an internal shock reaches the observer, can be written as,

Rrs Rrs
tobs = tej,l + E ~ tej,l + ﬁ >~ tej,l + At ~ tej,2; (245)
1

where t.;1 (tc;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 defined in Equation 2.31, 0t = Rys/(2c% )

The leading radiation mechanism is synchrotron radiation (§ 2.2.2) from rela-
tivistic electrons accelerated in internal shocks (§ 2.2.1) [15]. Observed GRB spectra
constrain the details of the internal shock model. First of all, only a small fraction
of the fireball energy (n ~ 1-5%) is converted to 7-rays [158-161]; i.e., internal
shocks are inefficient in producing ~-rays, which is an important inherent issue in
the internal shock model. The total efficiency is given by considering the dissipation
efficiency'* and the radiative efficiency!®. Considering these two efficiencies, the
total efficiency is very low compared to that of afterglow, and such low efficiency
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 (v,) is

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

15The radiative efficiency is conversion of internal energy of a shock to observed ~y-rays, which
is proportional to €, ~ 0.1 [164-166]
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required to be very low in order to be match the observed E,, so that a break usually
seen in the GRB spectra should be regarded as the minimum injection frequency
(Vim). In this case, the asymptotic spectral index below (above) this break is expected
to be 3 = 0.5 (B = p/2), which is softer than a typical GRB spectrum (B ~ 0;
§ 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 fireball 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 outflow from the
rapidly spinning central engine is dominated by the Poynting flux. The dynamic
of the magnetic jet model is characterized by a magnetization parameter oy, which
is defined as ratio between the initial Poynting flux luminosity, L,(t), and matter

luminosity, Ly, o(t),

L,o(t B”?
oo p,0< )
0

= = 1 2.46
Lyo(t)  4mp/c? > 5 ( )

where B’ and p’ are the magnetic field strength and the rest mass energy density,
respectively, as measured in the comoving frame. In the early phase, the outflow is
rapidly accelerated due to the non-zero magnetic pressure gradient, so that the bulk
Lorentz factor reaches I'y i ~ aé/ 3 [170]. Above this point, the bulk Lorentz factor

further increases as a function of radius (I'puy o< 71/%) due to magnetic dissipation
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Figure 2.24: A sketch for magnetic reconnection. Black lines indicate a mag-
netic field. The pink region at the center indicates a magnetic island. The red
arrows show the direction of the inflow and the outflow. 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 field layers with oppo-
site orientations approaching each other [175-178]. From this process, magnetic en-
ergy is efficiently converted to thermal or kinetic energy. Charged particles are accel-
erated by the electric field at the reconnection point (the so-called X-point) [179,180]
or the first-order Fermi acceleration as particles are reflected 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 (o9 2 100). According to this model, highly magnetized shells collide and

dissipate magnetic energy in the outflow efficiently (n ~ 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 ~ 10> — 10'® ¢cm from the central engine, which is further
away compared to the emission radius proposed by the most of the internal shock
models (Rig ~ 10 — 10" cm). This magnetic jet model alleviates several prob-
lems confronting the internal shock model such as low efficiency and inconsistency
between the expected and observed spectral index (§ 2.4.5). For further details on

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

2.4.7 FExternal 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 effect of the
deceleration is important. The deceleration radius (Rge.), where the initial Lorentz
factor decreases by a factor 2, is Rgec ~ 107 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 (§ 2.3.2) [95,96,187], and the
reverse shock, which propagates into the ejecta itself, is used for explaining early
optical flashes [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,

RS cD FS

|
\Y) |
Unshocked Shocked Shoc.ked ‘ Unshqcked
ejecta ejecta medium | medium

& >
< >

The surface between the shockedymedipm |(IIT) and shocked ejecta (II)
is called the contact discontinuity (€D)."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. ; is the Lorentz factor of
each ejecta, and p; is the .

52



resulting in simple scalings [95, 96, 192]. The main radiation mechanism of the
external forward shock model is synchrotron radiation (§ 2.2.2) [95, 96, 187]. In
general, a medium density profile is described as a function of radius, n(r, k) oc 7=*.
In a simple model, this profile 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 two k values for simplicity.

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

-2
Ym X € (p—1> mprulk ~ 610€.I'pu, for D> 2, (247)
p— Me

where ¢, is the fraction of internal energy that is given to electrons. The cool-
ing frequency is given by Equation 2.10 with the magnetic field strength B’ =
(327myepn) /T, where €510 is the fraction of internal energy that goes to mag-
netic fields. In the adiabatic evolution of the forward shock, the energy of the

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

Lpue o< 7732 for ISM (n = nyg),
E ~ nm,c*r’TE . = const — (2.48)

Lpuic o< 7~ /2 for wind (n = nor—2),

7

where m,, is the mass of the proton'”. Note that if there is a continuous energy

injection into the blastwave'®, the scaling relations are changed [142,193]. From

6By definition, €p + €. + €, = 1, where ¢, is the fraction of internal energy that is partitioned
to protons (ions).

17Since my > me, the total mass is approximated to the mass of protons.

I8For example, E o fot dtL(t) o fg dt t=9 o t'79 where ¢ is the energy injection coefficient,
q < 1. Note that ¢ = 1 refers no energy injection.
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Equation 2.44,

o T for ISM,

t (2.49)

~ x
21 e ) A _
r® oc I'y . for wind,

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

chrotron (v, and v.) gives [194]

t=1/2 for ISM,
32 and v, o Thuy2 B’ (2.50)

t1/2 for wind,

Vpy, X FbulkarQnB/ Xt

where B" o< T'buik, Ym X Dhuk, and v, ng’lkt—l. The specific flux at the peak of

the spectrum can be written as

2 rd oct® for ISM,
Fy,max X Psyn,max Ntot X (251)

2 7 oct™Y2 for wind.

The precise coefficients 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 v, < v < 1, in wind, the specific flux (F, u‘fét—a) evolves

F, ¢ Fypax (i

m

—(p—1)/2
) oc t1/2y == D/2 =172 o == 1/2=Gr=1/2 (9 59)
Since both & and B are a function of the electron spectral index (p), a relation
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between & and B, the so-called closure relation (CR), can be specifically 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 €p, €., and p, which are the key ingredients for determining flux and
spectrum of the external forward shock at any given time (§ 2.4.7). Figure 2.27
shows the distribution of €, and eg. It is unclear that universal values exist in e,
and eg. All the discussion above is valid for p > 2!, 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 that p 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 at p = 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].

9The total energy of electrons is fg::" EN(E)dE = (E%;2 — E2.P)/(2 — p), which is divergent

max min

for p < 2. For p < 2, a cutoff in electron energy is required, which affects v,,,, 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
CR® p? Cooling regime Environment B(p)© a(p)? a(B3)
1 - Ve <V < Up ISM/wind 1/2 1/4 -
2 p>2 V> U, Ve ISM /wind p/2 (3p—2)/4  (36—-1)/2
3 p>2 U <V < Ve ISM (p—1)/2 3(p—1)/4 38/2
4 p>2 U <V < Ve wind (p—1)/2 (Bp-1)/4 (33+1)/2
5 1<p<2  v>um, e ISM p/2 (3p+10)/16  (38+5)/8
6 1<p<2 vup<v<vu ISM (p—1)/2 3(p+2)/16 (68+9)/16
7T 1<p<2 US>,V wind p/2 (p+6)/8 (B+3)/4
8 1<p<2 vp<v<ru, wind (p-1)/2 (p+8)/8  (28+9)/8
?Closure relation
bElectron spectral index
¢Spectral index
dTemporal index
35 L L . L 25 . ————
) S 201 -
5] o
2 2
g g 10+ 3
2 2
5] o
H* #+ 54
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Figure 2.27: Distribution of micro-physical parameters: ¢. and eg. Left: the
distribution of €,. The values of ¢, were drawn from the published literature. Right:
the distribution of eg. 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)
solutions [95, 187, 195]. The black and
red indicate the ISM and wind solutions, respectively. Middle & Bottom: the light
curves for different initial cooling regimes [95,187]. Since v, and v, evolve differently,
there are more than one possibility even when it starts from the same cooling regime;
e.g., Uy, passes a fixed frequency (1) first, and then v, is followed. The solid (dashed)
line is when v, (v.) passes first. The black and red indicate the ISM and wind

line is from the simple (detailed) analytic

solutions, respectively.
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Chapter 3: The Ferm: 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 scientific 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 field 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)®.
In this chapter, I briefly 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 process?
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 the e~ 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 the Fermi, 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/.
p+y—sptet e
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Figure 3.1: The Ferm: LAT and its subsystems. An incoming 7-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 y-ray energy. The anti-coincident detector consists of charged particle
detectors, which covers the two subsystems, allowing incoming charged particles to
be identified. The anti-coincident detector makes it possible to avoid being triggered
by the overwhelming flux 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 ~y-rays into electron-

positron (e + ™) pairs and to track their paths, which are used for reconstructing
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Figure 3.2: A simplified diagram of the Tracker and its performance. Each
tungsten foil is followed with X-Y oriented SSDs, which are very close to each other.
An incoming photon converts into a e™ + ¢~ pair, and the trajectories of the pair
are detected by the successive SSDs [206].

the direction of the incoming 7-rays. The design of the TKR is intended to achieve
a high conversion efficiency with a good directional resolution. Also, the TKR is
designed to provide the primary trigger of the LAT instrument.

The TKR consists of 18 layers. Each of the top 16 layers has a plane of
tungsten foil, which converts y-rays into e™ + e~ pairs. This plane is immediately
followed by a pair of X-Y oriented Silicon Strip Detectors (SSD), which read out the
X and Y positions of the charged particles. For an ideal detector, the trajectories of
the charged particles will be a straight line and the detector will measure their paths
perfectly. However, in the real detector, the trajectories are deviated by the multiple
Coulomb scattering in material in the detector, and charged particle positions are

measured with finite accuracy. The gap between the tungsten foil and the pair of
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Figure 3.3: Exploded view of a CAL module [207].

X-Y SSDs is minimized in order to minimize the effect of multiple scattering in
tungsten foil. The bottom two layers contain SSDs without tungsten foil, because
the TKR trigger requires three successive hits.

Among the 16 layers of tungsten foils, the top 12 layers are made up of thin
tungsten foil (0.03 Xy for each). This design minimizes the effects of multiple scat-
tering in the following layers of tungsten foil, and allows to get a good angular
resolution for low-energy photons. For very high-energy photons, multiple scatter-
ing is unimportant, so that the last 4 layers are thick (0.18 X for each) in order to
increase the chance of interactions of high-energy ~-ray photons. As a result, about

63% of GeV photons at normal incidence are converted into e™ + e~ pairs.
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3.1.2 Calorimeter

The primary purpose of the CAL is to measure the energy of incident ~-rays.
The CAL module is positioned below the TKR module and is made up of 8 alter-
nating orthogonal layers (Figure 3.3). Each layer has 12 thallium-activated cesium
iodide, CsI(T1), crystals; i.e., totally, 96 crystals for each module. As incident ~-
rays and their secondary particles (e and e™) interact with the CsI(T1) crystals, an
electromagnetic shower is produced. Four photodiodes®, two mounted on each side
of each crystal, measure scintillation light from the crystals, which is proportional
to the energy deposited in the crystal. The ratio between signals measured from two
ends of a crystal can determine where the scintillation occurred along the crystal
length; i.e., the three-dimensional positions of the shower are obtained. Combining
all information, the CAL is able to image the electromagnetic shower profile with
energy deposition and locations in individual crystals.

If energy of an incident v-ray is fully absorbed by the CAL crystals without
leakage, the true energy is given by summing up deposited energies from all crystals.
However, such ideal energy measurement is not possible due to a limited size of the
CAL, gaps between modules, and absorption in passive materials. Instead, the en-
ergies and locations measured by the CAL crystals are fitted with a electromagnetic
shower profile, from which the v-ray energy is estimated with a good energy reso-
lution of AE/E < 10% above 1 GeV. Since hadronic and electromagnetic shower

profiles differ from each other, even for the same energy, the shower profile fit can

3Small and large photodiodes are for high and low energies, respectively.
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Figure 3.4: Side view of the LAT subsystems with an example of a back-
splash signal in ACD [209].

help the background rejection.

3.1.3 Anti-coincidence Detector

The primary purpose of the ACD is to veto charged-particle backgrounds with
a high efficiency. Since the flux of cosmic rays is a factor of 1000 higher than the
total photon flux of all astrophysical sources, it is essential to reject triggers by
cosmic rays.

The ACD covers the TKR and the CAL seamlessly with a set of 89 plastic
scintillator tiles with 8 plastic scintillator ribbons to cover gaps between the tiles.
The tiles and ribbons are connected to photomultiplier tubes (PMT) to detect scin-
tillation light produced by incoming charged particles. Since ~-rays don’t produce
scintillation light, the ACD can distinguish ~-rays (signal) from cosmic rays (back-

ground).
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For high energy events in the CAL, energy can propagate back upwards and
be detected by the ACD, resulting in “false” veto (self-veto) signals. This is known
as the backsplash effect (Figure 3.4), which reduces the efficiency of y-ray detection,
especially at the highest energies in the previous mission, EGRET on board CGRO
[209]. The segmentation of the ACD alleviates this effect by ignoring veto signals
from ACD segments far from the path of an incident photon.

The overall efficiency of ACD, the charged particle recognition efficiency, ex-
ceeds 99.97%*, and the LAT can lower any residual background rate below 10% of

the diffuse v-ray background rate.

3.1.4 Event Reconstruction

All raw data measured by the LAT subsystems is processed to be converted to
high level data (direction, energy, etc), which is called the event reconstruction [210].
The current version of the LAT event simulation and reconstruction software is
“Pass8”°.

When a photon enters the LAT subsystems, it converts into a sea of particles
and photons, leaving signals in the LAT subsystems. Pass 8 [212] uses so-called
tree-based tracking, where the conversion in the tracker is considered as the start
of a shower, and the signals in the TKR and the CAL are modeled with the global
approach (Figure 3.5 and Figure 3.6). The TKR hits are linked (left panel in Fig-

ure 3.5) and construct the tree-like structure (middle panel in Figure 3.5). The axis

4The false veto rates of the backsplash above 300 GeV and the electrical noise are < 20% and
< 1%, respectively.
Shttps://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Pass8_usage.html
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Figure 3.5: The tree-based pattern recognition in the TKR. Left: the con-
struction of links. Middle: a tree is constructed attaching some of the links. Right:
two tracks are identified inside the Tree. Adopted from [211].
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Figure 3.6: The cluster identification in the CAL. Adopted from [211].

of the resultant tree can be found by calculating the moments-of-inertia of the as-
sociated hits whose mass is determined as a function of the length and straightness
of its branch. This axis is used for finding an associated cluster in the CAL (Fig-
ure 3.6), and the energy of this tree is estimated from this CAL cluster. Up to two
tracks, longest and straightest, can be extracted and fitted with a Kalman Filter
technique, which combines all the information of the tree and its branches (right

panel in Figure 3.5). If more than one track is extracted, the vertex is also found,

65



where a pair conversion is expected to occur. The vertex, if present, generally yields
the best information on the photon direction. The direction of the incoming photon
is estimated by incorporating the best information about the tree, the tracks, and
the vertex. The Pass 8 reconstruction estimates the energy of the photon by using a
shower profile fit for the electromagnetic cascade within the CAL (§ 3.1.2). For low
energies below about 1 GeV, the energy loss from the interaction in the TKR can
not be ignored, and the CAL can catch the tail end of the shower initiating within
the TKR. Therefore, the deposited energy in the CAL is corrected with information
on the interaction in the TKR.

As a result, a large set of measurements from the TKR, the CAL, and the
ACD reduces to a small set of parameters such as the direction, energy, time, and
reconstruction quality. This high-level data is made available in the Flexible Image
Transport System (FITS) format, provided by the Fermi Science Support Center
(FSSC)S. Parameters and their definitions, frequently used for GRB analysis, are

listed in Table 3.1 (see Figure 3.7 for the definition of angles).

3.1.5 Event Classification

Each photon is classified based on its probability of how sure the event is a
photon as opposed to cosmic-ray background” [210,213]. The standard event classes
are “Transient”, “Source”. “Clean”, and “Ultraclean”, in order of increasing

probability®. The structure of the classification is similar to Russian dolls (stacking

Shttps://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
"Note that this is not related to DATA_QUAL.
8For the detail of the selection criteria, see the references [210,213].
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Table 3.1: Frequently used parameters in publicly available LAT data

Parameter Definition Unit

Photon information

ENERGY Reconstructed energy of the event MeV

RA Reconstructed right ascension (J2000%) of the event degree

DEC Reconstructed declination (J2000) of the event degree
THETA (0) Inclination angle of the event with respect to the LAT boresight degree

PHI (¢) Azimuthal angle of event with respect to the LAT boresight degree
ZENITH_-ANGLE(6.) Angle between the reconstructed event direction and the zenith line  degree
TIME Mission Elapsed Time (MET)? when the event was detected second

Spacecraft information

LAT_MODE Spacecraft mode®
LAT_CONFIG The configuration of the LATY
DATA_QUAL The quality of the LAT data®

“Equatorial coordinates in the 2000 frames.

PMET is defined as the total number of seconds since Jan. 1, 2001 (UTC)

“Three nominal modes: inertial point (3), maneuver (4), and survey (5). The other modes are
not used for normal science.

¥When LAT_CONFIG=1, it can be used for normal science.

“When DATA_QUAL=1, it can be used for normal science.

dolls); i.e., the Transient event class contains all events assigned to the more strin-
gent event classes such as the Source. For the standard source analysis, the Source
event class is recommended. For the analysis of transient events such as GRBs, the
Transient event class can be used to benefit from increased photon statistics at the
expense of a higher background fraction and broader Point Spread Function °.

In addition, events in the same event class are subdivided into event types
depending on the quality of the energy and direction reconstruction. There are
three event type partitions!®: where the pair conversion occurred in the TKR (thin
layer or thick layer), the quality of energy dispersion (EDISP)!!| and the quality of
the PSF. For the transient analysis, it is generally not necessary to select specific

event types; i.e., all events assigned to the Transient event class are used.

9The probability distribution of the 2-dimensional direction.

0T ater two event type partitions are newly introduced in Pass 8 [213].

' The probability distribution of the energy deviation between the reconstructed energy and the
true energy of the event
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Zenith

Figure 3.7: Definition of the direction of the event with angles, 6, 6., and

0.

The flux and spectrum of emission from a source can be correctly computed
when the LAT response to detected events within a given event class is taken into
account. From a dedicated Monte Carlo simulation'?, the response of the LAT
to all possible energies and inclination angles are evaluated with good statistics.
As a result, the incoming photon flux and the detected events are mapped with
the so-called Instrument Response Function (IRF). The IRF is factored into three
components: the efficiency in terms of the effective area, the PSF, and the EDISP.
Each component of the IRF for a given event class is described as a function of the
photon energy and incident angle.

In addition to the standard data selection, there is a very loose event selection,
the so-called the LAT Low energy event selection (LLE; 30 MeV-100 MeV) [214]'3.

This selection has the increased effective area by a factor of ~ 50 (at 30 MeV) and

12The Monte Carlo simulation refers to a computational technique or algorithm which makes
use of repeated random samplings and obtains numerical results for complicated problems with
entangled parameters.

13https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermille.html
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4.5 (at 100 MeV) at the expense of reliability in the direction of events. Since the
energy resolution of the LLE is reasonable, the LLE can be regarded as the data
from a rate detector like the GBM (§ 3.2). Due to high background, LLE data can

be used only for short-duration, high-signal events such as GRBs and solar flares.

3.2  Gamma-ray Burst Monitor

The Gamma-ray Burst Monitor (GBM) is designed to measure temporal and
spectral properties of the prompt emission of GRBs in the keV-MeV energy band.
The GBM is a set of 14 scintillation detectors, which is dedicated to detecting and
locating GRBs. Twelve thallium-activated sodium iodide (Nal; labeled as n0 to n9,
na, and nb) detectors on each side of Fermi have an energy range of ~ 8 keV to ~ 1
MeV, oriented to different directions (Figure 3.8). Two bismuth germanate (BGO;
labeled as b0 and bl) detectors measure the high-energy spectrum from ~ 200 keV
to 40 MeV, overlapping at low energy with the Nal detectors, and are positioned
on opposites sides of Fermi (Figure 3.8). By comparing relative count rates in
the Nal detectors, it is possible to estimate a source location with accuracy of ~
3 degrees [215,216]. The energy bands of the GBM and the LLE are overlapped,
allowing to perform cross-calibration and to observe the broadband energy spectrum
without a gap.

The Nal crystal is a disk with a diameter of 12.7 cm (5”) and a thickness of
1.27 ¢cm (0.5”). Each Nal scintillator is attached to a single PMT, which measures

the scintillation light and produces an electric signal. The BGO crystal has the
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0 to 9: Nal n#
10: Nal na
11: Nal nb

12: BGO bo
13: BGO b1

Figure 3.8: The configuration of 14 GBM detectors. The GBM consists of 12
Nal detectors (0 to 11) for low energies and 2 BGO detectors (12 and 13) for high
energies [34]. Note that the low-numbered (high-numbered) Nal detectors are on
the same side of the BGO b0 (b1) detector.

same diameter of 12.7 cm (5”) and a larger thickness of 12.7 cm (57). Two PMTs
are mounted on both sides to each BGO crystal, resulting in better light collection.
The peak heights of signals from the PMTs are buffered and converted into 128-
channel energy resolution and 8-channel energy resolution, based on lookup tables.
This process is called the “Pulse Height Analysis (PHA)”. The distribution of the
numbers of counts in each PHA channel is later used for the GRB spectral analysis
(§ 5.1).

Similar to the LAT, the detector response of the GBM instrument was deter-

mined with the help of Monte Carlo simulations [217], and was simplified in form
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Table 3.2: Description of GBM data products

Name Description Extension
CTIME The counts accumulated every 0.064 s in 8 energy channels pha
CSPEC The counts accumulated every 1024 s in 128 energy channels pha

TTE Time-tagged event data precise to 2 microseconds in 128 energy channels fits

DRM The detector response matrix for the given time and location rsp or rsp2¢

®The response files have an extension either rsp (single matrices) and rsp2 (multiple matrices).
The rsp2 file accounts for spacecraft slew during a long transient.

of the so-called Detector Response Matrix (DRM). Like the IRF of the LAT, the
DRM is the mapping between the true energy of incoming photons and the apparent
energy of measured events. The DRM depends on deposited energy, the direction
to the source with respect to the spacecraft, and the orientation of the spacecraft
with respect to the Earth.

When a rapid increase in the count rates is observed in two or more detectors
satisfying the GBM trigger criteria'*, the GBM is triggered, and an alert is sent
to the science community in near real time. The GBM team provides three types
of data for each detector: CTIME, CSPEC, and TTE (Table 3.2)'. For a GRB
triggering the GBM, the DRMs in the direction of the GRB for 14 detectors are also
provided. One can also generate the DRMs for any given time and location with

the tool “gbmrsp” provided by the GBM team®®.

14Gee the third GBM GRB catalog [61] for the recent trigger algorithms
https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/gbm/DOCUMENTATION . html
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Chapter 4: GRB Analysis Methods

In this chapter, I summarize the analysis methods generally used for char-
acterizing temporal and spectral properties of GRBs. Note that the methods are

applicable to the Fermi data.

4.1 Temporal Aspects

4.1.1 Light curve

Analyzing a GRB starts with building its light curve, the time-history of the
GRB photon flux integrated over a specific energy band. The GRB light curve
contains important information about a GRB such as the duration of the event and
its variability, among others.

The Ty is typically used as a proxy for the GRB duration [10]. This is the
time during which the cumulative GRB photon flux increases from 5% to 95% (right
panel in Figure 4.1). However, the Ty, has three limitations: (i) The duration of
a burst depends on the energy band selection. In general, the duration of a GRB
estimated in the low-energy band is longer than that in the high-energy band. The

Fermi collaboration computes Tyg in the 50-300 keV energy range [61,219], which
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Figure 4.1: Light curve and its duration of GRB 131219A. Left: the light
curve of GRB 131219A with the selection for calculating the duration of the GRB.
Right: the duration plot of GRB 131219A, which is the integrated GRB fluence in
the 50-300 keV energy range within the selected time interval. Adopted from [61]
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Figure 4.2: Multi-wavelength afterglow light curve of GRB 110731A. The
flux density in different energies decays continuously in time. Adopted from [218§]
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was also used for BATSE GRBs [7]. (ii) The duration depends on the sensitivity
of the detector. Instruments with a lower background rate can detect the fainter
part of the burst emission resulting in longer duration measurements. (iii) When
there is a bright precursor with a long quiescent period before the main emission of
a GRB [73], the duration of the GRB can include the long quiescent period; i.e., the
duration of the GRB does not represent the duration of emission.

One typically displays the count light curve and not the photon light curve
for the GRB prompt phase (left panel in Figure 4.1). This corresponds to the
number of events detected by the instrument minus the estimated background before
accounting for the detector response functions. The count-rate curve can be a good
approximation for showing the temporal characteristics of the prompt emission of
GRBs, because, in most cases, the detected count rate is proportional to the true
flux. On the other hand, the photon light curves are usually used for the GRB
afterglow phase (Figure 4.2).

The prompt-emission light curves consist of one or more pulses. Pulses are
typically asymmetrical and characterised with a Fast Rise and an Exponential Decay

(FRED). The Norris function [65,220] is a representative FRED profile,

It=—"2" fort>0 (4.1)

/2.

where A = exp(2u) and u = (11/72) This function describes adequately the

overall shape of broad pulses but not always their detailed features [221].

'Here, 1 present the recent version of the Norris function (2005), which is simpler than the
initial Norris function (1996)
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While the «-ray prompt emission shows a fast and intense variability as short as
a few milliseconds, the afterglow emission slowly evolves on much longer time scales
(Figure 4.2) [31,32]. In contrast to the violent fluctuation in the prompt emission
light curve, the afterglow light curve is relatively smooth (Figure 4.2) [31,32].

The afterglow light curves are well described by a simple power law,

F(t) = Fyt™, (4.2)

or a broken power law,

Fyt—o if t <tp,
F(t) = (4.3)

Loty =02 if t > ¢y,

where t;, is a break time and &; (Gs) is a temporal index before (after) a temporal
break. In many X-ray afterglows, flaring activities are seen, which can be also well
described by a broken power law; alternatively, the Gaussian function or the Norris

function can also be used for describing flares.

4.1.2 Variability

Figure 2.4 shows that the prompt emission is highly variable. As stated in
§ 2.4.5, such variability can reflect the temporal activity of the central engine, and
it can be used for estimating several physical parameters such as the emission radius

(Equation 2.44) and the bulk Lorentz factor (Equation 2.33). Here, I present two
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Figure 4.3: Bayesian block algorithm applied to BATSE data for a burst
(0551). The Bayesian blocks are indicated with solid lines. The three panels show
the Bayesian block results for different data types. Adopted from [222]

methods for identifying the variability of GRBs:

(i) The Bayesian block algorithm [222,223] is widely used to find temporal
structures in a GRB light curve [75,83]. Basically, the Bayesian block algorithm
divides the GRB light curve into several optimal segments (blocks), where each
block has a constant count rate that is significantly different compared to those of
the adjacent blocks (Figure 4.3).

This method is based on the Bayesian statistics (§ 4.2.5), where a prior prob-

ability in the number of blocks is introduced; this prior assigns smaller probability
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to a large number of blocks [223],

P = Pyry, Notocks, (4.4)

In the Bayesian approach, the two models, M; and M;, can be compared by calcu-

lating the Bayes factor K (Equation 4.32),

where D is observed data, £; is the likelihood of the model M;, and N, is the number
of blocks in the model M;. Assuming that M; has one more block compared to M;,
the ratio of two prior probabilities can be reduced to 7, 1. This parameter can be

described as a function of the false-positive probability p;_,? and the number of

events N [223],

nep_prior = —log(7y,) = 4 — 73.53 pg N~0478, (4.6)

where py = (1 —py_p). Note that this is not a unique method to estimate ncp_prior,
and one can select an ad hoc value for nep_prior, v, or py. This nep_prior works as
a penalty for adding a new block, and this algorithm finds the optimal set of blocks,
where each block has significance enough to compensate this penalty.

(ii) The wavelet transform, more specifically the Haar wavelet power spectrum

2Probability that indicates how often the algorithm falsely reports detection of a signal when
no signal is present in reality. This is equal to the significance level.
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Figure 4.4: A sketch for explaining the wavelet method. Left: the Haar
wavelets for level 4 (W, to W, and Vy). Top right: the signal (X) is decomposed
to the wavelets (D; to D, and S;). Bottom right: the wavelet power spectrum.
Adopted from [224]

(or the Haar wavelet scaleograms) [224], is generally adopted for estimating the
minimum variability time of a GRB [225-228|. Similar to the Fourier transform,
the wavelet transform decomposes a signal into its constituent wavelets. The Haar
wavelet is the simplest wavelet, which is a step function taking values 1 and -1.
Figure 4.4 shows how the wavelet transform works. For example, let’s consider
the discrete Haar wavelet consisting of 16 elements, which can be grouped into
five (W) to Wy and V,). The V, can represent a constant background, and the
other groups are used for explaining fluctuations of different time scales dt;, where
§t; = 27715t and &ty is the finest binning of the data. Each wavelet has its own

coefficient (W3 to W, and V), so that a light curve can be reproduced by

X:ZWZ‘TWZ'_"VZVA::ZDZ'"FS% (4.7)

where D; and &4 are decomposed light curves corresponding to the elements, W,
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Figure 4.5: Minimum variability estimated from the wavelet power spec-
trum for GRB 100724. The blue points are the observed wavelet power spectrum
(GRB 100724 + background). The black dashed line and the blue shaded region rep-
resent the background spectrum and its 99% containment interval, respectively. The
minimum variability time for this GRB would be dt,, ~ 0.3s. Adopted from [228]

and Vy. The power of each wavelet is defined as

W11 (4.8)

1
Px(rj) = N

Figure 4.5 shows an example of the GRB power spectrum, given by the contin-
uous wavelet transformation®. The minimum variability is a time scale (6¢) where
the wavelet power spectrum of the observed signal deviates from the wavelet power

spectrum from the Poisson fluctuation of the background [228].

3The concept of the continuous wavelet transformation is same to the discrete wavelet trans-
formation, but this transform utilizes shifted and scaled (stretched or shrunk) copies of a basic
wavelet.
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4.1.3 Cross-correlation

The cross-correlation function (CCF) is commonly used for measuring time
lags, named spectral lags, between the low- and high-energy of the ~-ray prompt
emission (§ 2.3.1) [39,229].

The spectral lag can be identified by calculating the strength of the correlation
(rcor) by progressively shifting one light curve with respect to the other by the lag

S ((t) — )yt +7) = 9)
VEL ) - 22) (VEL 6+ 7 - 97)

where both light curve (flux or count rate) are composed of N data points whose

recr(T) = ( : (4.9)

means are T and ¢, respectively. The two light curves are considered to be correlated
(anti-correlated), when the coefficient at a given 7 is close to +1 (-1). The spectral
lag may exist if one can get the highest correlation coefficient when 7 # 0 with
rocr(7) ~ 1 (Figure 4.6). Note that for a given 7, this correlation coefficient (rocr)
is equivalent to the Pearson correlation coefficient r,. If N is sufficiently large

(N 2

~Y

20), r, approximately follows a normal distribution with mean and standard
deviation of 0 and 1/ VN, respectively.

If the data is not evenly sampled, the CCF method does not work. In this case,
the Discrete Correlation function (DCF) can be alternatively employed [230]. In this

method, each correlation coefficient for all measured pairs is separately computed
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Figure 4.6: Cross correlation function probability as a function of the lag
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s, and the gray curves correspond to 0.005s. The upper two panels show a clear
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(unbinned DCF),

—1)(y(t;) — )
(@ 1 ) )

Each of rypcr,; is associated with the pairwise lag At; ; = t; —t;. Then, they are

TUDCF;; = (4.10)

binned based on their pairwise lag values; i.e., 7—A7/2 < At; ; < 7+A7/2. Finally,

the DCF for the time lag 7 is defined as the average of rypcr contained in each bin,

> UDCEF; ;

4.11
Mq— ) ( )

TDCF( )

where M, is the number of rypcr in each bin. Note that DCF(7) is not defined for
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a bin with no rypcr. The standard error of each DCF(7) is

\/Z (TUDCFi,j - TDCF(T))Q'

4.12
M1 (4.12)

UDCF(T) =

Similar to CCF, DCF can be approximated to the Pearson correlation, and used for

identifying the spectral lag.

4.2 Spectral Aspects

4.2.1 Forward Folding

We can naively think that the photon energy distribution (i.e., photon spec-
trum) of a source can be simply recovered by convolving the observed count spec-
trum with the instrument response function; however, a small dispersion on the
energy measurement makes this approach impracticable as I will show using a toy
model. Instead, the forward-folding method can efficiently recover the observed
photon spectrum.

The response matrix of a y-ray detector is generated using Monte Carlo sim-
ulations: the interactions of the photons from a source with the detector and the
spacecraft are modeled with GEANT4%. The true energy of the incident photons
are mapped to the measured energy of the detected photons. In the toy model, the
measured energy of a photon whose true energy is E, follows a Gaussian distribution

centered on Ey with 10% uncertainties.

‘https://geant4d.web.cern.ch/
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Figure 4.7: A toy model for comparing the forward folding and unfolding
by inverting the response matrix. Top left: the true spectrum (the Band
function). Top right: the response matrix. Bottom left: the true and observed
counts in energy. Bottom right: the true and unfolded observed photon fluxes in
energy. See the text for details.

Suppose Tj is the true number of photons from a source in a given energy bin
J (i.e., true energy), and R;; is an element of the response matrix that converts
T; to the number of photons observed in an energy bin 4, S; (i.e., reconstructed
energy) [231]°,

Si=> Ri;Tj — S=RT (4.13)

One may naively expect that the true photon spectrum can be recovered by con-

®Note that for simplicity, I ignore background.
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volving the observed count spectrum (after background subtraction) with the inverse
response matrix, T, [231],

T’ = R7'(S). (4.14)

To test this method, I choose a Band function (Equation 4.17) with typical
parameters (§ 2.3.1) as the true photon spectrum of the source (top—left panel in
Figure 4.7). Next, I generate a response matrix in which the reconstructed photon
energy follows a Gaussian distribution around the true photon energy, assuming
that the energy resolution is §F/FE ~ 10% (top-right panel in Figure 4.7).

The ideal observed count spectrum is obtained by convolving the true pho-
ton spectrum with the response matrix using Equation 4.13 (blue in the bottom-left
panel in Figure 4.7). I generate a realistic observed synthetic spectrum for a photon-
counting detector by applying Poisson fluctuations in each energy bin of the ideal
observed spectrum (orange in the bottom-left panel in Figure 4.7). Using Equa-
tion 4.14, I should recover the true photon spectrum, which is definitely not the
case as indicated by the dramatic difference between the orange histograms on the
bottom left and right panels of Figure 4.7. This is due to the reconstructed energy
dispersion in the instrument response matrix, which magnifies the Poisson fluctua-
tions intrinsic to the counting-detectors.

One solution to recover/reconstruct the true photon spectrum of a GRB is to
use the “forward folding” method. With this method, one must assume a photon
spectral model for the source and a set of parameter values for the model. The

model is folded through the instrument response using Equation 4.13. The resulting
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photon spectrum should be similar to the observed photon spectrum if the model and
its parameter values were those of the true photon spectrum. In scanning the whole
parameter space, one finds the set of parameter values for which the photon spectrum
best matches the observed photon spectrum. In this forward folding approach, the
“unfolding” spectrum can be approximated by 7" =T x (S; — B;)/M;, rather than
imposing the inverted response matrix to the observed source counts (green in the

bottom-left panel in figure 4.7).

4.2.2 Spectral Model

Generally, a GRB spectral model is usually displayed in the energy spectrum

2

space, E?N(E) or vF,, in units of keV ecm™2 s or erg cm™2 s™!, which is called a

“Spectral Energy Distribution” (SED). The SED shows how the bolometric energy
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Figure 4.8: Spectral energy distribution for GRB spectral models: PL, CPL,
Band, and BB.
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of the source is distributed in energy. An analytical form of a GRB spectrum is,
however, defined in the photon number space, N(E), in units of photons cm™2 s~ !
keV~!, because the photon number spectrum is directly folded through the detector

response (§ 4.2.1).
The following are four representative spectral models used to describe a GRB

spectrum (Figure 4.8):

e Power law (PL),
AN E \'
N(E) =5 =4 (m) ’ (4.15)

where A is amplitude, and I" is a photon index. This is the simplest model.

e Cutoff power law (CPL); a power law with an exponential cutoff,

v - a () e (), g

p

where « is a photon index, and E,; is the peak energy in the vF), spectrum.

If £, — oo, the CPL becomes the PL; i.e., the PL is a subset of the CPL.

e Band function (Band) [8]; two smoothly connected power laws,

E_\o B@+a) a B
A (100k:eV) exp (_ Eon ) g E < Sra Bk,

N(E) = (4.17)

-8
E B a—pB Epg @ a—f
A (100keV) exp(f — @) <2+_a 1oozev> B2 55 Epks

where o and (8 are low- and high-energy photon indices, respectively. When

[ — —o0, this function can be simplified to the CPL; i.e., the CPL is a subset
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of the Band.

e Black body (BB); the Planck function in the photon number space

v - a (o (£) 1) s

where KT is temperature of the black body in unit of keV. At E < kT, this
function is asymptotically as the PL with I' = +1. For E > kT, this function

is exponentially decay similar to the CPL.

4.2.3 Parameter Estimation - Maximum Likelihood Method

The best-fit parameters of a model are a set of parameters giving the mini-
mum difference between unfolded model counts and observed counts. The process
of finding a set of the best-fit parameters is called “parameter estimation”. The
“maximum likelihood” is the statistic widely used for parameter estimation. The
idea is that the best-fit parameters are those maximizing the probability of the ob-
served data given the model. The likelihood is defined as the total probability of

observing the data (S) given the model (M) and current parameters (6),

N N

L) =[] £i0) =[] P(silo, m). (4.19)

In practice, twice the negative log likelihood is used, which is the so-called “fit
statistic”,

N
fit statistic = —2log £ = —2) _log (P(S;[0)). (4.20)

i=1
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In this definition, the goal is to find the values of parameters, which “minimizes” the
fit statistics. This process is called the “minimization”, and a tool for this process
is called the “optimizer”. One popular optimizer in the GRB field is Minuit [232].

Considering the probability distributions underlying observed data, one can
choose a proper fit statistic. Most of observed data are drawn from one of two
distributions: Poisson and Gaussian. The Poisson distribution is applied to photon
count data from a photon-counting detector. The Gaussian distribution requires
the standardized uncertainty, so that the uncertainty of data should be estimated
beforehand. In a GRB analysis with the GBM, the background during a burst
is estimated from a polynomial fit to time intervals before and after the burst.
This fit gives median and uncertainty of the background, which can be used for the
standardized uncertainty of the Gaussian probability distribution. Here, I introduce

three fit statistics, which are continuously used for my work®:

e % Gaussian data,

N
1 —(s; —m;) 5 S; —my

d = E 4.21
oV 27reXp [ 207 } ) e X o (421)

i=1 4

P(s;|0) =

where s; and o; are the observed data and its standard errors, respectively,
and m; is the predicted values based on the model with current parameters

and instrumental response.

6 https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/XSappendixStatistics.html
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o Cyq (Cash statistic) [233]; Poisson data with Poisson background,

t(mi + fi>si6*t(mi+fi) (tfi)Bie*(tfi)
S;! B;!

P(Si|6) = , (4.22)

and

N
Cstat = QZt(mi + fi) — Silog (t(m; + fi)) — Si(1 — logS;)
=1

+tfi — Bilog(tfi) — Bi(1 —logB;), (4.23)

where

S+ B — 2tm; + \/|S; + B — 2tm,[* + 8tm; B;
= 4t Y

fi (4.24)

t is the exposure time, S; are the observed counts during ¢, B; are the back-
ground counts, and m; are the predicted count rates based on the current
model and instrumental response. Note that Equation 4.24 is derived from
the fact that the minimal —2logL; is given when 0(—2logL;)/0f; = 0 is
achieved. For large number of counts in each energy bin (S; 2 20), the Pois-
son statistics can be approximated to the Gaussian statistics with o; ~ /S;

so that Cyy, is distributed as 2.

o PGy ; Poisson data with Gaussian background,

(Mi 4 tfi)sie_(Mi'i‘tfi) 1

Si! UB,Z’\/%

—(Bi — tfi)

2
QO'B’Z-

P(S;]6) =

exp

] , (4.25)
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and

Y (Bi —tf:)
PGstat =2 Z t(mﬁ—fl)—Szlog (t(mz + fz))—S@<1—ZOQSz)+T, (426)
=1 B.,i

where

—(0123#‘ — B, +tm;) + \/(O%J- — B; +tm;)? — 4(t0%’imi — Siasz,z‘ — tBym;)

fi= ot ’

(4.27)
B; and op,; are mean and standard deviation of the background data, respec-

tively.

The best fit corresponds to the set of parameter values which minimizes the fit
statistic. Due to the multi-dimensionality of the minimization, it is possible that an
optimizer returns a “local” minimum of the fit statistic and not its “global” mini-
mum. To avoid this issue one runs the optimizer multiple times with different initial
parameter values; If the optimizer returns the same minimum of the fit statistic as
well as the same parameter values, it is likely that the fitting engine converged to
the “global” minimum.

Identifying the best parameter values of a model doesn’t mean that the model
is a good fit to the data (i.e., goodness-of-fit). When the data set is eligible to be
analyzed with x? (e.g., the number of counts in each energy channel is large enough

to be approximated to the Gaussian distribution), it is straightforward to estimate

90



the goodness-of-fit. Indeed, the goodness-of-fit is given by the reduced x?, x?:

Xi = Xinin/dof, (4.28)

where xZ., is the x? value corresponding to the best fit, and dof is the degree of
freedom, the number of data points minus the number of free parameters of the
model. If x2 ~ 1, the model is a good fit to the observed data. If x2 > 1, it is
unlikely that the observed data set is drawn from the model, so one may reject the
model as the possible description of the observed data. If x? < 1, the uncertainties
of the data points may be over-estimated and prevent concluding if the model is
good or not. In more complex cases (e.g., low count regime), the goodness-of-fit can
be estimated using Monte Carlo simulations (see the appendix of the reference [70]).

If the model is a good fit to the data, we can determine the confidence interval
for each parameter of the model. The confidence interval is the range of values within
which the true value of the parameter lies at a certain confidence level (usually
68.3%); for a Gaussian distribution, 68.3% corresponds to an interval of 1o around
the distribution mean, m 4 10,,. To determine the 68.3% confidence interval of a
specific parameter, one varies the value of the parameter, in keeping all the others
fixed at the values of the best fit, until the value of the fit statistic increases by one

unit from its minimum.
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4.2.4 Model Comparison - Likelihood Ratio

The nature of the GRB prompt emission is still debated within the community.
Various models have been proposed for describing the shape of the y-ray prompt
emission spectra using one or multiple components; Comparing these models is
crucial for a better understanding of the emission processes at play in the GRB jets.

In order to compare two models, My and M, with n and m free parameters, re-
spectively (n<m), one can use the likelihood ratio test. The likelihood ratio between

My (null hypothesis) and M; (alternative hypothesis) is defined as

L
Ratio = L,—?, (4.29)

where Ly and £ are the likelihood values of My and My, respectively. In the case
of nested models”, £,>L,. In order to avoid numerical issues due to small values of

L, one preferably uses a so-called Test Statistic (TS),

TS = —2log(Ratio) = —2log (%) =2 (log L1 —log Ly) , (4.30)
1

where higher the TS value, the more is M; is favored over M.
In the limit of large data sets (IV > 10), Wilks’ theorem [234] states that the T'S
values follow a y%(k) distribution with k = m - n. Tt is, therefore, straightforward to

use the TS value for comparing models. For example, if My and M; are nested with k

“Two models are nested when an alternative model contains all the terms of a null model with
at least one additional term.
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= 1, then the significance of M; over My is given by 0 = 1—F,2(1)(TS) = VTS, where
x*(1) is the x? distribution with 1 dof and F2(1)(z) is its cumulative distribution
function. In more complex cases where the TS distribution cannot be approximated
with a y? distribution, the TS distribution can be re-normalized using Monte Carlo

simulations (see the appendix of the reference [70]).

4.2.5 Bayesian Model Comparison - Bayesian Information Criterion

The discussions in § 4.2.4 and § 4.2.3 are based on the “Frequentist” inference®.

In the “Bayesian” approach, the probability of a model given the data (i.e., posterior
probability) is defined by the Bayes’ theorem,

P(S | M) P(M)
Ps)

P(M | S) = (4.31)

where P(S | M) is the probability (likelihood) of the observed data set (S) given the
model (M). The probability P(M) is the prior probability, which is the probability
of the model. This probability can be estimated from other information such as
previous observational results or physical intuition. The probability P(S) is called
the marginal likelihood of the data, which is independent of choosing models.

Similar to the likelihood ratio test, a model comparison is done by dividing
the likelihoods of two models, which is called the Bayes factor K,

_ P(S| M) [ P(S| 0, M)r(6h | My)doy  P(M, | S) P(Mo)
~ P(S| M) [ P(S |0y, Mo)(0y | My)df, — P(Ms | S) P(M)’

K (4.32)

8For the discussion on the Bayesian versus Frequentist inference, see the references [235]
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where 0; are a set of parameters in corresponding models M;, P(S | 6;, M;) is the
probability of observed data given 6; (L£;(0;) as defined in Equation 4.19), and
7(0; | M;) is the prior probability of parameters given M;. Instead of integrat-
ing P(S | 6;, M;) over 6;, one can take a certain set of parameters that maximizes
P(S | 6;, M;), which is equivalent to the best parameter values of a model in § 4.2.3.
In this case, the Bayes factor is equivalent to the likelihood ratio (Equation 4.29).
Also, when two models are equally probable, P(M;) = P(M,), the Bayes factor is
equal to the ratio of the posterior probabilities of two models.

Another method to compare the two models is the Bayesian Information Cri-
terion (BIC) [236]. The integration in Equation 4.32 can be approximated to the

sum of P(S | 6;, M;) around its maximum [237],

9 ki/2
/P(S | 0;, Mz‘)ﬂ'(gi ’ Mi)dgi ~ (Nﬁ) P(S | Hi,ma.xa Mi>7r(0i,max | Mz)

(4.33)

1 0°P(S | M) |2
N 002 ’

and thus
— 2log (P(S' | M;)) = =2log (P(S' | Oimax, M;)) + kilog(N) + O(1), (4.34)

where NN is the number of observed data points, k; is the number of parameters in
M;. Finally,

BIC = —2log(L;) + k; log(NV), (4.35)
The term, k;log(N), works as a penalty for the number of parameters in a model.
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Table 4.1: Evidence of the alternative model against the null model [237]

ABIC Evidence of H; against Hy
0 to 2 Not worth more than a bare mention
2to6 Positive
6 to 10 Strong
> 10 Very strong

The BIC value can be used for comparing two models with different number of
parameters, where one model with lower BIC value is preferred over the other model
with higher BIC value. Roughly speaking, if the BIC of an alternative model is at
least 6 units lower than that of a null model, the alternative is strongly preferred

over the null model (Table 4.1) [237].
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Chapter 5: Dedicated Analysis on Individual GRBs

In this chapter, I present the dedicated analysis results on three bright GRBs,

which are GRB 131108A, GRB 160709A, and GRB 190114C.

5.1 Data preparation

In this section, I summarize data preparation for a dedicated GRB analysis.
The first step is to constitute a data set. Among 12 Nal detectors, I select 2—-3 de-
tectors that are triggered or show bright signals; increasing the number of detectors
does not increase the significance of the fits. If any n0-nb detectors are selected,
b0 is also included in the data set. It is because the n0-n5 and b0 detectors are
on the same side of GBM (§ 3.2). Likewise, if any n6-n9, na and nb detectors
are selected, bl is included. Among GBM data types (Table 3.2), T use TTE data,
because TTE data has a high resolution in both energy (128 channels) and time (2
us). Among 128 energy channels in each TTE data, a few low- and high-energy
channels are ignored to avoid energy bins with electronic cut-off or overflows. In
addition, for Nal data, energy channels close to the lodine K-edge around 33.17 keV
are excluded [217]. For LAT data, I use LAT Transient020E data and LLE data

(§ 3.1.5). For the TransientO20E data, I select the energy band from 100 MeV
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to 10 GeV by using gtselect in the standard analysis tools (Fermi Science Tools
version v11r5p3)t, but if there are events above 10 GeV, I extend the energy limit
such as 100 MeV—-100 GeV. In addition to the energy cut, I apply two angular cuts,
making use of gtmktime: a region of interest (ROI) cut centered on the best location
of a burst and a maximum zenith angle (zmax) cut to prevent contamination from
~-rays from the Earth limb produced through interactions of cosmic rays with the
Earth’s atmosphere.

The next step is to determine time intervals of interest. This step is very
important, especially in order to reveal the evolutionary feature of a burst. The
simplest way is to divide the duration of the burst (Tyy) into several equal time
intervals. Alternatively, one can split up events into several bins satisfying the
same signal-to-noise ratio (SNR) or test statistic (TS). The Bayesian block method
(§ 4.1.2) is also a good option. However, this method, sometimes, does not reflect
high-energy features, due to relatively low high-energy counts. I choose one of these
methods, which best reveals the characteristics of a burst.

In order to produce a count spectrum (PHA file) containing both signals and
backgrounds for a given time interval, gtbin is used for GBM, LLE, and LAT data.
The background rate of each GBM detector is estimated by fitting background
regions of the light curve before and after the burst with polynomial functions using
“RMfit” (4.3.2). T create the background spectrum (bak file) for the time intervals

of interest by using background fit obtained in RMfit. A similar approach is used to

'http://fermi.gsfc.nasa.gov/ssc/
’https://fermi.gsfc.nasa.gov/ssc/data/analysis/rmfit
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generate the background spectrum of LLE data. The background spectrum of LAT is
extracted by using gtbkg, which computes the predicted counts from cataloged point
sources and diffuse emission components in the ROI. The cataloged pointed sources
are drawn from the 3FGL catalog [238], and I use the publicly available® isotropic
(gll_iem_v06) and galactic diffuse (iso_P8R2_TRANSIENT020 V6_v06) templates to
model the diffuse emission components. The GBM and LLE instrument responses
are provided publicly by the Fermi collaboration, and the LAT instrument response
is generated by using gtrspgen.

The spectral fitting is mainly performed with the “XSPEC ” software package
(12.9.1)* [239], in which T use PGy (Equation 4.26) for the parameter estimation.
I test models described in § 4.2.2 and their combinations. The best-fit model is
selected by comparing the BIC value (Equation 4.35), where a model with the lowest
BIC value is considered to be the best-fit model. Sometimes, the likelihood ratio
test (LRT) is alternatively used (Equation 4.30). When I analyze LAT data alone, I
use an unbinned likelihood analysis tool (gtlike) implemented in the ScienceTools,
because this tool fits the source and background spectra simultaneously. Table 5.1

summarizes data selections that I used for the analysis on the three GRBs.

5.2 Bright ~-ray Flares Observed in GRB 131108A

In this section, I present the three bright y-ray flares observed in GRB 131108A,

which are ~ 6 — 20 times brighter than than an underlying light curve. I compare

Shttp://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
4 https://heasarc.gsfc.nasa.gov/xanadu/xspec
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Table 5.1: Summary of data preparation for three GRBs

GRB 131108A GRB 160709A GRB190114C

Nal

BGO

Nal energy band
BGO energy band

n0, n3, n6, and n7 n3, n4, n6, and n7 n4 and n7
b0 and bl b0 and bl b0
8 keV-30 keV and 40 keV-900 keV
260 keV-38 MeV

LAT
LAT energy band
LLE energy band

TransientO20E and LLE
100 MeV—-10 GeV
20 MeV-100 MeV

100 MeV—-10 GeV
30 MeV-100 MeV

100 MeV-100 GeV
30 MeV-100 GeV

roi 15° 15° 12° / 10°
zmax 100° 100° 105° / 110°
Analysis tool Xspec and Fermi Science Tools

Fit statistic PGstat

Model Selection BIC LRT BIC

spectral and temporal properties of three v-ray flares and the X-ray flares. Also, I
perform the broadband spectral analysis and the correlation test between the low-

and high-energy bands.

5.2.1 Unusual LAT GRB Light Curve - y-ray Flares

At 20:41:55.76 UTC on 2013 November 8 (7j), LAT triggered on a bright high-
energy emission from GRB 131108A [240], which is simultaneously observed by the
GBM [241]. The duration of the burst Ty, is 18.2 seconds, but the high-energy
emission lasts ~ T + 600 seconds. With the observation of the bright afterglow
of GRB 131104A by various instruments such as Swift [242,243|, AGILE [244], the
accurate location and redshift of GRB 131108A were reported as (R.A., Dec.) =
(156.50°, 9.66°) [243] and z ~ 2.40 [245], respectively.

The LAT events of GRB 131108A are binned. For four sequential LAT events,
we perform an unbinned likelihood analysis, and compute a test statistic (TS)? for

the burst. If the resultant TS is lower than 9 (equivalent to 3 o), we add the next

5the detection significance of the source above the background
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event to the bin and compute the TS again. Once we have the bin with the TS > 9,
we collect the following four events, and repeat this procedure. As a result, each bin
contains at least four LAT events, resulting in a TS > 9. For each of these bins, I
perform an unbinned maximum likelihood fit with y? (Equation 4.21) on the energy
spectrum with a PL model (Equation 4.15). Note that in this work, the power-law
model is defined as dN/dE = NoE™".

The high-energy light curve of GRB 131108A contains three significant flares,
which is unusual for LAT GRBs (Figure 5.1); rather, it resembles the canonical
GRB afterglow light curve with three flares [31,32]. I find the best description of the
LAT light curve by fitting several models and their parameters with the maximum
likelihood method. The light curve is well-fitted with five components (y? / dof =
20.8 / 34): a simple power law, a broken power law, and three Gaussian functions for
the three bright pulses above an underlying emission. Note that single-component
models such as a simple power law (x? / dof = 130.8 / 47) or a broken power law
(x? / dof = 90.8 / 45) are not a good model for this light curve. The model of each
pulse can be replaced with the Norris function [65] (x? / dof = 20.5 / 31) , a broken
power law (x? / dof = 20.2 / 31), or a smoothly broken power law [246] (x? / dof
= 19.4 / 28). However, the Gaussian function is the best-fit model considering its
statistics and the number of free parameters. The best-fit parameters for the three
Gaussian functions are listed in Table 5.2. The fluence of each pulse is (2.0 £+ 0.8),
(1.6 £ 0.6), and (1.7 £ 0.7) x 107% erg cm™2, totally (5.3 & 1.2) x 107% erg cm 2.
The fluence of each pulse is comparable to that of emission during the early steep

decay phase, (1.7 + 0.4) x 107% erg cm™2. The decaying index of the later segment
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Table 5.2: The estimated physical properties of three flares in
GRB 131108A

Peak flux® Peak time FWHM ° Fluence®

[x 1076 erg cm™2 s71] [s] [s] [x 1076 erg cm™2]
Flare 1 26 +1.3 3.5+01 08 +£0.2 2.0+ 0.9
Flare 2 1.4 4+ 0.6 6.0+ 0.1 09+0.2 1.6 £ 0.6
Flare 3 24 +1.0 85+0.1 09+0.2 1.6 £ 0.6

%n 100 MeV — 10 GeV
bFull width at half maximum

of the broken power law is & = 1.6 = 0.2, consistent with other LAT GRBs [37].
Considering the LAT light curve and its best-fit model, I define three time
periods: the early steep decay period (time period 1; Tp+0.3 s — Th+2 s), the three
v-ray unusual pulses with the underlying emission period (time period 2; To+2 s
— Tp+10 s), and the long-lasting shallow decay period (time period 3; To+10 s —
To+20 s). Note that the third time period can be extended until the end of the LAT
emission, but I decide to limit the time interval to the end of the prompt emission
for the joint-fit purpose. The evolution of the first and last periods is commonly seen
in the LAT GRBs, but the phenomena of the second time period are noteworthy.
For the three time periods, I perform a broadband spectral analysis with GBM
and LAT data in energy band from 10 keV to 10 GeV. In the first time period
characterized by the short bright emission commonly observed in the broad energy

band from 10 keV to 10 GeV, the best-fit model for this time period is the Band

101



function [8] with a high-energy cutoff,

(

No (100?(ev)a erp (_E(%:2)> if < 550 Ep,
iN VR y
ae ~ Mo (100keV) (To0sv ;:r_a)a—ﬁempw — ) if 570 By <E<E,

B, E —B\a— o .
\NO (tookev)” (00w (21+_£)a Pexp(B — a)exp (EEfE> it B> E,

(5.1)
where a and 3 are the low- and high-energy photon indices, respectively, E, is the
peak energy of the Band function, E. is the cutoff energy which is fixed to 50 MeV,
and E; is the e-folding energy for the high-energy cutoff (Table 5.3). The decrease
in BIC as a result of adding the high-energy cutoff to the Band function is ~ 17
units, implying that the high-energy cutoff is strongly required. One alternative
model is a combination of two spectral components, Band (Equation 4.17) and CPL
(Equation 4.16). This Band + CPL model describes the data slightly better (lower
PG-stat), but the statistical improvement is not high enough to compensate the
increase of a free parameter, making BIC higher than the best-fit model.

The second time interval where I found the unusual pulses shows a high
count rate only in the low- (10 keV—-1 MeV) and high-energy regimes (100 MeV—
10 GeV) (upper panel in Figure 5.2). The observed data is best explained by a
two-component model, CPL + CPL (orange in Figure 5.2), which is preferred over
a single-component model such as Band (Table 5.3). The two CPLs have distinct
peak energies, E, 0w ~ 400 keV and E, yign ~ 130 MeV, respectively (Table 5.3).
When any one of the CPL components is replaced with the Band function, 8 be-

comes very soft so that the high-energy segment of Band is indistinguishable from
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the exponential cutoff. Therefore, the combination of Band and CPL is not nec-
essary. The two-component scenario for GRB 131108A is also reported by [247],
who analyzed the AGILE (350 keV-30 GeV) data and reached the conclusion that
the extrapolation of the low-energy spectral component could not explain the high-
energy emission, and an additional spectral component with a peak energy at few
MeV is required. The CPL dominating in the low-energy band has o ~ -0.5 con-
sistent with that of the best-fit model in the first time period (Table 5.3), implying
that the low-energy emission of the first and second time periods may be contin-
uous. Given the best-fit model, the LAT emission is described by the high-energy
CPL component. The fluence of this high-energy component during the second time
period is 5.970-3 x 107% erg cm~2, comparable to the sum of fluence from three y-ray
pulses, (5.2 + 1.2) x 107% erg cm™2 (Table 5.2). Most of the LAT emission during
the second time period can be dominated by the three y-ray pulses, and thus the
high-energy CPL component may represent the spectral shape of the three v-ray
pulses.

During the third time period, short-soft pulses in the low-energy band (< 500
keV) are observed. The best-fit model in this time period is the Band function
(green in Figure 5.2). A CPL 4+ CPL model does not give a better result, which
requires the two more parameters but resulting in the similar statistics (Table 5.3).
After Ty + 20 s, the LAT spectrum is well-described by a power law with a photon
index I' = 2.8 £ 0.3.

Figure 5.1 and the upper panel of Figure 5.2 show that the low- (keV to few

MeV) and high-energy (100 MeV—-10 GeV) light curves evolve differently, and the
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broadband spectral analysis reveals the presence of the two spectral components.
I check correlation between the low- and high-energy light curves with the DCF
(Equation 4.12), which compares the variability of two light curves and estimates
the time lag and the respective cross-correlation coefficient [248]. For this purpose,
I performed a time-resolved spectral analysis for the time bin used for the LAT light
curve (Figure 5.1) with the GBM data, and computed flux in the range of 10 keV-10
MeV with the best-fit model for each time interval (orange points in Figure 5.1).
When the entire interval is considered, the correlation between the two light curves,
10 keV-10 MeV and 100 MeV—-10 GeV, is evident (correlation coefficient peak = 0.8
+ 0.1). However, if only the light curves in the second time period is considered,
the correlation analysis does not suggest any correlation between the two light curve
(correlation coefficient peak ~ 0.1).

Considering the temporal and spectral features, the v-ray pulses invoke a dis-
tinct origin from the prompt emission of the low-energy band as well as the LAT
extended emission. Therefore, from now on, the individual y-ray pulse is called a

“~-ray flare”.

5.2.2 Characteristics of vy-ray Flares

I compare and test the well-known properties of X-ray flares to the v-ray flares
in GRB 131108A.
A flux variation of the X-ray flares, 0F,/F,, ranges from 6 [102] to higher

than 100 [33]. The ~-ray flares are about 6 to 20 times brighter than the underlying
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2571 on average (see

emission, which slowly changes in time, F), ~ 2.7 x 10~ erg cm™
Figure 5.1), and thus the flux variation of the v-ray flares is sub-normal, compared
to X-ray flares [98]. The duration of the X-ray flares varies from few hours to a
day [98,249], and there is an empirical relation between the onset time and the
duration of the X-ray flares, dt/t ~ 0.1 [98,249,250]. In case of the ~-ray flares,
they last only few seconds (Table 5.2), much shorter than the X-ray flares [98].
Also, the y-ray flares are observed in < Ty + 10 s, which is rather earlier than any
X-ray flares [98]. Combining these two unusual features, surprisingly, the temporal
characteristics of the ~-ray flares are not in conflict with the empirical relation.
A comparison between the flux variability and the temporal variability of the ~-
ray flares (0F,/F, vs. 0t/t) shows that the y-ray flares are consistent with X-ray
flares [98]. This comparison implies that the v-ray flares are not related to the
fluctuations of the external shock as previously discussed for the X-ray flares [31,143].

The steep decay of the X-ray flares is regarded as a result of the curvature effect
(§ 2.4.2.1), which is identified by testing the relation, & = § + 2 (Equation 2.42)
[98,104,105,246]. It is possible that the decay phase of the v-ray flares can similarly
show evidence of the curvature effect. Before testing the relation, I should remove
the so-called Tj effect [31,251]. Each flare is attributed to the late-time activity
of the central engine and thus has its own onset time (7p). Since the shape of a
light curve in the logarithmic space is very sensitive to the choice of Tj, the intrinsic
light curve of the flare can only be provided if the light curve is shifted to the true
Ty. Due to the underlying emission, however, the true onset of the ~-ray flares is

ambiguous. Therefore, I choose the onset of each flare as the time when the flux of
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the flare is 1/100 of its peak. Figure 5.3 shows the y-ray flares after shifting them
to the proper Ty for each flare. For these light curves, I test the curvature effect
relation. After selecting the data points corresponding to the decaying phase, I fit
the measured photon indices (I') with a linear function, I' = f(¢ — Tp) (solid line
in lower panel of Figure 5.3). Next, the photon index is converted to the spectral
index, 3 = (I' = 1). I then apply the HLE relation and get the temporal index as
a function of time, & = f(t — Ty) + 1. Finally, the light curve expected by the
curvature effect is described by a function of time, F, = F,(t — Tp)?¢=10)+1 (s0lid
line in upper panel of Figure 5.3). I fit this function with the observed, shifted flux
points and conclude that the decay phases of all three v-ray flares are consistent
with the expectation by the curvature effect (Figure 5.3). Also, I find the spectral
softening during the decay phase of the flares, which is the well-known phenomenon
identified in the X-ray flares [98,252].

The X-ray flares are likely attributed to internal shocks, where accelerated
electrons at the shocks radiate via the synchrotron process. On the other hand,
the v-ray flares with E, ~ 130 MeV may originate from the SSC process from
same population of electrons that might have produced X-ray flares (§ 2.2.3.1). In
principle, there could be two possible cases for the inverse Compton process: SSC
from the internal emission region and the External Inverse Compton (EIC) from
the external shock region [253,254]. The observation of the high-latitude emission
in the flares disfavors the EIC origin and supports the SSC origin. Assuming the

> 103, the peak energy of the seed photon should

~J

typical electron Lorentz factor, 7.

be < 0.13 keV (Equation 2.17), which is far below the GBM energy band. Another
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possibility for the origin of the v-ray flares is the residual collision in the internal
dissipation process [255]. In this case, the v-ray flares can be interpreted as the SSC
counterpart of the optical emission produced by the residual collision at large radii.
Note that there were no early X-ray and optical observations for this GRB, so that
the seed synchrotron spectra of the ~-ray flares are unknown.

The very first steep decay emission in the first time period corresponds to the
tail of the first bright broadband pulse. This decay emission is also consistent with
the curvature effect (the first panel in Figure 5.3). The underlying emission in the
second time period can be interpreted as the emission during the development of the
forward shock [256], and the long-lasting decay emission (the third time period) can
be the continuous emission from the fully developed forward shock (§ 2.4.7) when the
total energy is not noticeably increased by the additional energy injection [24,95].
The observation of GRB 131108A uncovers a new phenomenon in the high-energy
GRB light curve. Even though the three y-ray flares were observed in the prompt
phase of the burst, they showed the temporal and spectral properties similar to
those of the X-ray flares. Also, I found the evidence of the curvature effect in the

GeV energy band for the first time.
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Figure 5.1: GBM and LAT light curve of GRB 131108A. The energy fluxes
in the LAT energy band (100 MeV to 10 GeV) and in the GBM energy band (10
keV— 1 MeV) are plotted in blue and orange, respectively. They are calculated
from the best-fit model for each time interval in the spectral analysis with each
instrument. The solid black line shows the fit of the LAT light curve consisting of
five components: a simple power law (dotted gray line), a broken power law (dotted
gray line), and three Gaussian functions (dotted red, green, and blue lines). The
lower panel shows the photon index of energy spectrum from 100 MeV to 10 GeV.
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Figure 5.2: Count-rate curves and spectral energy distributions for
GRB 131108A. The upper panel shows the scaled count-rate curves in different
energy bands. The lower panel shows the joint-fit spectral energy distributions in
energy band from 10 keV to 10 GeV for three time periods. The color coding of the
shaded region in the upper panel and the spectrum in the lower panel indicates three
time periods: blue (0.3 — 2 s), orange (2 — 10 s), and green (10 — 20 s). Each solid
curve represents the best-fit spectral shape (thick) with 1 confidence level contour
(thin) derived from the errors on the fit parameters.
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Figure 5.3: Test of the curvature effect for early steep decay emission and three y-ray flares. The upper panels
show the light curve of the early steep decay emission and the three y-ray flares separately after removing the T} effect.
The lower panel shows the evolution of the photon index. The data points corresponding to the decay phase of each flare
are painted in red, blue, and green. The early steep decay phase is marked in black. The solid lines in the upper panels
show the expected light curve derived from the relation of the curvature effect, & = 2 + B . These theoretical light curves
are computed from the linear fit of the photon indices of the decay phase (solid line in the lower panel).

Table 5.3: The joint-fit spectral analysis result for GRB 131108A..

time period Model « B8 r Ep low Ep high Ef PG-stat dof BIC
[keV ] [ MeV ] [ MeV ]

1 Band -0.501566  _2.0770-02 320.67323 745 695 771
(0.3-25s) | Band with highcut® | -0.4873:9%  -2.0175-92 305.372%-3 350.3T52%! 722 694 754
2 Band -0.73%062 2247001 389.711%-2 880 695 906
(2-105s) CPL + CPL -0.5019-07 1.69700%  394.2F13% 12627708 821 693 860
3 Band -0.94%96%  2.1570-02 168.07125 741 695 767

(10 - 20 s) CPL + CPL -0.9275.43 1.6870:97 19897137 es.7r2L3 742 693 781

“The cutoff energy E. is fixed to 50 MeV



5.3 Multiple Components in the Broadband ~-ray Emission of the

Short GRB 160709A

In this section, I present the analysis of the bright short GRB 160709A detected
with both GBM and LAT. Even though the LAT has detected more than 120 GRBs,
only 10% of them are short GRBs [37]. Due to the scarcity of short GRBs detected
with LAT, the nature of their high-energy emission is not well established yet,
and the bright short GRB 160709A will improve our understanding of the emission
mechanisms powering short GRBs. This section is the summary of the published

paper in the Astrophysical Journal (ApJ) [41].

5.3.1 Short GRB 160709A Detected by Both GBM and LAT

At 19:49:03.50 UT on 09 July 2016 (hereafter Tp), GRB 160709A triggered
GBM with significance of 5.6 o [257]. The ground analysis of Swift/BAT reported
a 9 o excess consistent with GRB 160709A at (R.A., Dec.) = (235.996°, -28.188°)
within a 0.04° error radius [258]. GRB 160709A was also detected by LAT at ~ 17 o
with the clean event type of the data beyond 100 MeV [259] as well as at 10 o using
LLE data beyond 10 MeV. The prompt emission of GRB 160709A was also detected
by Wind/Konus [260], the CALorimetric Electron Telescope (CALET) [261], and
AstroSat [262].

Figure 5.4 shows the light curves of GRB 160709A in various GBM and LAT

energy bands. The GBM was triggered by a low-intensity pulse compared to the
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Figure 5.4: Composite light curve of GRB 160709A in different energy
ranges with the GBM, LLE, and LAT data. The bin size is 0.064 seconds
for all energy bands. The second panel shows the light curve in the energy range
(50-300 keV) used for Tyy calculation. In the bottom panel, the energies of the LAT
events are displayed as circles where the highly associated events with GRB 160709A
(with probability > 90%) are filled in red. The red dotted vertical line represents
GBM trigger time (7p). The time interval of Ty is separated into three episodes
by black dotted lines at Ty + (-0.064, 0.320, 0.768, 5.568)s. The first and the last
vertical lines represent T; and Tgs, respectively. The other two lines are chosen by
the Bayesian-Block algorithm.

main emission episode observed about 0.3 seconds later. The main emission episode
is followed by ~ 4s—long tail. The Tyy and T5q values of GRB 160709A computed
between 50 and 300 keV [10] using GBM data are 5.63 + 1.29 s and 0.58 + 0.20
s, respectively. This GRB is considered as belonging to the short GRB category
because its Tso value is a characteristic of a short GRB (T35 < 1), although the Ty
value places GRB 160709A in the overlapped region of the Tyq distribution of long

and short GRBs [61]. This apparent inconsistency between Tgg and Tq is explained
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Figure 5.5: GRB 160709A spectral energy distributions as measured by
the Ferm: GBM and LAT in different time intervals, using LAT Pass 8
data above 100 MeV and LAT-LLE data. Each solid curve represents the
best-fit spectral shape, within 1 ¢ confidence level contour derived from the errors
on the fit parameters. Each episode is painted with distinct colors as Figure 5.4; red,
green, and blue represent first, second, and third episode, respectively. The bottom
panel shows the residuals of each best-fit model for the three episodes computed
as (data-model)/error. Note that these residuals are not the same as the PG-stat
contributions.

by the fact that the former is more sensitive to the low energy tail that follows the
main emission episode. A similar result was also reported for the very bright short
GRB 090510 detected with GBM [39]. The LAT detected more than 20 events above
100 MeV within ~ 30 seconds. The highest energy photon is 991 MeV, detected at

Th + 1.47 s.
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Figure 5.6: Evolution of the CPL and PL parameters during the main
emission episode. The top panel shows the evolution of o (blue) and I" (red). The
horizontal lines show the time-integrated best-fit values of o and I', and blackbody
radiation and synchrotron radiation limit (green, 1 and -2/3, respectively). Bottom
panel shows the evolution of E,e.c of CPL (Blue) and the fluxes of CPL and PL in
10 keV-40 MeV, which are cyan and pink respectively.

5.3.2 Multiple Spectral Components in GRB 160709A

I divide the time interval corresponding to Ty into three episodes (Figure 5.4).
Both visual inspection of the composite light curve and the Bayesian-Block algorithm
(§ 4.1.2) in different energy bands reach the same conclusion and result in the
following cuts: [T5-0.064 s, Ty + 0.320 s], [To + 0.320 s, Ty + 0.768 s], and [T +
0.768 s, Ty + 5.536 s]. Table 5.4 shows the spectral fit results of the best-fit model
and the alternative models.

The best-fit model for the first episode is CPL. The index of CPL agrees with
the typical low-energy index of GRBs.

In the second episode, the Band model is not sufficient for describing the
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Figure 5.7: Spectral energy distributions of GRB 160709A in the thermal
dominant phase for the joint GBM + LLE + LAT analysis. The time
interval for the thermal dominant phase is from 7(+0.448 s to Ty+0.576 s. The solid
black curve represents the CPL + PL + BB within 1 ¢ confidence level contour.
The temperature of the BB component is about 340 keV.

prompt emission spectral shape of GRB 160709A. Instead, the CPL + PL model
is a better description of data than the Band function alone. A three-component
model (CPL + PL + BB) with fixed parameters (« = 0.7 and I' = -1.5) [89] is an
alternative model for this episode. I perform a time-resolved analysis for this episode
with 64 ms time-binned intervals. Since the CPL + PL model is the best-fit model
in this episode, I test the model in each time interval. Figure 5.6 shows the time
evolution of PL and CPL parameters. Interestingly, the CPL parameters (blue and
cyan) show significant evolution with time, contrast to that of the PL parameter
(T'; red). Especially in the third and fourth time intervals, [Ty + 0.448 s, Ty +
0.512 s] and [Ty + 0.512 s, Ty + 0.576 s], the slope of CPL («) reaches ~ +0.9
and ~ +40.8, respectively. Such values are similar to a typical BB spectral index
(Equation 4.18). I test the BB + PL model in these two time intervals. The model
fits successfully the data with APG-stat < 2 with one more dof with respect to the

CPL + PL model (Table 5.4). The temperatures of BB in the two sequential time
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Figure 5.8: Temporal evolution of the flux and the spectral index during
the extended emission in GBM + LLE (Red, 200 keV-100 MeV) and
LAT (Blue, 100 MeV-10 GeV) energy ranges. The top panel shows the flux
temporal evolution in dashed lines within 1 ¢ confidence level contour derived from
the errors on the fit parameters. The indices of the temporal decay are displayed in
this panel. The bottom panel shows the temporal evolution of power-law spectral
indices.

intervals are 341733 keV and 334730 keV, respectively. A thermal dominant phase is
defined based on this result, Ty 4+ 0.448 s to Ty + 0.576 s, which is well described
by the three-component model (Figure 5.7).

In the third time interval, the PLj,c..c model is the best-fit model. The fit
result shows a break at 21973 MeV with APG-stat = 12 (~ 3.5 o) with respect to
a simple PL model. To track the temporal evolution of the energy spectrum below
and above Ey . independently, I perform spectral and temporal analyses in two
different energy bands, GBM + LLE (200 keV to 100 MeV) and LAT (100 MeV to
10 GeV), with Xspec and Fermi Science Tool, respectively. For the GBM + LLE
analysis, the time interval, [Ty + 0.448 s, Ty + 5.568 s], is considered. This time

interval contains the part of the second episode and the third episode, assuming
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that the additional PL component observed in the second episode and the PLycax
component in the third episode originate from the same source. As for the LAT
analysis, I use the time interval, [Tg + 0.464 s, Ty + 31 s] where they are the time
of the first and last LAT events associated with GRB 160709A (with probability
>90%). Figure 5.8 shows the evolution of the PL fluxes in the two energy bands.
Both GBM + LLE and LAT show time-decaying features except the first point in
the GBM + LLE energy range. I perform the maximum likelihood fit with the

following power-law equation:

F(t) = Fy (i) - (5.2)

1s

The flux in the two energy ranges decreases as a function of time with marginally
different exponents of the temporal decays: the temporal indices & of the GBM
+ LLE and LAT analyses are 1.09 +0.21 and 1.32 £ 0.16, respectively. During
the time-decaying phase, the photon indices in the GBM + LLE and LAT energy
bands are also different: 1.77 £+ 0.08 and 2.22 4+ 0.24, respectively (bottom panel in
Figure 5.8). The photon index of GBM + LLE in the third episode is similar to that
of the additional PL component observed in the second episode, I'qgmirie = —1.77.
These analogous features suggest that an emission process producing a power-law
spectrum is continuous from the main episode to the tail end of the emission (at
least in the energy band from 200 keV to 100 MeV). The photon index of LAT is

slightly softer, I'par = —2.22, implying a different emission process or condition.
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Table 5.4: Spectral fitting to GBM + LLE + LAT data (8 keV-10 GeV) for various time intervals

ST

Band Model Power Law with break Blackbody
T - To Model a B Epeak r Epreak kT PGstats/dof APGstats
[s] [keV] [MeV] [keV]
Time-integrated analysis for each episode
-0.064 +0.320  PL —1.9370-6% 710/709
. +0.38 +82
(Episode 1) CPL —0.957 557 16375 683/708 - 29
+0.05 +149
+0.320 +0.768  CPL —0.4019-95 23291139 882/708
. 0 4+0.06 E 40.11 +141
(Episode 2) Band —0.347 5 5¢ —=3.1715 15 20117557 753/707 - 129
+0.08 +120 2+0.04 > "
CPL + PL —0.1976-98 20071129 —1.73%5:07 735/706 - 147
+0.08 +120 0.07 ~+46.0 .
CPL + PLprcak —0.1819-08 20811129 -1.6179-97  58.67350 726/705 - 156
+0.06 3608 - 17
CPL + BB ~1.4675-9¢ 1469013598 351F17 832/706 - 50
+0.18 +336 0.06 60
3CM* —0.447512 24071330 —1.7173-6¢ 358159 733 /704 - 149
Fixed 3CM? —0.70fixed 27851233 —1.50fixed 376 75S 738/706 - 144
+0.768 +5.568  PL —1.7219-02 857/709
. P . 0.03 134
(Episode 3) PLpreak -1.661503 21913 845/708 - 12
., 0.05 203
PLpreakflow roll-off" -1.757002 23013y 838/707 -19
0.16 <
PLg keV-200 keV —1.2217518 321/230
0.08
PL200 kev-100 MeV —1.7713-68 509/467
.24
PL100 MeV-10 GeV —2.2210-24
0.05
PL200 keV-10 GeV -1.8310:0° 521/477
Broken PLogo kev-10 Gev  —1.77fixed —2.18fixed 1667257 517/477 -4
Time-resolved analysis for the second episode
+0.448 +0.512 BB + PL ~1.6875:03 341725 667/707
+0.38 +148 +0.06
CPL + PL 0.91+9-38 14237138 1671508 665,706 -2
40.512 40.576 BB 4 PL —~1.8519-07 334139 735/707
+0.42 +200 +0.08 . .
CPL + PL 0.7219-42 14221209 —~1.8519-08 734/706 -1
40.448 40.576 BB + PL —1.7519-04 338119 751/707
+0.28 +115 +0.04
CPL + PL 0.8575-28 14191138 —1.7475-04 748/706 -3
Fixed 3CM¢? —0.70fixed 3558 71553 —1.73fixed 338123 746706 -5

“Three-component model (CPL + PL + BB)
bThree-component model with fixed parameters suggested by [89](with a of CPL = -0.7, T of PL = -1.5, and BB)
“PLpreax With low energy exponential roll-off, E oo = 25f}? keV
9 in PL is fixed to I' = -1.73 based on the time-integrated result.



5.3.3 Origin of the Thermal Emission Component

Given the steepness of the spectrum in the time-resolved analysis of the main
episode, I interpret the spectrum as being dominated by thermal emission during
~ 0.12 s. As discussed in § 2.4.4, photospheric emission is naturally expected from
the standard fireball model [46], and the photospheric model is suggested for the
explanation of the spectrum with a very hard low-energy spectral index (« 2 +0.7;
thermal emission) [145, 153,167, 263,264]. Since I found a very hard spectral in-
dex in GRB 160709A in the time interval [Ty + 0.448 s, Ty + 0.576 s, I test the
photospheric model. This model constrains several important physical parameters
such as the size of the central engine Ry, the photospheric radius R, and the bulk

Lorentz factor Ty [148,150,151]. They are expressed as

R~ DR ( Fpy, 3/2 . Famn 3/2 5
"7 2(1+2)2 \ Py er ’ :
/4
or D%RSFthh ' 1/
- 1 - 4
Ry [16mpc3 (14 2)8 X [(1+ o) fn—in] , (5.4)
and,
/4
or (14 2)°DyFy_y ! py
Fbulk >~ |:mp03 R X [(1 —+ Um)fN—th] / , (55)

where z and Dj, are redshift and luminosity distance. The luminosity distance Dy,
is calculated as

DL:(1+Z

(5.6)

Ho Jo +/Qu(1+2')3+Qa
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Figure 5.9: Estimation of physical parameters as a function of red-
shift: the initial fireball radius Ry [fx_sm/er] ™2, the photospheric radius Ry [(1+
om) fn—m]* and the bulk Lorentz factor Tyuy [(1+ o) fv—im]'/*. They were calcu-
lated by the photospheric model [148,150, 151]. The solid-black line represents the
most probable value at a given redshift within 1 ¢ confidence level contour. The
three parameters increase with the redshift. For redshift z = 1, the size of the central
engine is Ry = 3.873: x 10® cm, the size of the photosphere is R, = 7.4795 x 10°
cm, and the bulk Lorentz factor is Ty = 728773 assuming that the ratio fy_s/er
and the product (1 + 0,,) fv_s are equal to unity each.
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with cosmological parameters from [265]. The fluxes Fr, and Fy_y, are measured
from the thermal component (BB) and non-thermal components (CPL and PL),
respectively. The fluxes of the thermal and non-thermal components are (2.1 4+
0.3) x 1075 erg cm™2 s7! and (0.9 £0.5) x 1075 erg cm~2 s, respectively, which
are computed in the energy band from 8 keV to 250 MeV. The parameter er is
the fraction of the initial energy released by the source in thermal form, o, is the
magnetization of the relativistic outflow at the end of the acceleration process, and
fn_7n is the efficiency of non-thermal emission mechanism observed in the spectrum.
The ratio between the measured BB flux and the expected BB flux R is given by

Stefan—Boltzmann law;

R = ( F'es >1/2. (5.7)

oTiy

As the redshift of GRB 160709A is unknown, therefore, I estimate Ry, R, and
[ as a function of redshift (Figure 5.9). The parameter Ry ranges from 107-10?
cm, Ry, from 108-10" em, and Tpyy from 102 to a few 103, assuming that the ratio
fn—w/er and the product (1+ o,,) fn_s are of order unity, each, for 0.01 < z < 10.
This assumption is possible when fy_;, and er have the same order. The fn_y,
term should be fy_4 < 0.1 for an internal shock model (§ 2.4.5) [158] and can be
higher than this limit for other models such as the magnetic reconnection model
(§ 2.4.6). In terms of the fraction of the thermal energy of the source, the standard
GRB scenario suggests e < 0.1 [40, 150,151, 266]. The impact of o, on Ry, and

Ik are negligible. A variation of o, of order 10* results in negligible changes of

Rph and Fbulk; of order 10.
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Since GRB 160709A is a short GRB, the expected size of Ry is 10-100 times
larger than the Schwarzschild radius of the central engine (~ 10° cm) [267,268]. On
the other hand, the size of photosphere Ry, is known to be 10-10'% cm (§ 2.4.4).
The typical redshift of short GRBs is z ~ 1 [125] (Table 2.2), and with a redshift
of this order (or above) the values of Ry and Ry, become plausible, Ry ~ 3.8 x 10°
cm and Ry, ~ 7.4 x 10'° cm. Note that they are still small, but can be explained
by the unexpectedly high temperature of the BB component (kT ~ 340 keV). The
bulk Lorentz factor for z 2 1 is in harmony with a bulk Lorentz factor constrained
from 7y opacity in other GRBs [38,125,269-273].

In conclusion, a thermal component in the time-resolved analyses can be in-
terpreted as the photosphere emission of GRB 160709A. This burst clearly shows
the thermal emission (BB) with very high temperature overwhelming non-thermal
emission (CPL) in the 100 - 1000 keV energy band during the time interval [Ty +
0.448 s, Ty + 0.576 s]. Assuming the redshift of GRB1060709A, z = 1, I derived
the central engine radius Rg ~ 10® cm and the photospheric radius 10'* cm, which

is surprisingly small compared to other previous reports.

5.3.4 Origin of the Additional Power-law Component

The additional spectral component emerges 0.448 s after Ty during the main
emission episode and persists up to the GeV domain until the end of the extended
emission. The flux in two energy bands, the GBM + LLE (200 keV-100 MeV)

and the LAT (100 MeV-10GeV), decreases with time as a PL function with two
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different temporal exponents (Figure 5.8). This power-law decaying feature is well
explained by the standard external forward shock model (§ 2.2.2 and § 2.4.7). 1
test the forward shock model with a set of closure relations derived in adiabatic
hydrodynamic evolution (Table 2.3). Figure 5.10 shows the closure relations of
different surrounding environment and cooling regime conditions. The two sets of
spectral and temporal indices from the GBM + LLE and LAT analyses seem to be
related with different closure relations; the set obtained from GBM + LLE analysis
is positioned at a closure relation of the slow cooling condition (v, < v < v,) and

ISM environment (red line in Figure 5.10), and the set from the LAT analysis is,
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Figure 5.10: Spectral and temporal indices observed in GRB 160709A and
their best-matched closure relations. The red and blue crosses correspond to
the set indices obtained with the GBM + LLE and LAT analyses, respectively. The
three colored lines (blue, red, and green) correspond to various closure relations.
The gray lines connect the black points that have the same electron energy index
(p = 2, 2.5, and 3) of three closure relations.
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Table 5.5: Closure relation test to GRB 160709A

Energy range & B Da Ps weighted average p

GBM + LLE 200 keV-100 MeV ~ 1.09+£0.21 0.774+0.08 2.46+0.29 2.55+0.16

LAT 100 MeV—-10 GeV ~ 1.324+0.16 1.22+0.24 2434+0.21 2.44+0.49 2.49£0.12

on the other hand, at a closure relation corresponding to the fast cooling condition
(v > vy, and v.) with an undetermined surrounding environment condition (blue
line in Figure 5.10).

This result implies that the surrounding medium of GRB 160709A is the ISM
environment rather than the wind environment. This agrees with the theoretical
expectation for the surrounding medium of short GRBs [5,17,274]. Also, this result
suggests that v, is located in between the GBM + LLE energy band and the LAT
energy band. The spectral break detected with 3.5 o significance in the third episode
(Epr ~ 166 MeV) supports the hypothesis of the existence of v, at the high-energy
band (> 100 MeV). I explore the plausibility of such high v, with a simple assump-
tion. Assuming that the GRB isotropic energy Ei, = 10°2 ergs and surrounding
medium density n = 1072 em ™3 [275,276], the electron cooling frequency v, in the

ISM environment can be expressed as [95]

v 7.9 x 1012 (Lo h (Lyl AN Hz
cT B 10%2ergs 10-3¢m—3 1s (5.8)

If v, is 166 MeV at 3 seconds, the middle of the third episode, the above equa-
tion gives the magnetic energy density fraction, ep ~ 5.1 x 10~*. This fraction is

consistent with other observations [205] (Figure 2.27)
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From the two B6 and & sets and corresponding closure relations, I compute the
value of the electron spectral index p of GRB 160709A (Table 5.5). The p values from
the two different closure relations are consistent with each other. A weighed average
of pg is 2.49 4 0.12, which is consistent with other observational studies [201-204].

In conclusion, the origin of the additional PL emission and the high-energy
extended emission is regarded as the external forward shock. The spectral and tem-
poral indices of the GBM + LLE (200 keV-100 MeV) and the LAT (100 MeV-10
GeV) analyses separately, have different closure relations, although the implications
from the two closure relation do not conflict. I found that v, seems to be located
between GBM + LLE and LAT energy bands. The surrounding environment is pre-
ferred to be the ISM environment rather than the wind environment. This analysis
revealed the electron spectral index p = 2.49 + 0.12 for GRB 160709A. This is the
first trial of testing GRB closure relations in the two distinct high energy bands,
and the observational properties are well interpreted by the external forward shock

model.

5.4 High-energy Observations of GRB 190114C by Ferm: and Swift

In this section, I present the high-energy detection of GRB 190114C by Ferm:
and Swift, which was exceptionally bright in the observer frame. GRB 190114C was
among the most luminous GRBs detected by GBM and LAT below 2 < 1 [37]7. This

burst shows the transitions from internal shock to external shock dominated emission

6Since the power law is defined as Equation 4.15, the spectral index B is equal to -(I'+1).
"The brightest GRB is GRB 130427A
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in both GBM and LAT. This burst is captivating due to its very high energy (VHE)
emission above 100 GeV by MAGIC. Note that I led the GRB spectral analysis and

contributed to the theoretical interpretation, and the overall work was coordinated

by Daniel Kocevski [277].

5.4.1 Unusual High-energy Emission from GRB 190114C

On 2019 January 14 at 20:57:02.63 UT (Ty), GBM triggered and localized
GRB190114C. The burst occurred 68° from the LAT boresight and 90° from the
Earth zenith at the time of the GBM trigger. The burst was particularly well
detected by the GBM [278], producing over ~30,000 counts per second above back-
ground in the most illuminated Nal detector. The LAT detected a gamma-ray coun-
terpart located at R.A. (J2000), Dec.(J2000) = 54.57°, -26.99° with an error radius
of 0.05° [278]. Such a high GBM count rate would normally trigger an Autonomous
Repoint Request (ARR), in which the spacecraft slews to keep the burst within the
LAT field of view (FOV). Unfortunately ARR maneuvers have been disabled since
2018 March 16 due to Sun pointing constraints as a result of an anomaly with one
of the two Solar Drive Assemblies that articulate the pointing of the spacecraft’s
solar panels. As a result, the burst left in the LAT field of view (FOV) at T+150
sec and left the GBM FOV at Ty+260 sec when it was occulted by the Earth. The
burst re-emerged from Earth occultation at Ty + 2500 s, but remained outside the
LAT field of view for an additional orbit, re-entering the LAT FoV at Ty + 8600 s.

GRB190114C triggered the Swift Burst Alert Telescope (BAT) at 20:57:03
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UT, and the spacecraft immediately slewed to the on-board burst localization [279].
The X-ray Telescope (XRT) began observing the field at 20:58:07.1 UT, 64.63 sec
after the GBM trigger, with settled observations beginning at Ty + 68.27 sec. The
UV Optical Telescope (UVOT) began observing the field at Ty+73.63 sec with a 150
sec finding chart exposure® using a White filter. The XRT and UVOT detected X-
ray and optical counterparts, respectively, with a consistent location of R.A.(J2000),
Dec.(J2000) = 54.505°, -26.946° with an uncertainty of 0.001° [281,282], which is also
consistent with the LAT position. Both the XRT and UVOT continued observing
the burst location for two weeks, with the last observation occurring 13.86 days post
trigger.

A putative host galaxy was identified in Pan-STARRS archival imaging by
[283]. The redshift of this burst was estimated with absorption lines in the afterglow
spectrum, reported by the Nordic Optical Telescope (NOT), z = 0.42 [284]. Most no-
table the MAGIC Cherenkov telescopes [285] also detected the burst, which reported
a significant detection of high-energy photons above 300 GeV. The MAGIC obser-
vations marks the first significant detection of a GRB by a ground based Cherenkov
telescope.

Figure 5.11 shows the background subtracted BAT, GBM, and LAT light
curves for GRB 190114C in several different energy ranges. The BAT and GBM light
curve can be characterized by highly variable prompt emission episodes, separated

by a quiescent period lasting roughly ~7 seconds. The highest energy photon, with

8The finding chart data consists of a small subset of the pixels in an image, which helps ground-
based observers localize GRBs [280].
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Figure 5.11: Composite light curve for GRB 190114C. The top three panels
show the light curves for the most brightly illuminated Nal (4, 7) and BGO (0)
detectors in the 8-20 keV, 20-200 keV, and 250-10 MeV energy ranges. The first
panel displays the flux in the 15-50 keV energy range as measured from BAT. The
bottom two panels show the LAT data for the LLE and Transient 10 class events
in the 30—-100 MeV and >100 MeV energy ranges, respectively. The last panel shows
the arrival times and energies of the individual LAT photons. Fill circles are the ones
with probability p>0.9 to be associated with the GRB. The red vertical dashed line
correspond to the GBM trigger time, and the dotted vertical lines are the intervals
in which I perform time-resolved spectral analysis.
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Figure 5.12: Multi-wavelength afterglow light curves for GRB 190114C:
UVOT (purple), XRT (orange), BAT (red), GBM (green), and LAT (blue). The
BAT, GBM, and LAT emission show a transition after ~ Ty + 10 s to an extended
emission component decaying smoothly as a power-law in time (solid lines). Both
XRT and UVOT light curves are well described by a broken power law, respectively
(solid line), and their break times are 19.8 x 103 s (~ 5.5 hrs) and 377 s, respectively
(dotted line). The inset shows the light curve of LAT, XRT and UVOT up to ~ T
+ 23 days.
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an energy of 21.0 GeV, was detected at Tp+20.9 s, indicating a spectral hardening of
the LAT detected component as the burst proceeds. The prompt emission appears
superimposed on a smoothly varying emission component that is present during the
quiescent period and extends beyond the cessation of the highly variable emission.
The Ty and T5o durations (50-300 keV), which are 116.442.6 s and 6.9+0.3 s,
respectively, reveal that significant GBM emission above background exists longer

than the prompt emission seen within the first 25 seconds of the burst. The minimum
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variability time (§ 4.1.2) iS tyin = 5.41 £ 0.13 ms in the Nal detectors, 6.49 £+ 0.38
ms in the BGO detectors and 30.00 £ 4.74 ms in the LLE band (20-200 MeV) of
the LAT detector.

Figure 5.12 shows afterglow light curves of GRB 190114C for the XRT, BAT,
GBM, and LAT data. The BAT, GBM, and LAT light curves show an obvious
transition from the highly variable prompt emission to a smoothly decaying afterglow
component. At later times, the three light curves commonly decay in time with
consistent decay indices, o ~ -1, implying that they originate from the same emitting
region. The XRT light curve is well described by a broken power law with temporal
indices of -1.30 and -1.49 with the break occurring at approximately tpeax ~ 1o
+ 19.8 x 10% s (~ 5.5 hrs) (see inset in Figure 5.12). The pre-break decay index
of the XRT light curve differs from the indices measured for the BAT, GBM and
LAT data, with axgr = -1.3. On the other hand, the UVOT light curve exhibits
decay slopes and a temporal break that are distinct from the XRT and BAT data.
The temporal break occurs at ~ 400 sec, with temporal indices before and after
the break of —1.62 + 0.04 and —0.84 + 0.02 respectively. These decay indices are
steeper than the decay observed in the XRT before the break in the UVOT data
and shallower than the XRT decay afterwards. This implies that the UVOT is
observing yet another distinct portion of the afterglow spectrum, although the break
to a shallower decay index would indicate that the pre-break light curve contains

additional emission contribution that does not affect the XRT flux.
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Figure 5.13: Scaled light curves and spectra for GRB 190114C. Each SED
(and £10 error contours) extends up to energy of the highest energy photon detected
by LAT. The color coding used in the shading of time intervals in the top-left panel
is carried over to the energy spectra in the other three panels. The best-fit model
and its parameters are listed in Table 5.6.

5.4.2 Prompt Emission of GRB 190114C

I examine the underlying spectral characteristics of the prompt emission from
GRB 190114C by performing joint time-resolved spectral analysis using the GBM
and LAT data from T} to the start of the settled XRT observations at T + 68.27 s.

The time interval from T} to Ty + 68.27 seconds was subdivided into 7 intervals
after considering the temporal characteristics shown in Figure 5.11. Figure 5.13

shows the best-fit model for each time interval. The spectrum of the first pulse
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Figure 5.14: Temporal and spectral evolution of each spectral component
observed in GRB 190114C. Top: flux, Middle: photon index, and Bottom: Epy.

phase (Tp + 0 — 2.3 s) is best fitted with the Band + BB model. The addition of the
BB component to the Band component is statistically preferred (ABIC ~ 2). The
peak energy (FEpx) for the Band component is 586 £ 14 keV, and the temperature
of the BB component is 44 &+ 5 keV. The temperature of the BB component is
consistent with similar components seen in other bright GRBs [40,70, 79]

The main spectral component during the brightest emission episode observed
from Ty 4 2.3 to 7.0 s is characterized by either CPL or Band. During this phase, the
low-energy spectral index is very hard, ranging between -0.4 — 0.0 (see Table 5.6).

The peak energy (Epx) reaches a maximum value of E, ~ 815 keV from T +
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2.8 to 3.8 s, before decreasing in time (see Table 5.6). This emission complex is
characterized by many short and overlapping pulses, limiting our ability to charac-
terize individual pulses, as they contain contributions from the spectral evolution of
adjacent pulses.

An additional PL or CPL component begins to appear during the Ty + 2.3 —
2.8 s time interval and lasts throughout the prompt emission phase. The arrival of
the first LAT events above 100 MeV associated with the source begins at Ty + ~2.7
s, consistent with the emergence of this spectral component. In the third (7p + 2.8 -
3.8 s) and forth (7 + 3.8 — 4.8 s) time intervals, this additional component increases
in brightness and exhibits a high-energy cutoff which increases in time, ranging from
26 — 52 MeV (see Table 5.6). The high-energy cutoff is strongly required in both
time intervals compared to the models without the high-energy cutoff (ABIC >
10). After ~ 4.8 s, the high-energy cutoff in this additional component disappears,
and the high-energy emission is well described by a PL with a photon index of
I'=—1.86 £ 0.01 (or correspondingly a spectral index of B =0.86+ 0.01).

After the bright emission phase, the long-lived extended emission observed by
both the GBM and the LAT is best described by a PL with an almost constant
photon index of I' ~ —2 (Figure 5.14). The energy flux of this extended emission
phase (10 keV-1 MeV) shows a power-law decay in time with a temporal index of
a = -1.09 £ 0.02. The extrapolation of this extended emission back into the earlier
bright emission phase reveals that the flux from the additional spectral component
in the prompt emission evolves similarly to the extended emission. This implies
that the emission from the additional component and the extended emission may
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be due to the same emitting region. Since the power-law spectral and temporal
characteristics of this broadband emission resemble the representative features of
GRB afterglows, the end of the bright emission phase at about ~ 7 s represents the
transition from the prompt to afterglow dominated emission.

In addition to the extended emission, a weaker, short-duration pulse, with soft
emission primarily below < 100 keV, is observed from Ty + 15 s to Ty + 25 s. This
weak pulse, along with the long-lasting extended emission, is well described with the
CPL + PL model. We fix the photon index of the PL. component to -2.0, assuming
that the photon index of the energy spectrum of the extended emission is unchanged

in time.

5.4.3 Afterglow of GRB 190114C

I continue the time-resolved spectral analysis from Ty + 68.27 to Ty + 627.14
seconds, but now include Swift data. For GBM, I now exclude channels below 50
keV for the n4 detector because of apparent attenuation due to partial blockage of
the source by the spacecraft that is not accounted for in the GBM response. For
LAT, I decrease the ROI size to 10° and increase the maximum zenith angle cut to
110°. Both changes are made in order to reduce the loss of exposure that occurs
when the ROI exceeds the zenith angle cut and begins to overlap the Earths limb.
This increase in exposure, though, comes at the expense of increased background

during these intervals at which the burst position is approaching the Earth limb.

The BAT and XRT data are provided by the Swift collaboration. The detail of the
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Figure 5.15: Spectral energy distributions from the optical to gamma-ray
energies for late time intervals of GRB 190114C. The solid black lines rep-
resent the best-fitting broken power-law function. Each filled region corresponds to
the 1-0 error contour of the power-law function best-fit to each individual instru-
ment. The cyan regions are an extrapolation from the best-fitting broken power-law
function. The dotted line denotes the best-fitted break energy Fieax. The simulta-
neous UVOT white and u band observations taken during the 7 + 180 s to 380 s
and Ty + 380 s to 627 s intervals are also shown, but are not included in the joint
spectral fit. Note that the UVOT observations are uncorrected for Galactic or host
absorption and as such serve a lower-limits to the UV and optical flux.

data reduction can be found in the references [64,286].

I test two models in the joint spectral fits, a PL and a broken power law
(BKNPL). Each model is multiplied by two photoelectric absorption models, one
for the Galactic absorption (“TBabs”) and the other for the intrinsic host absorp-
tion absorption (“zZTBabs”)?. For the Galactic photoelectric absorption model, an
equivalent hydrogen column density is fixed to 7.54 x 10 atoms cm™2 [287]. T let

an equivalent hydrogen column density for the intrinsic host absorption model free,

‘https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node259.html
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but fix the redshift to z = 0.4245 [288].

I divided the extended emission phase, Ty + 68.27—627.14 s, into four time
intervals covering 68.27-110 s, 110-180 s, 180-380 s, and 380-627.18 s. For the
first two time intervals, I fit XRT, BAT, GBM, and LAT data simultaneously by
using different fit statistics to each data type: Csia for XRT, x? for BAT data,
and PGgg, for GBM and LAT. Since the burst is outside the LAT FOV during
the last two time intervals, I limit the joint fit during these intervals to XRT and
BAT data. I fit the Swift data to both a PL. and BKNPL models, using different
fit statistics to each data type, x? for BAT data and Cs, for XRT. As shown
in Table 5.7 and Figure 5.15, a BKNPL model is statistically preferred over the
PL model in both time intervals. The low- and high-energy photon indices in the
BKNPL model are consistent in both time intervals, yielding I'igy ~ —1.6 and I'yign
~ —2.1, respectively, with break energies of ~ 4-6 keV. Note that the high-energy
photon index is consistent with those observed in the additional component seen
in the prompt phase. This result implies that BAT, GBM, and LAT are observing
emission from the same side of the break in the energy spectrum from 10 keV to
100 GeV, which starts to appear during the prompt emission phase in the form of
an additional spectral component, whereas XRT is measuring the energy spectrum
below this break. The fit results for all four time intervals are listed in Table 5.7.

It has been argued that data near a spectral break may be better described by
a smoothly broken power law (SBKNPL), as the energy spectrum near the break is
not in the asymptotic regime [96]. The smoothness of the break is determined by the

break energy, the electron spectral index (p), and the circumburst density profile,
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and therefore can potentially provide additional constraints on the environment into

which the afterglow is propagating. The SBKNPL is defined as

—1/s

( E ) —5sow + ( E ) —S I‘lhigh (5 9)
Ebreak Ebreak ’ .

where Aporm is the normalization (in photons ecm™2 s keV~!) and s describes the

f(E)=A

smoothness of the break; i.e., the lower the value of s, the smoother the break.
When the break energy corresponds to the synchrotron cooling frequency (v.),
the low- and high-energy photon indices are given by —(p + 1)/2 and —(p + 2)/2,
respectively. Also, the smoothness parameter can be described as a function of
p depending on the circumburst density profile, s = 1.15 — 0.06p for ISM and
s = 0.80 — 0.03p for wind. The smoothness parameter for the general density
profiles is given by [195]. As a result, a SBKNPL becomes a function with three

free parameters, Anorm, Ebreak, and p,

B )(p+1)/2

E break

£ \sw2] 7w
14 . (5.10)

E break

)= (

Fits to the joint Swift and Fermi data to this SBKNPL reveal that the theoretical
function is preferable to the simple PL model but less preferred than the BKNPL

model, except for the first time interval.
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Table 5.6: Spectral fitting to Fermi (GBM + LLE + LAT) data (10 keV-100 GeV) for various time intervals

Main component Additional component
From  To Model® Norm." Tiow Thigh Epk Norm.? T'pL Epk kT PGgtat/dof  BIC
[s] [s] [ keV ] [ MeV ] [ keV ]
. +0.005 +0.01 +0.27 +7.7 .
0.0 2.3 Band 0.5187 " 505 -0.737 0701 -4.007 0% 548.67 7 ¢ 518/353 542
+0.011 +0.01 +0.31 +14.2 +5.46 +4.9
Band+BB 048179011 0777001 4207030 58541132 11.5415:2¢ 44.2799 505/351 540
+0.009 +0.03 +16.2 +0.004 +0.05
2.3 2.8 CPL+PL  0.55570-99%  _0.3670-0% 730.071%-2 0.01879-90%  _1.9679-93 425/352 454
+0.006 +0.03 +13.1 +0.002 +0.01 P
2.8 3.8 CPL+PL  0.37479:99¢  _0.0070-0% 840.8715¢ 0.04075-902  _1.6870-91 769/352 799
+0.007 +0.03 +13.4 +0.004 +0.02 +2.6
CPL+CPL  0.35579:907  _0.0470:03 814.971%0 0.06175-90%  -1.4379:02  26.172-9 477/351 512
. +0.011 +0.03 +0.19 +9.6 +0.003 +0.02
3.8 4.8  Band+PL 070675011 0057803 3607019 562.879% 0.05079-903  _1.6479-02 577/351 612
+0.010 +0.03 +0.21 +8.8 +0.004 +0.02 +9.8
Band+CPL  0.67510010  —0.05%00%  3.63702F 5631755 0.06570-007 1647902 515728 519/350 560
+0.006 +0.04 +7.7 +0.002 +0.01
4.8 7.0 CPL+PL  0.32270-90¢  _0.3070-0% 4254777 0.05715-902  -1.867901 467/352 494
+0.005 +0.08 +7.5 +0.003
15 18,5  CPL+PL  0.0807096%  _1.41%0-08 122.9772 0.01479-903 2,00 fixea 407/353 430
+0.005 +0.09 +3.3 +0.001
18.5 25 CPL+PL  0.03070:905  _1.7470-0% 27.71%3 0.00875-903  -2.00 fixed 454/353 478

8¢€T

“For the PL, CPL, and Band models, the pivot energy is fixed to 100 keV
bphotons em™2 s7! keV 1!



6€T1

Table 5.7: Spectral fitting to Fermi and Swift data (1 keV-100 GeV) for various time intervals

From To Model® Tpoh,low Thh,high Fhreak P nH PGstat  Cstar X2 dof’  BIC
[s] [s] [ keV ] [ 1022 atoms cm™? ]

68.27 110 PL -2.09700 10551037 522 659 53 1104 1262
+0.13 +0.02 +0.35 +0.55

BKNPL -1.5510-13 2.1240-02 4 367035 8.1819-5° 524 630 57 1102 1253
0.91 0.09 .2

SBKNPLg\ -(p+1)/2 -(p+2)/2 0247895 2287009 10.1879-27 524 653 55 1103 1268

SBKNPLyinq -(p+1)/2 -(p+2)/2 0.1012-59 2307018 10.247927 524 654 55 1103 1268

110 180 PL -2.01+0-9% 10.4316-2% 652 672 50 1105 1402
+0.08 +0.02 +0.62 +0.40

BKNPL -1.5710-08  2.0610-02 5441092 8.3075-49 653 620 52 1103 1374

SBKNPLg -(p+1)/2 -(p+2)/2 1687300 2227009 9.8010-23 657 656 50 1104 1398

SBKNPLyina  -(p+1)/2 -(p+2)/2 1047391 2251020 9.9470-23 657 659 50 1104 1401

180 380 PL -1.90%0 0 9577917 774 66 810 866
+0.06 +0.05 +0.46 +0.29

BKNPL -1.5410-06 _1.99%0-05 5181046 7.9310-29 727 63 808 830
:

SBKNPLgy  -(p+1)/2 -(p+2)/2  5.60T0L5 2901010 9.0715-1% 756 64 809 854
0.35 0.16 0.16

SBKNPLyina  -(p+1)/2 -(p+2)/2  6.887935 2251010 9.21701¢ 761 64 809 858

380  627.14 PL -1.8679-01 9.097913 700 47 839 775
+0.05 +0.08 +0.72 +0.24

BKNPL 171005 2114008 550072 8.4370-22 686 42 837 768

SBKNPLigy  -(p4+1)/2  -(p42)/2 86773730 2151020 8.671030 694 44 838 772
36.96 0.19 0.18

SBKNPLyina  -(p+1)/2 -(p+2)/2  9.16735.9% 2207019 8.771048 695 45 838 774

?Since the XRT data is included, a model is multiplied by the photoelectric absorption models, TBabs with fixed hydrogen column density
of 7.54 x 10'? and zTBabs with fixed redshift of 0.4245.
*Total degree of freedom



5.4.4 Attenuation in the Additional Power-law Component

GRB 190114C was extremely well detected by both Ferm: and Swift and
serves as an exquisite example of the overall interpretation of previous GBM and
LAT observations of GRBs. In this section and the following section, I focus on the
characteristics of the additional PL component, which is interpreted as the afterglow
component. The rest of the interpretation of this burst can be found in the paper
published by the Fermi and Swift collaborations [277].

The spectral analysis of the prompt emission phase of GRB 190114C shows
that there are at least two spectral components: Band+BB or Band (or CPL) + PL.
The PL component is initially attenuated at energies greater than ~ 100 MeV, which
can be interpreted as due to opacity to electron-positron pair production within the
source (§ 2.2.4) [289]. The cutoff energy associated with this turnover is observed
to increase with time before disappearing entirely at later times. Similar behaviour
has been observed in other LAT detected bursts [60] and has been attributed to
the expansion of the emitting region, as the pair production opacity is expected to
scale as 7, «« R™' (Equation 2.33). This cutoff energy can be used to obtain a
direct estimate of the bulk Lorentz factor of the emission region. Assuming that the
critical energy where the opacity is equal to 1, 7,,(E.) = 1, is the cutoff energy of
the PL component (the peak energy of the CPL), the bulk Lorentz factor is [60]

1
D\’ ) BBy \ 2"
o — ; —2(I+1) [ ZeZpiv
Fbulk >~ [UT (Cét) EprC(F) (1 + Z) ( mgc4 > , (511)
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where C(T') is a numerical constant, C(T") ~ 0.597(—T)"23% for 1.0 < —T' < 2.9,
and Fp, is 100 keV. For the definitions of other parameters, see Equation 2.33 and
Equation 4.16. The spectral cutoff at E, ~ 143 MeV'? in a time period from T, +
3.8 s to 4.8 s with the variability timescale of ¢, ~ 6 ms, the bulk Lorentz factor is

Cpuk ~ 214, which is consistent with other LAT GRBs, ',y > 100 [38,125,272]

5.4.5 Spectral Break Observed in the Afterglow Phase

The broadband fits to the simultaneous Ferm: and Swift data show evidence
for a spectral break in the hard X-ray band (5-10 keV). In the context of the forward
shock model, this spectral break could belong to either the minimum electron fre-
quency (vy,) or the cooling frequency (v.) (§ 2.4.7). Considering the expected spec-
tral indices below and above the break (Table 2.3), both hypotheses, Vobs bk = Vi,
and Vepspx = Ve are consistent with the observation (Figure 2.28), assuming the
electron spectral index p is about 2.1. Therefore, the spectral information alone
cannot distinguish these two hypotheses.

When observed temporal features are considered, one of the hypotheses is
challenged. If the observed break is v,,, the temporal index below v, is expected to
be & = 1/4 for either ISM or wind circumburst environments (Table 2.3), which is
inconsistent with the XRT decay index of axrr = 1.32. Therefore, this hypothesis
is disfavored.

On the other hand, if the spectral break is v, with p ~ 2.1, the observed

broadband data are consistent with the expectation. The expected temporal index

WE, = E,/(2-T).
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below and above v, for wind (ISM) is 1.3 (0.8) and 1.1 (1.1), respectively (Table 2.3).
As shown in Figure 5.12, the temporal index for BAT, GBM, and LAT, which are
measured above the break energy, are about 1.0-1.2, consistent with the expectation.
Furthermore, the temporal index of XRT pins down the circumburst environment of
GRB190114C. The observed axrr matches duying, but does not match dqy. Also,
if we are indeed observing an afterglow spectrum in which the XRT data are below

V., the estimated density profile index k, n(r) oc 7%, is given by [195]

- 8& — 1283

=" 1092 (5.12)
24 — 36 + 1

which also supports a wind profile (k = 2) scenario. Therefore, the break is more
likely to be the cooling break developed in a wind-like circumburst environment.
One challenge of this hypothesis is that the observed peak energy does not
increase in time as much as expected. According to the external forward shock
model, the expected evolution of the cooling break is v, oc t71/2 in a wind-like
environment (Equation 2.50). Despite an initial increase in the break energy between
the first two intervals, the break energy is consistent with remaining constant after
Ty > 180 s. This implies that GRB 190114C may occur in a stratified environment;
i.e., the wind density profile may not extend up to the radius where the outflow

swept up at Ty 2 180 s.
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Figure 5.16: Time versus detected photon energies from GRB 190114C.
The black dots denote events above 1 GeV with >90%-probability association with
GRB190114C. The dashed line represents the maximum synchrotron limit for the
adiabatic jet with the wind case. The red shaded region represents a non-observable
period for GRB 190114C due to Earth avoidance.

5.4.6 Possible SSC Contribution to the High-energy Emission

All discussion above is derived without taking into account the effect of possible
SSC emission; i.e., the LAT emission is interpreted as the synchrotron emission from
accelerated electrons in the external forward shock (§ 2.4.7). The existence of late-
time high-energy photons detected by the LAT poses a direct challenge to this
interpretation (Figure 5.16).

According to the external forward shock model, the outflow begins to transfer
its internal energy to the circumstellar medium, and I'yy of the forward shock

decreases with distance from the central engine as I' oc R~G~%/2 (Equation 2.49).
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As a result, the maximum synchrotron energy decreases with time as the afterglow
expands. Plugging in Ty = 214 (§ 5.4.4) and 2 = 0.4245 to Equation 2.13! gives
the initial maximum synchrotron energy of vpyaxo >~ 16 GeV. Figure 5.16 shows the
expected maximum synchrotron energy as a function of time along with the observed
LAT photons above 1 GeV. There exist several high-energy photons that exceed the
expected maximum synchrotron energy at the time of their arrival, including a 18.9
GeV photon arriving roughly 8900 sec after Tj, almost an order of magnitude higher
in energy than our estimate for v, at this time. It is clear that these high-energy
events either necessitate an additional emission mechanism at higher energies, or a
revision of the fundamental assumptions used to calculate vy ay.

The SSC mechanism (§ 2.2.3) could produce significant emission above V.
The emergence of the SSC component in the LAT energy band should result in a
hardening of the LAT spectrum and/or be apparent as deviations in the observed
light curve, neither of which was observed in this burst at least up to 1 GeV. One
possible solution would require an SSC component to remain sub-dominant to the
forward shock synchrotron emission throughout the evolution of the LAT observed
emission. Such a scenario could occur when the local energy density of the syn-
chrotron photons is lower than the energy density of the local magnetic field; i.e.,
Y <1 (Equation 2.20). Furthermore, a detailed numerical simulation of the SSC
emission considering the evolution of the external-shock emission showed that the

expected SSC emission could remain weaker than the primary synchrotron emission

1Tn this work, the maximum synchrotron energy is assumed to be ~ 106 MeV at the rest
frame [36].
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even if Y > 1 [290]. This effect could prevent a significant SSC contribution to the
LAT light curve and spectra, while still producing high-energy photons that exceed
the maximum synchrotron limit.

A strong Klein-Nishina (KN) effect could significantly constrain SSC emission
at high energies (§ 2.2.3), which suppresses the production of very high-energy (VHE;
100 GeV to 100 TeV) photons yielding a cutoff in the SSC spectrum. If the observed
synchrotron spectrum is unaffected by significant SSC losses due to the KN effect

(Y < 1), 7. needs to be well above the critical Lorentz factor v, [58],

2 A\ 2
Vo= ——, and, Y(9y.) x (&> ) (5.13)

For Tpu ~ 100 and vy, ~ 4keV at Ty + 90 s, 7. should be higher than 10*.
When v,, < 7. and 9. < 7., high-energy SSC photons are not expected to be
strongly damped until > Tppyemec® ~ 0.5 TeV (Equation 2.18). Therefore, the
LAT detected photons are not expected to be significantly effected by the KN sup-
pression, although the VHE spectrum observed by MAGIC could exhibit curvature
due to this effect (MAGIC and many collaborations 2019, submitted).

In summary, in the LAT energy range, there exist high-energy photons that
are in tension with the theoretical maximum photon energy that can be achieved
through shock accelerated synchrotron emission. The detection of the VHE emission
above 300 GeV by MAGIC concurrent with the LAT observation further compounds

this issue, which may be resolved by introducing the SSC emission above vp,.x.
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Chapter 6: Systematic Studies of a Large Sample of GRBs

In this chapter, I present two systematic studies. One is to search for evidence
of HLE (§ 2.4.2.1) in the Fermi GBM GRBs. The other is to test the standard

forward shock model (§ 2.4.7; Table 2.3) in the Fermi LAT GRBs.

6.1 Search for Evidence of High Latitude Emission in Gamma-ray

Burst Broad Pulses

In this section, I present a systematic study of the prompt emission of GBM
GRBs. Several studies have been performed to search for the evidence of HLE in
the prompt emission of GRBs. However, it is not straightforward to uncover the
HLE evidence in the prompt phase because the observed temporal and spectral
shapes of the prompt emission vary from one another. Also, overlaps of multiple
pulses [65,291] and multiple spectral components in energy spectrum [38-41,60, 89|
make it hard to find the HLE evidence during the prompt phase of GRBs. I test
the HLE relation (F, g, « E;; Equation 2.43) and search for the evidence of HLE

in the decaying phase of broad pulses.
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6.1.1 Search for Broad-Pulse GBM GRBs

An initial sample consists of 2157 GRBs listed in the GBM catalog observed
in 2008-2017 [61,76,219,292]. In order to test the HLE relation, I need to perform
a time-resolved analysis on a sufficient number of bins. Since the time-resolved
spectral analysis requires bright GRBs, I select GRBs with energy fluence and peak
flux in the energy band from 10 keV to 1 MeV higher than 2.5 x 1075 erg cm™2
and 1.8 x 1076 erg ecm~2 s71, respectively. For each GRB, I take the energy fluence
and peak flux values from the GBM online catalog [120], and 175 GRBs (~ 8.1 %)
survive after these cuts.

For each GRB, I configure a data set adopting the set of detectors listed in
the GBM online catalog [120]. For the data set, I gather events of 50-300 keV and
apply the Bayesian block algorithm (§ 4.1.2) [223]. At the same time, I estimate
a background rate by extrapolating a polynomial function fitted for time intervals
before and after the burst. Finally, I construct a background subtracted count rate
curve with the Bayesian-block bins. I define a pulse as a series of bins where the
count rates are 3 o above the background level. Among pulses in a GRB, I choose the
brightest pulse that has the highest count rate bin. For the brightest broad pulse, I
impose four criteria to filter out pulses with serious contamination by background
and/or overlapping pulses. These criteria are not based on any physical models or

functional pulse profiles. For each criterion, I also prescribe a yellow flag (warning)

or red (rule out) flag, if a pulse does not satisfy a criterion.

1. The pulse should contain 90% of the GRB fluence;
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e Yellow flag: 70% < pulse fluence < 90%,

e Red flag: pulse fluence < 70%.

This criterion is directly related to the fluence and peak flux cuts. This cri-
terion checks whether the pulse is bright enough for a time-resolved analysis.
With this criterion, a bright GRB composed of multiple low-fluence pulses will

be removed.

. The decaying phase time interval (Tgecay) should be longer than the rising

phase time interval (Tyis);

e Yellow flag: 1/2 < Thise/Tdecay < 1,

e Red ﬂag: Trise/Tdecay < 1/2

A parameter T, is defined as duration from the start of the first bin of a
broad pulse to the peak of the broad pulse, and Tgecay is from the end of Tige
to the end of the last bin of the broad pulse. This is related to a pulse shape.
There isn’t a standard broad pulse shape, but a single pulse is believed to be
asymmetric [65,293,294]. This criterion is intended to exclude a broad pulse

composed by superposition of many pulses.

. During the decay phase of a broad pulse, any bump should not exist. However,
if a single bump exists, I impose a criterion on the duration of the bump

(Thump). The duration should be shorter than 1/4 of the decaying phase time;

o Yellow flag: Thump/Tdecay < 1/4,
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e Red ﬂag: Tbump/Tdecay Z 1/47 or Nbump Z 2

During the decaying phase, the count rate of bins should decrease with time.
If a bin has a higher count rate than the previous bin, a series of the irregular
bins is called a bump. The bump ends when a following count rate becomes
lower than the bin before the start of the bump. This criterion is to minimize
the interplay of coexistent pulses. Any sub-dominant pulses on top of the
broad pulse make it difficult to extract temporal and spectral features of the

broad pulse.

4. The pulse should not overlap any nearby pulses.

e Yellow flag: a distinct pulse within 10 seconds

e Red flag: a distinct pulse within 5 seconds

To test this criterion, I check the count rates of three nearby bins within 5 s
and 10 s before and after the bright pulse. If any nearby pulse has a count
rate 3 o above the background level, I prescribe a yellow or red flag depending

on the proximity of the pulse overlapping the broad pulse.

If a broad pulse receives at least one red flag or at least two yellow flags, the
pulse is removed from our sample. After the selection procedure, our final sample

consists of 32 bright broad pulses within 32 GRBs.
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6.1.2 Test of the HLE Relation and Results

I test three representative models for each time interval, a simple power law
(PL; Equation 4.15), a power law with exponential cutoff (CPL; Equation 4.16), and
the Band function (Band; Equation 4.17). For the parameter estimation, see § 5.1.
[ use PGgir (Equation 4.26) to estimate parameters and their errors. The best-fit
model for each time interval is determined by comparing PGg. from each model.
The best-fit model is determined by the likelihood ratio (Equation 4.30); Band when
APG g0 (CPL - Band) > 11.83 units, CPL when A PG g4, (PL - CPL) > 8.58 units or
PL otherwise, similar to the criteria employed by the GBM catalog [61,76,219,292].

The value of F, p, in CPL or Band and its corresponding errors cannot be
directly computed from the parameter estimation procedure, so I compute them
with the Monte Carlo simulation. I synthesize 10° spectra with best-fit parameters
and corresponding covariance matrix given by the best-fit model, and compute F, g,
for each synthesized spectrum. From the F, g, distribution constructed by 10°
synthesized F, g, values, I get mean and asymmetric errors of ', g,. Since this work
is to test the scaling relation between E, and F, g,, I ignore time intervals of which
the best-fit model is PL.

With the spectral analysis results, I test the HLE relation,

F,p o« E, where § = 2 for HLE. (6.1)

I determine the existence of the HLE signature by a x? goodness-of-fit test (§ 4.2.3).
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First, I fit the HLE relation with § = 2 to all possible sets of temporally connected
points. I use at least four points because it is possible that two or three points may
be aligned in a specific slope by chance, while the plausibility of four points lining
up at the specific value is relatively unlikely. For a set that agrees with the HLE
relation (x2 = x?/dof < 2), I fit the same relation again but leaving ¢ free. If any
sets of points show 4 close to the HLE index (|0 — 2| < 05) with o5 < 1.5, I classify
the broad pulse as a “clear” case. The final value of § is the one obtained from the
fit using the largest number of points. For a broad pulse that don’t have any series
of points consistent with the HLE relation, I assign the pulse to a “weak” or “N/A”
case through visual inspection. A weak case shows either an agreement with the
HLE prediction except for few outliers or points lining up at a specific slope different
from the HLE index. The weak cases are ambiguous so that one may classify these
cases into N/A rather than weak.

In addition to the E,~F, g, relation, the test of two other scaling relations, ¢
E, and t-F, g,, would confirm whether or not the agreement of the E,—F, g, relation

is artificial (Equation 2.43),

Ep 0.8 tobs_17 (6 2)

-2
FV,EP X tobs s

where t,ps 18 observer time measured from the beginning of a broad pulse. Since
the beginning of observed broad pulses is not usually the same as the GBM trigger
time, I need to reset this observer time at the beginning of the broad pulse [31]. To
eliminate the ¢, effect, I define and calculate the pulse start time (t3°) where the
background subtracted count rate starts to rise 3 ¢ above the background level.
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Figure 6.1: Spectral analysis on a broad pulse in GRB 160113A. The top
left panel shows a count rate curve with the evolution of E,. The pink shaded
region indicates a time interval where either the CPL or Band is the best-fit model.
The color gradation used in Ez represents the lapse of time, and the color coding
is used in the other panels. The others two top panels (upper center and upper
right) show o vs E, and a vs. F, g, respectively. The bottom panels show the
agreement between data and the HLE relations: E,~F, g,, t-E, and t-F, g, from
left to right. The dotted lines in the bottom panels indicate the lines predicted by
the HLE theory.

Figure 6.1 shows the analysis result of GRB160113A as an example. The
upper—left panel show a count rate curve in three different energy bands; 10-50
keV, 50-300 keV, and 300-1000 keV. This shows the existence of spectral lags as
well as pulse shapes in different energy bands. Also, I plot the temporal evolution
of E), on top of the count rate curve to see the correlation between £, and the count
rate. In most cases, two patterns, “hard to soft” or “flux tracking”, are seen, which
is consistent with other observational studies (§ 2.3.1) [65,84,292,295-297]. A low-
energy photon index (o) versus £, (upper—center) and o« versus F, g, (upper-right)

are plotted in order to see the evolution of a versus E, and F, g,. The tests of the
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Table 6.1: Spectral analysis parameters for selected GRBs.

GRB name Pulse start Analysis start Analysis end # of bins HLE evidence Power-law index X,Qj
[s] (5] [s]

GRB 081009A -0.194 1.630 7.130 19 N/A - -
GRB 081221A 16.922 18.290 35.290 19 Clear 1.8+ 0.6 0.2
GRB 081224A -0.260 0.500 28.000 14 Clear 2.0+ 04 1.5
GRB090717A -0.360 3.400 16.400 13 ‘Weak -
GRB 090719A -0.136 3.480 14.480 14 ‘Weak - -
GRB 090820A 29.494 32.830 39.830 21 Clear 2.0 + 0.9 0.1
GRB 100324B -0.066 1.130 11.630 21 Clear 2.1+ 04 0.5
GRB 101023A 60.842 60.630 95.130 15 Clear 1.8 £ 0.3 0.5
GRB 110301A -0.086 1.750 10.250 19 Clear 1.9 £0.3 0.4
GRB110721A -0.132 0.500 22.500 14 Clear 2.0+ 1.4 0.2
GRB 110920A -0.076 5.000 185.500 29 Clear 2.1 + 1.0 0.1
GRB 120204A 19.636 29.080 62.580 19 N/A - -
GRB 120624B 1.950 10.750 37.750 14 ‘Weak - -
GRB121122A -0.062 0.170 11.170 14 N/A - -
GRB 130219A 72.754 77.830 112.330 14 N/A - -
GRB 130305A 0.498 1.830 14.830 9 N/A - -
GRB 131028A 2.482 5.250 31.750 17 Weak - -
GRB 131214A 56.154 60.250 81.750 13 Clear 1.7 £ 0.5 2.0
GRB 140206B 5.202 5.830 27.330 22 Clear 2.3+ 0.9 2.2
GRB 140329A 19.400 22.500 28.500 14 Clear 2.2 + 0.8 2.0
GRB 141028A 6.118 7.630 39.130 17 Clear 24+ 1.1 0.7
GRB 150213B -0.062 2.170 5.170 14 Clear 1.9+ 04 1.3
GRB 150306A -0.562 2.750 12.750 9 Clear 2.0+ 04 0.4
GRB 150403A -0.818 3.250 29.750 23 N/A - -
GRB 150902A -0.032 8.500 14.500 19 Weak - -
GRB151107B -0.050 7.250 42.750 12 Clear 2.2+ 0.5 0.2
GRB160113A 24.334 28.750 51.250 19 Clear 2.1 + 0.2 1.1
GRB 160509A -0.626 8.170 36.670 16 Clear 2.1 £ 0.6 0.4
GRB 160530B -0.536 3.880 15.880 19 Clear 2.1 +£0.2 2.0
GRB 160910A -0.078 6.330 31.830 19 ‘Weak -
GRB 170921B -0.152 0.440 37.440 19 N/A - -
GRB171210A -0.588 1.500 108.000 24 Weak - -

HLE relations are presented in the lower panels.

From the x? goodness of fit test, I find that clear HLE evidence is observed in
18 out of 32 broad pulses (~ 56%). The fit results of the HLE relation are shown
in Table 6.1 and Figure 6.2.

As shown in Table 6.1, the clear sample has § ~ 2. Since the distribution of
0 resembles a Gaussian function (Figure 6.2), I estimate median and width of the
distribution with the Monte Carlo simulation. I generate 10° synthesized distribu-
tions based on 18 measured § and o5. From the simulation, I get the median and

the width of the true § distribution, § = 1.99%91% and o5 = 0.34 T33! respectively.
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Figure 6.2: Distribution of § in F, p, o E;. The blue bar is the distribution of
0, and the blue line shows a normal probability function given by the Monte Carlo
simulation with 18 broad pulses. The median and width of the distribution is 1.99
and 0.34, respectively. The orange error bars indicate the fit results of 18 GRBs
with the HLE signature. The black dotted line represents the HLE expectation, ¢
= 2, and the data and corresponding distribution agree with the HLE theory.

6.1.3 Implication of the observation of HLE in the Prompt Emission

The observed data of the clear sample satisfy not only the HLE relation be-
tween k), and F, g,, but also, in most cases, the other HLE relations related to
Lobs, tobs—Ep and tops—F, g,. In few cases, the observed data are aligned but show a
slope steeper than the HLE expected. One explanation for these exceptions is an
inaccurate definition of the t5". The actual to cannot be exactly measured due to
the background fluctuation, the detector sensitivity, or overlaps of pulses. The com-
bination of these effects hides the beginning of a broad pulse, and ™ is set later
than ¢§"°. This observational effect results in the change of the slopes in tops—E,

and tops—F), g, spaces. Considering this observational limit, the true slope can be

shallower than the observed slope, resulting in satisfying the HLE relations. The
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effect arising from the bulk acceleration can provide another explanation for the
steeper slopes [85,104,137].

In an effort to minimize the effects of pulse overlaps, I chose relatively clean
broad pulses by imposing four criteria (Section 6.1.1). For the energy spectrum, I
assume that each time-resolved energy spectrum is dominated by a single spectral
component, which is PL, CPL or the Band function. I acknowledge that the best-fit
for each time interval may be a combination of two or more spectral components,
instead of one of the tested models (§ 2.3.1). However, it is still possible to observe
the HLE evidence with testing of a single spectral component, if one component
overwhelms the other components so that a single component model can adequately
describe the dominant component. The clearly observed scaling relation supports
that the analysis with a single component can be valid because it is difficult to
explain the specific evolution of £, and F, g, in the presence of equally bright multi-
components. With a multi-component spectral analysis, I expect to find more broad
pulses showing the HLE signature, which might be hidden in a single component
spectral analysis. In analyzing the broad pulses with multiple spectral components,
it is not easy to take a systematic approach.

This study identifies the observational evidence of HLE for the first time. The
observation of the HLE evidence in relatively long GRBs (Tyo = 10) implies that

the emission radius for those GRBs is 7 ~ 10'® cm (Equation 2.31),

Fbulk 5t0bs
7~ 2l c0t = 1.6 x 10*%cm (W) ( 5 ) (6.3)
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This large emission radius of the gamma-ray emitting region strongly disfavors some
prompt emission models such as a photosphere model (§ 2.4.4; R, ~ 101°-10' cm)
or a internal shock model (§ 2.4.5; Rig ~ 10'3-10' cm) but favors a magnetic
dissipation model such as the ICMART model (§ 2.4.6; Ricmarr ~ 101°-10' cm)
[184].

In conclusion, this study agrees with the prediction of the HLE theory and

successfully identifies the observational evidence of HLE for the first time.

6.2 Closure Relations of y-ray Bursts in High-Energy Emission

I perform a systematic study with high-energy emission of 186 GRBs observed
by Fermi LAT from August 2008 to August 2018. Out of the 186 GRBs in the
Second Fermi-LAT Gamma-ray Burst Catalog (2FLGC) [37], 59 GRBs fulfill our
selection criteria and are used as described in § 6.2.1. I test the external forward
shock model (§ 2.4.7) assuming adiabatic hydrodynamic evolution by comparing
the properties of the selected GRBs with a set of the standard closure relations
(Table 2.3). Two density profiles, ISM and wind, are tested. In addition to the
circumburst condition, three cooling regimes are considered; v > v, and v,, v, <
v < v, and v, < v < V. Since the synchrotron self-absorption process is relevant
to emission well below infrared [45], I neglect the closure relations related to the self-
absorption regime. Evolution after the jet break is considered not to be relevant to
this work, because the jet break is usually observed ~ 3 day later. I find the best-

matched closure relation for each GRB, and discuss implications of the physical
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conditions of GRBs deduced from the best-matched closure relation.

6.2.1 Procedure for Finding the Best-match Closure Relation

I define the LAT extended emission as emission after the GBM Ty measured
in the energy range from 50 keV to 300 keV. The light curve and energy spectrum
of the LAT extended emission are analyzed in the 2FLGC, and I adopt the values
of temporal and spectral indices from the 2FLGC.

In the 2FLGC, a light curve of the LAT extended emission is fitted with a
simple power law (Equation 4.2) and a broken power law (Equation 4.3). Since a
broken power law is never significantly better than a simple power law, I adopt a
temporal index from the simple power law. I impose a criterion on the error size of
the temporal index to remove a GRB with a large error, resulting in a meaningless
classification. The error size of the temporal index is required to be less than 1/2,
because two typical closure relations, & = (33 - 1)/2 and & = 33/2, are differentiated
by the value of 1/2 when its spectral index is the same.

The energy spectrum of the GRB extended emission is fitted with a simple
power law in the energy range from 100 MeV to 100 GeV. Similarly to the error-size
cut of the temporal index, I also require the error on the spectral index to be less
than 1/3. The difference in the error-size criteria results from the consideration of
the maximum slope of a closure relation (& ~ 30 /2). After these procedures, 59 out
of 186 GRBs are selected (58 long and 1 short GRBs).

I test the standard closure relations as shown in Table 2.3, eight in total. For
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the set of B and & pairs satisfying our selection criteria, I perform a statistical
analysis to find which closure relation best fits each pair.
According to Bayes’ Theorem, the probability of a closure relation (CR) given

observed 3 and @ is (Equation 4.31)

P(CR | &,p) = P&, 5| CR) PIOR) (6.4)

P(a, B)

For any choice of two closure relations, the Bayes factor K can be computed for

comparing which model better describes the observed data (Equation 4.32),

! i CR; )7r(9j | CR;)dd

P(OA‘?B ’ CRi) f (6.5)
P

YT GBI CRy)

According to the external forward shock model, the spectral and temporal
indices are a function of the electron spectral index p, except for CR1 (see Table 2.3).
Because both B and & are a function of p, I can convert B and & to s and pg,
respectively. The likelihood P(d,B | CR;) can be therefore estimated by requiring
that both p; and ps satisfy the constraint of the closure relation and that s and pg
are identical. Under the assumption that the uncertainties on p; and ps are normally
distributed and considering these two requirements, the quantity P(&, 3 | CR;) can

be described as

P(&,3| CR;) = /P(d737| 0;, CR;)m(0; | CR;)do
(6.6)
~ P(pa,i = ps,; | CRi) H P(pji Cpe | CRy),

j=&8
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where p. refers to the p constraint of the corresponding closure relation. The likeli-

hood P(ps = ps | CRy) is

P(pai=ps,; | CR;)

where o, , and 0, | are the 1-sigma error of ps,; and pj ;, respectively. The prob-

ability P(p; C p. | CR;) can be calculated by

2x [ - exp{ %] dp otherwise,
p in pc

which is a two-sided probability of the region satisfying the p constraint.
In case of CRI1, B and & are not a function of p, and they are independent.

Instead, I calculate the likelihood for the data with

- _ 1 (6@ — 1/4* (B —1/2)?
P& f1 Oy = 27TO'@UBQXP 202 202 (6.9)

The best-matched closure relation is determined by comparing the quantity of
P(&, | CR;). A model with the highest P(&, § | CR;) is a possible best-matched
model. However, if the possible best-matched model gives

2 (p,é’,best - p&,best)2
A + 02

Pa, best P pest

> 1.65, (6.10)

then the best-matched closure relation is not assigned; i.e., such GRBs are called
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Table 6.2: The number of classified GRBs for each closure relation.

Ve < V< Uy, V> Up, Ve U < V < U,
¢ Total
Class I/W? W ISM  ISM wind CC ot
CR1 CR2 CR5¢ CR3 CR4

Long 1 20 3 19 4 11 58
Short - - - 1 - - 1
Total 1 20 3 20 4 11 59

“unclassified

bISM /wind

‘l<p<?

“unclassified (UC)”. When the best-matched closure relation is assigned, the Bayes
factor against the other closure relations is computed. The smallest Bayes factor,
which is given by the best-matched closure relation against the most competitive
alternative, can be used for estimating the strength of how much the best-matched
closure relation is supported by the data against the others. A Bayes factor smaller
than 3 means that the best-matched closure relation is not significantly better than

the other closure relations [298].

6.2.2 Closure Relation Classification Results

The classification results are summarized in Figure 6.3 and Table 6.2. In total,
48 out of 59 GRBs are classified into one of the standard closure relations, and the
others are unclassified. Only 5 of the 8 closure relations, CR1-CR5, are preferred
for the classified GRBs. In Figure 6.3, the set of closure relations, and 59 GRBs
are plotted. Depending on the value of the Bayes factor compared to the most

competing model, the degree of transparency is determined; i.e., the less ambiguity
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Figure 6.3: The result of classifying LAT GRBs to a set of closure rela-
tions. The color of data points and lines differentiates a cooling regime; red is used
for the fast cooling (v > v, and v,), green for the slow cooling (v, < v < v.),
orange for v. < v < v,. Note that for v. < v < v,,, the spectral and temporal
indices are specifically determined: B =05 and @ = 0.25. Each set of & and f is
depicted by color corresponding to the best-matched closure relation, but an un-
classified GRB is displayed in black. The closure relation line style is related to the
surrounding environment property; a solid line is used for an undetermined environ-
ment, a dashed line for ISM, and a dotted line for wind. Two sub-panels (top and
middle) show classified events for the two most frequently used closure relations,
separately. Also, a bottom sub-panel shows some selected GRBs, which are broadly
studied with multi-wavelength observations: GRB 080916C (blue), GRB 090510A
(orange), GRB 090926A (green), GRB 110731A (red), and GRB 130427A (purple)
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of the classification, the higher the visibility. Note that there are some green points
on top of red dotted and dashed lines. This is because for those closure relations
(CR5 and CR6), the error size of pa, 0, , is four times larger than one given by other
closure relations (CR2, CR3, and CR4), so that the value of P(a, 3 | CR;) decreases
significantly. Most of the classified events have spectral and temporal indices from
0.5 to 1.5, but the unclassified GRBs tend to have either a soft spectrum (3 ~ 1.5)
or a shallow decay (& < 0.5). Table 6.2 shows how many GRBs are sorted into each
closure relation. The most frequent classified class is CR3 derived from a cooling
condition of v, < v < v, with a uniform density profile (ISM). Also, many GRBs
are classified into CR2 for which v is higher than both v, and v, with undetermined
circumburst environment.

I compute ps and s from & and B, respectively, by applying the conversions
of the best-matched closure relation. Figure 6.4 shows a scatter plot of p; versus pa
and the distribution of the weighted average of p; and ps. The red (CR 2 and 5)
and green points (CR 3 and 4) are related to the different cooling regime, the fast
cooling (v > v, and v,,) and the slow cooling (v, < v < v,), respectively. In the
upper panel of Figure 6.4, the red and green points are clustered in different areas.
Such deviation is also evident in the weighted p distribution of the fast cooling and

the slow cooling (see the lower panel of Figure 6.4).
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Figure 6.4: Distribution of the electron spectral index p. Upper panel: scatter
plot of p; versus ps for 48 classified GRBs. Each data point is displayed in red (fast
cooling; v > v, v.) or green (slow cooling; v, < v < v.) depending on the cooling
regime of the best-matched closure relation. The Black dashed line indicates the
identity line. The selected GRBs, GRB 080916C, GRB 090510A, GRB 090926A,
GRB 110731A, and GRB 130427A, are marked with an additional yellow star point.
Bottom panel: the distribution of the weighted average of p; and p.
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6.2.3 Micro-physical Parameters for the LAT Extended Emission

In this section, I discuss several micro-physical parameters inferred from the
test of closure relations to the LAT extended emission: surrounding circumburst
environment, €g, and p.

As described in § 2.4.3, a long GRB is attributed to the core-collapse of a mas-
sive star [19,299,300], and stellar winds from the massive star form the circumburst
density profile as a function of radius [301]. As the radius from the central engine
increases, the density profile is no longer purely described by the stellar winds, but
is influenced by the interstellar medium. A short GRB originates from the merger
of two compact objects, and thus a uniform density profile with a lower density
environment is expected [5,17,42,274].

Among 58 long GRBs, I identified the environment of 26 GRBs, and most of
them (22 out of 26) are related to the ISM. Other observational studies reach similar
conclusions [121,302]. It was found that all of their long GRB sample fits best with
a constant density medium from 0.1 to 30 cm™ [302]. Also, the majority of the
long GRBs detected by Swift were compatible with a uniform density profile rather
than a wind profile [121]. These results are in tension with the expectation that
the progenitors of long GRBs are massive stars whose external density decreases
with radius in proportional to radius squared. This implies that a wind profile may
not be extended at the radii of the forward external shock [121]. Another possible
explanation for such conflicted results is that our assumption of the wind density

profile is too simple; i.e., the wind profile can deviate from the simple description
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[303]. In our sample, there is one short GRB, GRB 090510, which is related to the
ISM consistent with the theoretical expectation.

On the other hand, I found that 24 GRBs are classified into the slow-cooling
condition, v, < v < v, (Table 6.2). This result implies that for those GRBs v,
is required to be higher than the LAT extended emission energy band (vpar) in
order to satisfy this cooling condition. Since the spectral and temporal indices are
computed from the energy band, 100 MeV-10 GeV, v, should be at least higher
than a frequency equivalent to 100 MeV.

According to the external forward shock model, the cooling frequency v, is
described as a function of four parameters: the fraction of the total energy behind
the shock in the magnetic field eg, the isotropic energy Fiy,, the circumburst density
profile n, and the observed time t.,s. Among the four parameters, the distributions
of the isotropic energy and the observed time do not show any dependence on the
cooling condition (2FLGC). I take the average value of Eiy, and t,ps from 2FLGC,
Eiso ~ 10° ergs and to,s ~ 10° s. Since most GRBs favor the ISM circumburst
condition, the density profile is assumed to be ISM, n = 1 cm™3. Under these

reasonable assumptions, €z has an upper limit [57],

ep SA8X 1077 (1+2) "2 v 100 mev 22 Bsyg 2 3 3713 (14 Y) ™43,

(6.11)
where v, 100 pev = hve / 100 MeV, Es3 = Fi, / 10% ergs, ny =n / 1 cm™2, and 3
= tobs / 103 s. Even with Y < 1 (Equation 2.20), the GRBs classified into the slow-

cooling condition require a very small value of ez (< 1077). Such a small value of
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eg, however, does not conflict with other observational studies in the X-ray, optical,
and radio bands (Figure 2.27) [186,205,304-308|

For GRBs with a very small eg, the contribution from the SSC emission to the
GeV emission cannot be ignored [57,58,309], and it is possible that the emerging
SSC emission can lead spectral and temporal indices deviated from those expected
from the synchrotron process. Several studies show that the SSC contribution to
the LAT energy band from 100 MeV to few GeV is small due to the Klein-Nishina
effect [304,310]. I have not found strong evidence of SSC-induced deviation from
the standard closure relation at present. To assess the specific contribution of SSC
emission, the detailed spectrum and its evolution of the electron distribution should
be studied by multi-wavelength modeling [307], which is unknown in a systematic
way. Instead, the relative change in the spectral and temporal indices due to the
contribution of SSC can be explored. Several studies found that the standard closure
relation can deviate due to emerging SSC emission, and such deviation directs to the
area between the slow cooling line and the fast cooling line [290,311], suggesting that
for GRBs with a set of B and & scattered around such region, the SSC contribution
may be important in understanding their evolution of spectrum and light curve, and
the standard closure relations may not work properly.

Both theoretical studies and numerical simulations on an electron spectrum
developed in a relativistic shock show that an electron spectral index p has a uni-
versal value ~ 2.2 — 2.4 [197-200]. In contrast, the observational studies found that
p varies from one GRB to another, and the distribution of p forms a Gaussian func-

tion [201-204]. In accordance with other observational studies, Figure 6.4 shows
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that the weighted averages of p obtained from the classified GRBs are distributed
in the range from 1.5 to 3.5, rather than having a universal p. To get median and
1 o of the p distribution, I perform a Monte Carlo simulation study. For each paye
value, I assume that mean and error of p,,. follow a normal distribution, and ran-
domly generate a p value with a probability given by the normal distribution. I
gather the simulated p values and make a distribution. The simulated distribution
is fitted with a Gaussian function by the maximum likelihood method. I repeat
this procedure 10° times. From the 10° set of median and 1 o value, I estimate
median and 1 o of the true p distribution, which are p = 2.40 + 0.03 and 0, = 0.44
+ 0.03. This result is consistent with other observational results [204], where the
distribution of p measured from Swift GRB X-ray afterglows is well described by a
Gaussian function centered at p = 2.36 and having the standard deviation of 0.59.

Next, I test dependence of p on the electron cooling condition. The pae
distribution of CR2 (fast cooling) and the combined p,y. distribution of CR3 and
CRA4 (slow cooling) are compared. The simulation for these two sets yields that the
Pave distribution of the fast cooling has median and 1 ¢ of 2.22 + 0.04 and 0.30 +
0.04, respectively, and in the case of the slow cooling, median and 1 ¢ are 2.61 +
0.04 and 0.43 T003, respectively. Since the two distributions are not aligned (see
lower panel in Figure 6.4), I perform the Kolmogorov—Smirnov (KS) test on them.
As a result, the null hypothesis that the two distributions are drawn from the same
reference distribution is rejected at 3.2 o (two-sided p-value = 1.2x1073). This
implies that the slope of the electron spectral distribution is possibly related to the
cooling regime.
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Figure 6.5: Test of unclassified GRBs with the refreshed shock model. Left:
closure relation lines for several energy injection coefficients, ¢ = 1, 0 and -1, are
plotted with the unclassified GRBs. Note that ¢ = 1 is no energy injection. Right:
the estimated values of ¢ and p for unclassified GRBs are plotted. The red points
are when all unclassified GRBs satisfy a closure relation of the fast cooling. The
green and blue points are for the slow cooling with ISM and wind, respectively.

In addition, I explore the dependence of p on the surrounding environment.
I compare CR3 (ISM) and CR4 (wind). In case of ISM, the median and standard
deviation are 2.62 £ 0.04 and 0.43 £ 0.04, respectively. For wind, the median and
standard deviation are 2.60 £ 0.11 and 0.40 TJ13, respectively. Since the two results
agree within 1 o, the dependence of p on surrounding environment is unclear.

In conclusion, the derived physical conditions such as the electron spectral

index, the upper limit of eg, and the surrounding environment do not conflict with

those from the X-ray and optical bands.

6.2.4 Possible explanation for unclassified GRBs

For unclassified GRBs, I consider modifications to the standard external shock
model. First of all, I test an external forward shock model with a continuous energy
injection from the central engine during the afterglow phase, the so-called “refreshed

shock model” [31,193]. According to this model, the isotropic energy evolves as
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Ejs o< t179, where ¢ is the energy injection coefficient. For values of ¢ < 1, there
is continuous energy injection from the central engine whereas ¢ = 1 is identical
to an instantaneous energy injection. The energy injection from a spinning-down
newly-born magnetar gives ¢ = 0 [142,193]. There is no general consensus for the
energy injection mechanism and the value of ¢. As the forward external shock is
supported by energy injected from the central engine, the temporal index is smaller

than in models without energy injections is described as a function of ¢ [31],

(

3g-2 CR1,

4

(2p—4)+(p+2)
% CR27

(p,q) = (6.12)

(2p—6)+(p+3)
Cp=6+p+3)s  CR3,

joN

(2p—2)+(p+1)
Lr2etll - CR4,

\

whereas the spectral index B is independent to the energy injection coefficient. As
the coefficient ¢ decreases (more energy is injected), the temporal index becomes
smaller (slower flux decreases).

Since the true value of ¢ for each GRB is unknown, any closure relation (CR2,
CR3, and CR4) can be the best-matched closure relation for an unclassified GRB if
an appropriate ¢ value is chosen. I can calculate a proper value of ¢ and correspond-
ing p for each closure relation, assuming that the relation is the best-matched closure
relation (Equation 6.12). As shown in Figure 6.5, the required ¢ value varies, and

a universal value for ¢ is not determined. Rather, I estimate the maximum energy
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injection coefficient in order to satisfy any one of the closure relations. I find that
unclassified GRBs can be explained with values larger than ¢ ~ 0.45 on average.
The values of p are distributed in the range of 2.5 < p < 5, which are slightly higher
than those of the classified events. Assuming that all unclassified GRBs meet the
same closure relation and choosing an appropriate ¢ value for each GRB, there may
be anti-correlation between ¢ and p (see Figure 6.5 right panel), which implies that
a larger energy injection results in a softer electron spectrum. I stress that this
anti-correlation is only valid under this strong assumption.

In addition, I consider a model describing an external forward shock in the
presence of a reverse shock [24,312-314]. New closure relations can be derived from
that model [315], which have the same form as the closure relations of the refreshed
shock model for ¢ = 0. In Figure 6.5 (left panel), a few of the unclassified GRBs
are consistent with a value of ¢ = 0 lines. For those GRBs, this model can explain
their evolution of spectrum and light curve.

There are other external shock models for the jet geometry, the structured
outflow and the non-uniform surrounding medium [126,263,316,317]. To test these
models for the unclassified GRBs, the detailed characteristics of each GRB should
be investigated, which is beyond the scope of this study.

To sum up, the spectrum and temporal evolution of the LAT high energy
extended emission are well explained by the standard external forward shock model,

except for few GRBs. For few GRBs, several external shock models can be suggested.
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Chapter 7:  Conclusion and Future Prospect

Throughout this thesis, I have discussed the temporal and spectral evolution
of y-ray bursts. Such evolutionary features of GRBs are studied with both dedicated
analyses on individual GRBs and systematic analyses on a large sample of GBM
and LAT GRBs. The following is the summary of my work.

I found that a bright short GRB, GRB 160709A, showed the thermal emission
on top of the non-thermal emission (§ 5.3.2). This thermal emission was clearly
identified only in the time-resolved spectral analysis, and this emission faded in
time (§ 5.3.3). This time-resolved spectral analysis suggests that this short GRB
requires at least three spectral components, consistent with what has been reported
in long GRBs [89].

Similar to some bright LAT GRBs such as GRB 090510 [39] and GRB 090926 A
[60], GRB160709A and GRB190114C showed an additional PL component ex-
tended from keV to GeV (§ 5.3.4 and § 5.4.5). Tracking the temporal and spectral
features of the broadband PL component found that this component is consistent
with emission from the external forward shock. Furthermore, I showed that most
of the LAT extended emission is consistent with the external forward shock model

with the systematic approach of a large sample of the LAT GRBs (§ 6.2). These
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results constrained several micro-physical parameters, which allows to broaden our
understanding of the detail of the emission process and the surrounding environ-
ment.

On the other hand, observations of GRB 131108A suggested new phenomena
in the high-energy emission (§ 5.2.1). In the broadband analysis on GRB 131108A, I
found the three GeV flares on top of the underlying power-law decay emission. Fur-
thermore, the temporal and spectral analyses suggested that the flares are thought
to originate from a distinct emission source. One possible explanation is the SSC
process, where sub-keV photons were up-scattered by interaction with high-energy
electrons (§ 5.2.2). The observation of the high-energy photons in GRB 190114C also
suggested that the LAT emission may be attributed to both synchrotron and SSC
emission processes (§ 5.4.6). The simultaneous MAGIC observation of GRB 190114C
in the TeV energy band supports the consideration of the SSC contribution to GRBs,
which help us reveal the detail of GRB physics such as the properties of the emitting
region and the total energetics of GRBs.

Since the relativistic jet expands with an angle of a few degrees, the geometry
of the outgoing shell plays an important role in evolution of temporal and spectral
characteristics of GRBs. One of the geometrical effects is HLE, which has been
identified in afterglow of GRBs. From the systematic study of GBM GRBs, I found
the evidence of HLE in the prompt phase of GRBs for the first time (§ 6.1). Also,
in the dedicated analysis in GRB 131108A, I showed that the decaying phase of the
GeV flares are consistent with HLE, which is again the first identification of HLE

in the GeV energy range (§ 5.2.2). These results support that the geometrical effect
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in GRBs is universal in all energy bands, regardless of the emission region/phase.
These studies shed light on the physics of GRBs and how the relativistic
jet evolves in time, especially for the high-energy emission. However, many open
questions are remained unsolved. One troublesome problem is the origin of the
prompt emission, especially non-thermal emission. Generally, the prompt emission
is believed to originate from internal shocks or magnetic dissipation. The radiation
mechanism for both models is the synchrotron process. This constrains a GRB
spectrum to be similar to the synchrotron spectrum, resulting in certain slope and
width around the peak energy (§ 2.2.2). In many cases, when observed data are
fitted with empirical models such as Band and CPL, the resultant spectra have the
low-energy photon index higher than the asymptotic limit of synchrotron emission
(w > —2/3). This fact challenges any model invoking the synchrotron process as
the main emission mechanism of the observed prompt emission spectrum.
Recently, it was argued that the Band function with a > —2/3 can be ad-
equately fitted with the synchrotron spectrum [318]; when the two spectra are
forward-folded through the GBM instrument response, the resulting count spec-
tra are not different from each other. In addition, several groups successfully fit the
observed data directly with the proper synchrotron spectrum, not with the empirical
models such as Band or CPL [318-320]. These studies may alleviate the tension from
disagreement between the observed spectra and the expected synchrotron spectrum.
In addition, the universality of the multi-component spectrum has been suggested,
where the GRB prompt spectrum consists of three spectral components [321]. The

validity of this argument cannot be clearly tested with current missions due to
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low sensitivity. Such ambiguities in the prompt emission spectrum can be resolved
with more sensitive future missions such as the All-sky Medium Energy Gamma-
ray Observatory (AMEGO) [322]. I performed a simulation study that showed that
AMEGO would be able to detect many more low-luminous short GRBs than Fermi
by a factor of ~ 2-3.

The recent MAGIC detection of the VHE emission from GRB 190114C suggest
that it is possible that we may miss VHE emission from many bright GRBs. Even
though the MAGIC detection was made in the afterglow phase, the possibility of
the VHE emission during the prompt emission cannot be ruled out. Like Ferms,
the High-Altitude Water Cherenkov Observatory (HAWC) has a large field of view,
providing an excellent chance to observe the prompt emission in the VHE regime
from 100 GeV to 100 TeV [323,324]. If the VHE prompt emission is observed by
HAWC, it will provide the information on the energetics of GRBs that will be crucial

to understand the origin of the prompt emission.
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