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Abstract

In this thesis, I theoretically predict how the properties of ultra-relativistic shock break-
out emission depend on the temporal shock evolution. The fundamental motivation is the
fact that shock breakout has been believed to be a prerequisite moment for any successful
explosion of a core-collapse supernova, no matter how relativistic the explosion is. For future
observations, it is worth while to predict the emission features for obtaining information on
the mechanism of stellar explosion. Regardless of that, majority of the former studies sup-
pose only non-/mildly- relativistic cases. Even the rest few studies have not calculated the
spectrum by considering bulk-Compton scattering, which is regarded as an important pro-
cess for shock breakout emission. In this thesis, I study effects of the bulk-Comptonization
on spectra of emission generated from a strong shock passing through the stellar surface or
circumstellar medium (CSM) with ultra-relativistic velocities. For that purpose, I construct
a Monte-Carlo code, in which relativistic specification (such as Lorentz transformation and
Klein-Nishina formula for Compton scattering) is taken into account.

First, I investigate ultra-relativistic shock breakout at the stellar surface, in which the
shock is always accelerated to reach the surface. The resultant spectrum has two peaks when
the averaged energy of bulk-Comptonized photons is about 20–30 times higher than that of
thermal photons before Compton scattering, otherwise a single peak. As a development of
the study, I examine if there is a possibility that shock breakout has some relationships with
the observed long gamma-ray bursts (l-GRBs). Some features of spectral shape resemble
those of l-GRBs, but the timescale of shock breakout is far shorter.

As a next step, I calculate the spectra and light curves of ultra-relativistic shock breakout
in the CSM, where the shock is accelerated or decelerated depending on the energy injection
rate from the central engine. The results show that decelerated shocks would tend to emit
higher energy (>100 MeV) photons exclusively in the beginning of the shock breakout.
Meanwhile, the spectral shape of the emission from accelerated shocks slightly changes with
time. It might be difficult to explain the observed spectral shapes of l-GRBs.

In addition to the studies of ultra-relativistic shock breakout mentioned above, I study
another topic, aiming at explaining the observation of an X-ray outburst (XRO 080109/SN
2008D) generated from a mildly-relativistic shock. In this study, I explore the dependence
of mildly-relativistic shock breakout on shock asymmetry and the viewing angle Θ, by
assuming an axisymmetric ellipsoidal shock. A comparison with XRO 080109 reveals that
both of the observed spectrum and light curve can be explained by the axisymmetric model
with oblateness of « 0.3 and Θ ą 30 deg.
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Chapter 1
Introduction

Stars more massive than 8 solar masses turn into core-collapse supernovae (CCSNe) within
tens of millions of years after their birth. Since a huge amount of energy is released in the
form of radiation by the subsequent explosion, they are known to become most powerful
phenomena in the Universe. Though majority of the energy on the order of 1053 erg is
converted into a huge amount of neutrinos for only several sec during the core-collapse,
shock waves formed near the surface of the central core destroy progenitor stars, so that
they begin to release the rest of the energy in the form of kinetic energy of matter in the
envelope and emission from the stellar surfaces.

Study of neutrino transport is indispensable to understand the fundamental supernova
physics because neutrinos dominate the energetics of this phenomenon. On the other hand,
there are not very large possibilities of catching short bursts of neutrino particles towards
the Earth. For this reason, the electro-magnetic emission is an important probe to under-
stand the physics of supernovae, such as internal structure, nucleosynthesis, and explosion
mechanism. In addition, high-energy emission generated in the very early phases contains
much information about kinetic motion of the matter and the size of the progenitors. Espe-
cially, the first coming photons after core-collapse of a star that are generated from a shock
wave when it breaks out the stellar surface (shock breakout) imprint that such information
on the light curves and spectra (e.g. Falk, 1978; Klein & Chevalier, 1978; Ensman & Bur-
rows, 1992; Soderberg et al., 2008). For example, some characteristic γ-ray emission (long
Gamma-ray bursts; GRBs) associated with CCSNe originating from massive progenitors
strongly suggests that some supernova explosions are asymmetric and probably forming jet-
like structures blowing with ultra-relativistic velocities (Ruderman, 1975; Schmidt, 1978).

In this thesis, I investigate the relation between features of shock breakout emission and
behaviors of the shock emerging from the stellar surface.

The main subject (Chapter 2 and 3) of this thesis is to investigate the properties of
non-thermal γ-ray emission generated from the shock propagating in the stellar surface or
the dense CSM. The subject aims at two goals. The first one is to find some relations be-
tween the shock breakout emission and the time-dependent activities of the central engines.
Since the motion of shocked matter depends on energies supplied from the central core, it is

1



Chapter 1. Introduction

expected that one can extract some information on the central engine by studying influence
of the motion of the shock on the emission. The second motivation is to find corresponding
phenomena of the ultra-relativistic shock breakout by comparing with the observed X-ray or
γ-ray transients. The leading candidates are long-GRBs. A long GRB begins with prompt
γ-ray emission (lasting Áseveral sec) followed by lower energy (from optical to X-ray) after-
glow emission (lasting Áseveral days). Most GRBs have similar properties in their spectra
of the prompt phase, and luminosity behaviors of afterglow (Band et al., 1993). Based on
the properties, GRB emission has long been thought to originate from synchrotron radiation
emitted by acceleration of ultra-relativistic electrons (Preece et al., 1998). However, recent
development in follow-up observations (, especially by the Swift satellite,) reveals presence
of some properties inconsistent with the synchrotron model (Kaneko et al., 2006; Goldstein
et al., 2012). To solve the problems, some former studies suggested that thermal photons
with energies enhanced by non-thermal radiative processes might produce the prompt emis-
sion of GRBs (Paczynski, 1986; Goodman, 1986; Thompson, 1994; Mészáros & Rees, 2000).
If the view is right, GRBs must originate from very similar radiation processes to shock
breakouts. Therefore, discussing the similarities and differences between them would be
good for understanding of the physics of GRBs.

To achieve the aims referred in the preceding paragraph, I make calculations of photon
traveling across an ultra-relativistic shock. As a preliminary step (Chapter 2), I have studied
emission of ultra-relativistic shock breakout at the surface of a Wolf-Rayet star (Ohtani et al.,
2013). The resultant emission overlaps with the spectral features of typical GRBs, but its
scale of the duration and total radiation energy are far smaller. This means that a larger
emission region must be required to explain a GRB by a shock breakout. In addition, in
order to know the relations between the behavior of a shock with various velocities and
the central engine activity, further calculations in different situations are required. The
behavior of a shock is determined by the energy injection rate and the density distribution
of the upstream matter. The density gradient in the surface layer has a large negative value.
It predicts acceleration of the shock until it disappears at the stellar surface, irrelevant to
the energy supply to the shock after the generation (Nakayama & Shigeyama, 2005).On
the contrary, once a new shock generates by collision between the ejected matter and the
CSM, its behavior depends on the energy injection rate from the central engine (Blandford
& McKee, 1976). For example, if the energy injection rate is constant with time, the shock
will propagate with a constant velocity.

For the reasons referred in the previous paragraph, as the subsequent study (Chapter 3)
I calculate emission from ultra-relativistic shock breakout in a CSM associated with energy
supply from the central engine by using the Blandford & McKee self similar solutions.

In Chapter 4), I have another topic, which is for reproducing the observed properties
of a famous X-ray outburst followed by a supernova. Recently, a significant progress was
made in study of shock breakout through detailed observations of a bright X-ray outburst
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1.1. Outline of the review

080109/SN 2008D (Soderberg et al., 2008). The outburst is thought to be associated with a
shock of mildly-relativistic velocities. Analysis of the luminosity evolution and spectrum of
the outburst led to discoveries of unexpected properties, namely, evidence of shock breakout
in the circumstellar matter (CSM), the existence of a non-thermal component in the spec-
trum, and possibility of asphericity. A previous theoretical study ascirbed the non-thermal
property to photons obtaining the bulk kinetic energy of downstream electrons through
electron scattering, using a 1D hydrodynamical code (Suzuki & Shigeyama, 2010a). The
observed shape of the light curve can be explained by the influence of an asymmetric explo-
sion (Suzuki & Shigeyama, 2010b). Both of these studies result in very intrinsic arguments
for understanding properties of shock breakout. However, in order to obtain information
on the geometry of supernova such as 2008D, there is a small problem. That is, though
the light curve is examined using a 2D hydrodynamical model, the spectrum is explained in
the context of a 1D model that was not turned to this particular supernova. To solve the
problem, I examine both the light curve and spectra (of mildly-relativistic shock breakout)
using a 2D model characterized with empirical formulae by Suzuki & Shigeyama (2010b).

From the following section, I briefly summarize the history of major studies about GRB
and shock breakout.

1.1 Outline of the review

In order to get a perspective focusing on the problem about the supernova associated emis-
sion, it is necessary to understand what happens from the beginning of CCSNe to the
explosions. First of all, I describe an overview of the birth of CCSNe including the picture
of gravitational contraction of the core of a massive star (core-collapse), and generation
of a bounce shock. The subsequent contents are recent studies about the central engines
and hydrodynamical evolution of the inner region of supernovae. Finally, properties of
electro-magnetic emission from the explosion (GRB and shock breakout) are summarized.

1.2 Pre-supernova evolution

Stars are born from collapsing clouds mainly composed of hydrogen molecules, and they
achieve hydrostatic equilibrium followed by the ignition of nuclear fusion at the center.
Thus, if the effect of the rotational motion can be neglected, a star should be a perfect
sphere. The balance is expressed by equating the gravitational force and the pressure on a
spherical shell.

Sum of the inward and outward pressure on the shell 4πr2 ˆ rP prq ´ P pr ` drqs must
equals to the gravitational force exerted to the shell with the mass dMr, ´GMrdMr{r2,
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Chapter 1. Introduction

where G is the gravitational constant. Therefore, the equilibrium can be written as follows.

1

ρ

dP

dr
“ ´GMr

r2
. (1.1)

The mass Mr enclosed by the sphere with a radius r is obtained by integrating

dMr

dr
“ 4πr2ρ. (1.2)

Inside the photosphere of a star, the luminosity L is expressed in proportion to the radial
temperature gradient dT {dr, using the diffusion approximation as

dT

dr
“ ´ 3

4ac

κρ

T 3

L

4πr2
, (1.3)

where a is the radiation constant, c the speed of light, κ the opacity. Evolution of stars
are driven by the nuclear fusion reactions. If the collapse can generate sufficient heat to
support the conversion of the core elements into the heavier ones, the core evolves through
the periods of hydrogen burning (107 yr), helium burning (106 Myr), carbon burning (103

yr), neon burning (101 yr), oxygen burning (100 yr), and silicon burning (1 day). A star
more massive than 8 Md in the main sequence phase finally evolves to have an onion shell
structure composed of layers with different elements including a core composed of iron at
its center. Figure 1.1 displays the evolution of the densities and temperatures at the center
of 15 and 25 Md stars (Woosley et al., 2002). Because iron is the most stable nucleus, it
requires additional energy to produce other elements. Further nuclear reactions result in a
catastrophic event.

From the time of production of the iron core, electrons become relativistically degenerate,
having temperatures of « 1010 K, and densities of Á 109 g cm´3 at the center of the core.
The force of gravity is cancelled by the increased degeneracy pressure of electrons. The high
temperatures and densities induce the photo-disintegration of iron nuclei

γ `56
26 Fe Ñ 1342He ` 4n ´ 124.4MeV, (1.4)

together with electron capture reactions

e´ ` NpZ,Aq Ñ NpZ ´ 1, Aq ` νe, (1.5)

During the photo-disintegration processes, the energies are supplied via the radiation field,
originally from the internal energy of the gas. Therefore, once photo-disintegration occurs,
the gas pressure in the core cannot increase sufficiently to sustain the core from gravitational
contraction. In the case of the star less massive than about 11Md, which has a core of O,
Ne, or Mg just before the explosion, electron-capture can cause the collapse.
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1.2. Pre-supernova evolution

Figure 1.1: Temperature and density evolution at the central regions of main sequence
stars with mass of 15 Md and 25 Md, until they grow into iron cores (Woosley et al., 2002).

The core-collapse proceeds on the dynamical timescale

tdyn “
ˆ

R3

2GM

˙1{2
“ 0.05

«ˆ
R

108 cm

˙3 1.5Md
M

ff1{2
sec. (1.6)

The amount of the released energy is

∆Egrav « ´GM2
c

ˆ
1

Rc
´ 1

Rnc

˙
« GM2

c

Rnc
« 1053 erg, (1.7)

where Mc (« 1.5 Md) and Rc (« 108 cm) are the mass and the radius of the core before the
collapse, and Rnc (« 106 cm) is the final radius. The kinetic energy of the ejected matter is

∆Ekin “ 1

2
pM ´ Mcq v2 « 1051 erg, (1.8)

which is only about % of the released energy. Most of the rest energies are converted into
neutrinos.

The mean-free path of a neutrino depends on coherent scattering A ` νe Ñ A ` νe, and
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Chapter 1. Introduction

expressed by the following equation.

λν “ pσAnAq´1 « 106 cm
ˆ

ρ

1011 g cm´3

˙´5{3 ˆ
A

56

˙´1 ˆ
Ye

26{56

˙´2{3
, (1.9)

where A denotes the mass of the element, σA the cross section, nA the number density, Ye
the number of electrons per nucleon, and ρ the mass density. The length of λν is much
smaller than the core radius and the timescale of the diffusion

τν,diff “ R2
c

cλν
« 0.3 sec

ˆ
Rc

108 cm

˙2 ˆ
106 cm
λν

˙
, (1.10)

are longer than the dynamical timescale tdyn, the produced neutrinos can not escape from
the core as long as the density is higher than 1011–1012 g cm´3.

Immediately after the core collapse, collision of the falling matter and the inner core
results in bounce at the the surface of the core. Then, a strong shock wave generates
at the surface of the core and begins to propagate outward. Due to the shock heating the
downstream matter, nuclear reactions start and produce radioactive elements such as nickel.

1.3 Evolution of supernova from shock generation to stagna-
tion

The development of the shock increases the temperature up to « 1011 K. The heat energy is
consumed in the reactions of photo-disintegration of nuclei of heavy elements. Only within
1-2 msec, the shock exhausts its energy, and the cooling shock stagnates at a radius of 1-
2ˆ107 cm. How can the shock propagation restart ? The mechanism has been controversial,
though there are some persuasive theories. In the subsequent section 1.3.1, I summarize two
of the most well-known models.

1.3.1 Theoretical models of the central engine

There are several models proposed to explain the mechanisms of the stalled shock turn-
ing into explosion. In this section, I write about "delayed neutrino heating model" and
"magnetohydrodynamic model".

1.3.1.1 Delayed neutrino heating

Neutrino heating model argues that the revival of the shock wave owes to neutrino absorbed
by the matter in the outer layer of the core (e.g. Bethe & Wilson, 1985; Janka & Mueller,
1996; Janka, 2001). Though neutrinos interact only with the weak force, some of them may
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1.3. Evolution of supernova from shock generation to stagnation

collide with the matter before escaping from the star. Thus, in the region between the core
and the shock, both cooling via neutrino emission and heating via absorption can work as
follows.

νe ` n Ø p ` e´, (1.11)

ν̄e ` p Ø n ` e`. (1.12)

The reaction rates of the heating and cooling depend on the temperature in different
manners. The formulation is derived by Janka (2001), for example. The cooling rate Q´

ν

per unit volume is expressed as

Q´
ν “ 3α2 ` 1

8

σ0c

pmec2q2
ż 8

0
dϵ ϵ3

ˆ
np

dne´

dϵ
` nn

dne`

dϵ

˙
(1.13)

« 145 MeV s´1 ρ

mu

ˆ
kT

2 MeV

˙6

, (1.14)

where σ0 “ 1.76 ˆ 10´44 cm2, α “ ´1.26, ϵ the neutrino energy, nj“p,n the number density
of the nucleon, and mu the atomic mass unit. On the other hand, the heating rate Qν̀ is

Q`
ν “ Q`

νe ` Q`
ν̄e , (1.15)

Q`
νi “ 3α2 ` 1

4

σ0cnj

pmec2q2
ż 8

0
dϵν

ż `1

´1
dµ

d2nνi

dϵνdµ
ϵ3ν . (1.16)

The above equations result in

Q`
ν « 160 MeV s´1 ρ

mu

Lνe,52

r27 xµνy

ˆ
kBTνe

4 MeV

˙2

, (1.17)

where µ “ cos θ, θ the angle between the directions of neutrino and the radial, Lνe,52 the
luminosity of νe in units of 1052 erg s´1, kB the Boltzmann constant, and r7 the radius in
units of 107 cm.

Due to the temperature dependencies, a heating dominated region ("gain region") can
be formed outside the cooling dominated region. Figure 1.2 shows the schematic view in
a supernova. At the inner boundary of the gain region, at which Q`

ν “ Q´
ν , the following

relation would be satisfied.

Rg,7

ˆ
kBTg

2 MeV

˙3

« 1.05

d
Lνe,52

xµνyg

ˆ
kTνe

4 MeV

˙
, (1.18)

where Rg,7 is the radius of the gain region in units of 107 cm, Tg the temperature at r7 “ Rg,7,
and xµνyg the factor between 0.25 and 1.

The key issue of the mechanism is whether the neutrino heating can be strong enough
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Chapter 1. Introduction

Figure 1.2: Neutrino transport in a core-collapse supernova (Mezzacappa, 2005).

to push the accreting matter outward. Former studies examined if the revival shock can
reach the stellar surface by solving the neutrino transfer (e.g. 1D simulation: Burrows et al.
1995; Rampp & Janka 2000; Liebendörfer et al. 2001; Sumiyoshi et al. 2005; Kitaura et al.
2006, 2D: Herant et al. 1994; Burrows et al. 1995; Mezzacappa et al. 1998; Buras et al. 2003;
Suwa et al. 2010; Müller et al. 2012, 3D: Fryer & Warren 2002; Takiwaki et al. 2012; Hanke
et al. 2013; Müller 2015). In the cases of 1D hydrodynamical models, most studies have
concluded that the shock does not success in reaching the stellar surface. However, in reality,
part of the accreted matter would be taken away from the shock due to the hydrodynamical
instabilities, such as convection and standing accretion shock instability. Several 2D/3D
simulations indicate that the effects of these instabilities can make the gain region larger
and enhance the shock propagation up to the stellar surface.

1.3.1.2 Magnetohydrodynamics

The magnetohydrodynamic (MHD) model considers that the rotational magnetic fields
strongly support the stellar explosion (e.g. LeBlanc & Wilson, 1970; Bisnovatyi-Kogan et al.,
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1.4. Evolution of supernova remnant

1976; Meier et al., 1976; Wheeler et al., 2002; Akiyama et al., 2003; Thompson et al., 2005;
Burrows et al., 2007). Due to the conservation of the angular momentum, a star begins
to spin rapidly after the collapse. At that time, the magnetic field lines move together
with the fluid, and build a coil along the spin axis. During the collapse, the strength of
the toroidal component Bφ increases depending on the poloidal component Bp and radial
gradient rotational velocity BΩ{B ln r of the star, such as

BBφ

Bt „ Ω

ˆ BΩ
B ln r

˙
. (1.19)

The concentration of the magnetic field causes a strong magnetic pressure along the spin
axis, forcing the stalled shock outwards. If the magnetic field of the progenitor is as strong
as « 1012 G at the start of the core-collapse, and the rotation period of the protoneutron
star is as short as 10 msec, the toroidal magnetic field can ultimately be strengthened to
1014–1015 G. In such a case, the magnetic pressure would become strong enough to compete
the gas pressure. As a consequence, the propagation of the shock revives in the toroidal
direction.

Several studies indicate that the shock enhancement would be supported also by the
magnetorotational instability, which may cause the significant mixing of the fluid (e.g. Meier
et al., 1976; Akiyama et al., 2003). In order to ensure the successful explosion without further
accretion of the matter, the shock revival should be achieved within several seconds.

1.4 Evolution of supernova remnant

The shock propagation is believed to revive at least in part, then ultimately the shock
breaks out the stellar surface and disappears at once. However, when the ejected matter
expands into the interstellar matter (ISM), a new shock generates at the boundary. Then,
the ejecta expand as a spherical shell (supernova remnant) until reaching to a distance of
several pc. Typically, the velocity of the ejecta is 109 cm s´1 at the time of explosion.
The evolution of the remnant is determined by interactions with the ISM, undergoing four
phases as described in the following paragraphs (e.g. Woltjer, 1972). Figure 1.3 shows the
schematic image of the expanding matter.

Freely expanding phase At first, the ejecta expand freely. Influence of the swept-up
ISM is negligible until the mass of the downstream matter exceeds the total mass of the
ejecta (« 10Md).

Sedov-Taylor phase When the swept-up matter becomes heavier than the ejecta, the
remnant begins to decelerate. However, the radiative cooling does not play a significant
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Figure 1.3: Density distribution of the supernova ejecta expanding in the surrounding
matter (Shu, 1992).

role yet, because the temperature is still high (« 108 K). For this reason, the matter cools
adiabatically.

Radiative cooling phase The shock becomes more slowly and cool, and the effect of
radiative cooling becomes important at the surface of the shell. Deep inside the shell, the
density is so low that the cooling is negligible. The pressure of the hot matter in this region
powers the expansion of the shell, storing the ISM in front the shock ("snow plow").

Shock disappearance When the velocity of the shock decreases down to the speed of
sound in the ISM, the shock disappears. The supernova remnant becomes indistinguishable
from the ISM.

10



1.5. Gamma-ray Burst

1.5 Gamma-ray Burst

Long duration gamma-ray bursts (GRBs) are flushes of γ-ray lasting from a few sec to
several hundred sec.GRB was accidentally discovered in 1967 by the Vela satellite designed
for detection of γ-ray pulses of nuclear weapons.Though several similar phenomena were
detected since then (Klebesadel et al., 1973), the origin has been a mystery for long time.
Even whether the locations of the sources are in the solar system, in the Milky Way galaxy,
or the outside were unknown before 1990’s.

From 1991 to 2000, 2704 GRBs were detected by the Burst and Transient Source Ex-
periment (BATSE) on board the Compton Gamma Ray Observatory (CGRO) launched by
NASA. The sky map for the samples shows that these bursts come from random directions,
which seem to reflect the likelihood of occurrence either at cosmological distances or in the
Galaxy (Paciesas et al., 1999). In addition, the BATSE-GRB catalogs clearly suggest that
GRBs should be classified into two types, according to the distribution of the durations
(Kouveliotou et al., 1993; Fishman et al., 1994). The bursts with durations longer than
2 sec are classified as long-GRBs, while those with the shorter durations are classified as
short-GRBs.

In order to improve the location accuracy, a mission called High Energy Transient Ex-
periment (HETE) was developed, planning to launched in 1996. Unfortunately, the first
trial (HETE-1) was failed launch. Instead, HETE-2 was successfully launched in 2000, and
began working for the localization analysis.

Then, in 1996, BeppoSAX satellite was launched by the Italian Space Agency with par-
ticipation of the Netherlands Agency, for development of X-ray astronomy. The mission
includes the similar concept with HETE. The first breakthrough in identification of GRB
sources was provided by the BeppoSAX in the next year. On February 1997, a highly
luminous flash of GRB 970228 was detected by the BeppoSAX, followed by a X-ray emis-
sion appeared at the same location 8 hours later (Costa et al., 1997).Another GRB 970508
was observed with association of an optical counterpart emission starting 4 hours after the
"prompt" γ-ray burst on May. GRB 970508 was associated also by radio emission (e.g.
Castro-Tirado & Gorosabel, 1999). Such lower-energy "afterglow" emission lasts at least
for several days, providing lots of information on the host galaxy, such as the red-shifts.
The optical spectrum of GRB 970508 taken by the Keck telescope revealed the absorption
lines, of which the wavelength shift correspond to the redshift of the host galaxy, z “ 0.835

(Metzger et al., 1997). Under the assumption that the burst was emitted isotropically, the
evidence of a cosmological GRB subsequently enabled one to calculate the luminosity and
total radiated energy (isotropic equivalent luminosity Liso and energy Eiso). Generally, Liso

is about 1053 erg s´1.

The second breakthrough discovery was GRB 980425, which was associated with SN
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1998bw (Patat & Piemonte, 1998). On April 1998, the burst was detected by the BeppoSAX.
A few days later, the appearance of an optical source was confirmed by New Technology
Telescope (NTT) at the European Southern Observatory (ESO), within the error box of
GRB 980425. The features of the spectral evolution corresponds to an usual Type-Ic super-
nova, in which the complete lack (or weak signatures) of hydrogen, silicon, and helium is
shown. Similarly, associations between GRBs and supernovae are found in several cases (,
for example, GRB 030329/SN 2003dh, GRB 060218/SN 2006aj, GRB 120422A/SN 2012bz,
and GRB 130427A/SN 2013cq). These discoveries provide the evidence that at least some
long-GRBs originate from supernovae (e.g. Wang & Wheeler, 1998). Since the explosion
energies of GRB associated supernovae are one order of magnitude greater than others, such
supernovae are called hypernovae.

1.5.1 Wolf-Rayet star

Massive stars are surrounded by winds blown by the radiation pressure from the stellar
surfaces. If the winds blow off the entire hydrogen envelopes, the progenitors exhibits the
helium layers at their surfaces. These stars are called Wolf-Rayet stars, and thought to be
the progenitors of long-GRBs.

Based on the spectral features at the explosions, Wolf-Rayet stars are largely classified
in two types; the WN and WC stars (Smith, 1968; Crowther, 2007). Figure 1.4 shows the
typical optical spectra. As shown in the figure, each of the spectral type is represented by
the following features.

• WN: strong nitrogen and helium lines,

• WC: strong carbon and oxygen lines.

1.5.2 General properties of long-GRB

Most long-GRBs have some common characteristics in their behaviors. In this section, I
summarize the main points.

1.5.2.1 Spectrum

A typical spectrum of emission from a GRB can be represented by the Band function (Band
et al., 1993) composed of power-law functions with two different exponents, α and β,

NEpEq “

$
’’&

’’%

A

ˆ
E

100 keV

˙α

exp

ˆ
´ E

E0

˙
if E ě pα ´ βqE0,

A

„pα ´ βqE0

100 keV

ȷα´β

exppβ ´ αq
ˆ

E

100 keV

˙β

if pα ´ βqE0 ě E,
(1.20)
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Figure 1.4: Optical spectra of the WN (top panel) and WC (middle panel) stars (Crowther,
2007). The bottom panel shows the narrow-band filters of Smith (1968); Massey (1984) and
the broad-band filters of Johnson & Morgan.
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where, in case of long GRBs, the break energy Ebreak “ pα ´ βqE0 is „ 200`300
´100 keV, the

low-energy index α „ ´1`0.5
´0.5, and the high-energy index β „ ´2.5`0.5

´0.7 (see Figure 1.5; GRB
990123, for example). We should note that the parameters are widely distributed in the
range of 100 À Ebreak À 1000 keV, ´2 À α À 1, and ´4 À β À ´1. Spectral catalogue
taken by individual instrument are as follows; BATSE: Preece et al. (2000); Kaneko et al.
(2006); Goldstein et al. (2013), BeppoSAX: Band et al. (2009); Guidorzi et al. (2011), Swift:
Butler et al. (2007), Fermi/GBM: Guiriec et al. (2010); Nava et al. (2011); Goldstein et al.
(2012).

Figure 1.5: Integrated spectrum of GRB 990123, which displays the typical Band features
of the prompt bursts (Briggs et al., 1999). The top panel shows the number flux and the
bottom panel νFν .

1.5.2.2 Time variability

A GRB light curve consists of a single pulse or otherwise many individual pulses, as shown
in Figure 1.6. Typically, both the number and the characteristic timescale of the pulses are
very different from one burst to another.

14
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Figure 1.6: Examples of GRB light curves (Greiner, 1999).

1.5.2.3 Compactness problem

A photon with a high energy can interact with another high photon, producing a pair of an
electron and a positron,

γ ` γ Ñ e´ ` e` (1.21)

The threshold energy is the sum of the rest mass energies of the electron and the positron
2mec2 « 1.022 MeV. Pair-production can occur when E1E2 ą pmec2q2, where Ei“1,2 is the
photon energy in the rest-frame of the gas fluid. Because of the high flux of MeV-photons in
GRBs, it is necessary to discuss how γ-ray photons escapes from the source without being
prevented by pair-production (Ruderman, 1975; Schmidt, 1978).

The short-term variabilities in the prompt emission of GRBs require the source objects to
be compact, if the expanding velocities are non-relativistic. For example, when the timescale
of the variability δt « 10 msec, the scale of the size R is as follows.

R „ cδt À 109 cm. (1.22)
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Assuming that the radiation is isotropically equivalent, the luminosity of the radiation is

Lγγ “ 4πd2fγγ „ 1051 erg s´1

ˆ
d

1028 cm

˙2 ˆ
fγγ

10´6 erg s´1 cm´2

˙
, (1.23)

where d is the distance and fγγ the γ-ray flux. The total γ-ray fluence is

ϵγγ „ Lγγδt „ 1049 erg
ˆ

d

1028 cm

˙2 ˆ
fγγ

10´6 erg s´1 cm´2

˙
. (1.24)

The cross section is close to the Thomson cross section σT, so the number of collisions per
unit time is σTfpLγγδt{mec2 where fp the fraction of photons with energies higher than
2mec2. Therefore, optical depth is expressed by

τγγ „ σTfpLγγδt

R2mec2
. (1.25)

When the outflow is non-relativistic,

τγγ „ 1013fp

ˆ
R

109 cm

˙´2 ˆ
Lγγ

1051 erg s´1

˙ ˆ
δt

10 msec

˙
" 1, (1.26)

so photons can not escape from the source (, "compactness problem").

The problem can be solved if considering that the outflow has relativistic velocities.
Pair-production is diminished by following two effects caused by the expanding source with
a Lorentz factor Γ. Due to the Doppler effect, the energies of photons moving towards the
observer increases by factor of Γ. In the rest-frame of the outflow, the occurrence condition
can expressed as

E1E2 ą Γ2

4
pmec

2q2, (1.27)

in the relativistic limit. Using the photon flux at energies higher than the peak of the Band
spectrum, NpEqdE9EβCdE,

fp9
ż

Ei

NpEqdE9EβC`1
1 9Γ2pβC`1q, (1.28)

for βC ă ´1. Additionally, due to the beaming effect, the relativistic outflow allows the size
of the source become Γ2 times larger than estimated in Equation (1.22). When photons are
emitted isotropically in the rest frame of the outflow, they are collimated to a small angle.
The half angle is Γ´1, so the visible region is 4Γ2 times smaller than the actual surface area.
Therefore, the arrival of a photon emitted from the edge of a spherical shell delays ∆tΓ2R{c
relative to a photon from the center of the shell, namely,

R „ Γ2c∆t. (1.29)
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In the standard GRB model (synchrotron model), electrons with momentum p in the
downstream of shocks are thought to have a distribution as follow.

Nppq9p´pCsh`2q{pCsh´1q, (1.30)

where Csh denotes the compression ratio of the shocked outflow. Since Csh “ 4 for strong
shocks, Equation (1.30) results in Nppq9p´2, namely, βC. Therefore, considering the effects
of the blue-shifted photons and the beaming, the optical depth for pair-production decreases
by a factor of

τγγ ˆ Γ2pβC`1q ˆ pΓ2q´2 „ Γ´6. (1.31)

When Γ " 1, τγγ becomes significantly smaller than 1, allowing γ-ray photons to escape.
For these reasons, GRBs are believed to originate from outflows expanding with Lorentz
factors Γ " 1.

1.5.2.4 Relationships between spectral properties, luminosity, and radiated en-
ergy

Based on increased data, many studies have found that most long-GRBs are likely to have
some relationships between the properties such as spectra, luminosity evolution, variability,
and radiated energies (Norris et al., 2000; Reichart et al., 2001; Guidorzi et al., 2005, 2006;
Ghirlanda et al., 2004, 2005; Sonbas et al., 2013; Dainotti et al., 2013, 2015a).

For example, Amati et al. indicate that there is a positive correlation between the
photon energies Ep,i “ p1`zqEp,obs “ p1`zqp2`αqE0 at which the νFν Band spectra peak
(hereafter so-called peak energy) and the total radiated energies (generally represented by
the isotropic energies; Eiso), as shown in Figure 1.7 (2002; 2006; 2008; 2009). The energies
Ep,i and Eiso of a GRB are values in the rest-frame of the burst, and Eiso is estimated
assuming that the emission is isotropic. The distribution of GRBs in the Eiso-Ep plane is
fitted by a power-law function, and the best-fit index is 0.54 ˘ 0.03 with a 68% uncertainty
(1σ) of 0.18 ˘ 0.02. We should note that there are some arguments about the sample
selection bias and the adequacy of the fitting function (e.g. Butler et al., 2009; Dainotti
et al., 2015b; Massaro et al., 2008), but even though, the correlation is believed to be a
powerful information source of GRB nature. Later, a similar correlation was proposed by
Yonetoku et al. (2004), using the isotropic peak luminosity Liso and peak energy Ep.

1.5.3 Properties of Swift-GRBs

The Swift satellite is the most famous explorer known for its wide field of view, fastest
reaction to the incoming high-energy photons, and high sensitivity in multi-wavelength
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Figure 1.7: The total isotropic energies Eiso and the peak energy Eiso of 95 GRBs in
the redshift range of 0.033 to 8.1, detected by the BeppoSAX, HETE-2, Swift, and Fermi
(Amati et al., 2009). The solid lines show the best-fits to the all data using a power-law
model within 2σ. The dashed lines show the comparison of best-fits to the data taken by
each instrument.

study. The mission has been held by NASA since November 2004. 1

The rapid response acheived smooth combination of the last part of the prompt data
and the beginning of the afterglow data (e.g. Tagliaferri et al., 2005; Barthelmy et al., 2005;
Liang et al., 2006; O’Brien et al., 2006; Nousek et al., 2006; Margutti et al., 2013). Top two
panels in Figure 1.8 display some Swift-GRB light curves consisting of the combined BAT
and XRT data (left: long-GRB, right: short-GRBs; Gehrels et al. 2009). During the pre-
Swift period, it had been thought that the phase transition would follow a simple power-law
decay. In contrast to the prediction, the combined data lead to the recognition of a tendency
of having two distinguishable decay (sometimes linked by a plateau/shallow decay) for each
burst, unless the light curve includes another bump component due to a X-ray flare, such

1The properties of the Swift satellite are summarized in Appendix A.1.
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as GRB 050502B and 050724.

The bottom panel of Figure 1.8 and Table 1.1 show the stylized representation and the
typical starting times, slope indexes, and the frequencies based on the 380 Swift-GRBs up
to December 2008. At the first decay segment just after the prompt phases, at least half
GRBs rapidly decay in luminosity on the timescale of 102–103 sec. The relation between the
elapsed times since the trigger and the luminosities are expressed by a power-law function
with index of „ ´3 (I: "steep decay"). At the turning point to the next afterglow (second
or third) segment, their decreasing rate become lower. In most cases the power-law indexes
increases to ´1 (III: "normal decay") at the time. Some GRBs require further shallower
decay with indexes of ´0.5 (II: "shallow decay/plateau") before the transition to the normal
decay. In this case, the normal decay comes at 103–104 from the trigger.

Zhang et al. (2006) gives an intrinsic explanation of the typical luminosity behaviors by
interpreting the emission as a track of the central engine activity. They claims that a long-
lived central engine would be responsible for the existence of the shallow decay phase. One
problem appears from the context of the continuous energy injection as referred by Zhang
& Mészáros (2001)(, in which the energy supplying rate is derived using the Blandford &
McKee self-similar solution). That is, if the continuous energy injection requires the smooth
variety of the central engine luminosity, which can not explain the time variabilities of the
observed GRBs. In order to avoid the difficulty, Zhang et al. suggests that there might be
two different energy sources; the fireball (causing the prompt emission) and magnetic fields
(causing the continuous energy injection).
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Figure 1.8: Combined Swift BAT & XRT light curves (top; Gehrels et al. 2009) and
the representative schematic image (bottom; Zhang et al. 2006). Left panel shows the long
bursts, and right panel the short bursts. Typical frequencies of each segment are summarized
in Table 1.1 with the starting times and the slope indexes (Table 1 of O’Brien & Willingale).
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Table 1.1: Representative parameters for GRB light curves (O’Brien & Willingale, 2007).
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1.5.4 Properties of Fermi-GRBs

The Fermi Gamma-ray Space Telescope is the first GRB explorer sensitive for the high
energy photons (from MeV to GeV). On June 2008, the Fermi was launched by NASA, and
it has moved along the low Earth circular orbit (at an altitude of 565 km, and an inclination
of 25.5 degree). 2 In the first year after its birth, the Fermi telescope have discovered 252
GRBs (138 of them were in the LAT FoV) by the GBM. Figure 1.9 is the sky map from the
LAT observation (above 300 MeV). In the following paragraphs, I summarize the important
discoveries in GRB owing to the Fermi telescope.

Figure 1.9: Sky map of the Fermi/LAT-detected GRBs (Abdo et al., 2009b).

Delayed high-energy component Several Fermi-GRBs have an extra spectral compo-
nents in addition the Band, in the energies greater than 100 MeV (Abdo et al., 2009a;
Ackermann et al., 2010, 2013). For example, Figure 1.10 and 1.11 show the spectra and
light curves in multiple energy bands of GRB 090902B using combined data from the GBM
and LAT. As shown in Figure 1.10, the energy distribution of the high-energy component
follows by a power-law function. From Figure 1.11, it is clear that the onset time of the
high-energy emission is several sec with respect to the low-energy emission. The delay are
thought to be caused by some intrinsic mechanisms of the central engine or processes of
light propagation from the sources to the observer (e.g. Castignani et al., 2014).

Planck component A small number of GRBs have spectra that described using the
Planck distributions, rather than the Band distributions. Some of them (910807, 910927,
911118, 970111, 980306, 090902B) have the thermal components only at the beginning
(Ghirlanda et al., 2003; Guiriec et al., 2011). Meanwhile, other GRBs (930214, 941023,

2The properties of the Fermi telescope are summarized in Appendix A.2.
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Figure 1.10: Count-rate spectrum of GRB 090902B taken by the Fermi/GBM and LAT
(Abdo et al., 2009a). The low-energy component (from 50 keV to 20 MeV) is fitted by the
Band function, while the high-energy one (from 100 MeV) a power-law model.

951228, and 990413) have such spectral features throughout the prompt phases (Ryde, 2004;
Bosnjak et al., 2006). Note that some GRBs (110721A, 100724B, and 120323A) have both of
the Planck and Band components (Guiriec et al., 2011; Axelsson et al., 2012; Guiriec et al.,
2013). Figure 1.12 shows the time-integrated spectra of GRB 120323A at beginning (left
panel) and end (right panel) of the emission. The spectra are well fitted by a combination
of a blackbody and the Band function in both of the two phases, though the non-thermal
feature becomes dominant in the later phase.

23



Chapter 1. Introduction

Figure 1.11: Light curves (1st–5th panels) of GRB 090902B in multiple energy bands
(Abdo et al., 2009a). The bottom panel shows the photon energies as a function of time.
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Figure 1.12: Time-integrated spectrum of GRB 120323A fitted by a blackbody combined
with the Band function (Guiriec et al., 2013). Each panel shows the emission at beginning
(left) and end (right) of the prompt phase.
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1.5.5 Radiation

Former studies (e.g. Cavallo & Rees, 1978; Goodman, 1986; Paczynski, 1986) propose that
a huge amount of energy (1051-1053 erg) confined in a small region (with radius « 106-1011

cm) would create a fireball of temperature ą mc2, initially has a large opacity for pair
production and electron scattering. Soon, the energy must be converted into the kinetic
energy of an outflow. The forming process of the primordial fireball is a mystery. No matter
what is it, GRB emission models have been constructed under the assumption that a fireball
must be formed as the energy source of GRB, immediately after the core-collapse. The
fireball is thought to expand and ultimately becomes transparent. During the expanding,
some fraction of its energy would be converted into the emission. The important problem
concerning GRB is what kind of emission mechanism can explain the observed features.

1.5.5.1 Synchrotron model

Standard GRB model has explained the origin of the emission by synchrotron radiation
produced by electron moving with ultra-relativistic velocities as follows (e.g. Sari et al.,
1998; Preece et al., 1998). (The schematic view is shown in Figure 1.13.)

First of all, a highly relativistic outflow is produced from the central source, and the
temperature decreases as Tγ9r´1. The total energy does not vary with time, so the Lorentz
factor of the outflow initially increases as Γ9r. The Lorentz factor becomes constant after
it reaches a value η, which corresponds to the ratio of the total energy to the mass of the
outflow, namely,

η „ Liso

9Mc2
„ 102-103. (1.32)

For convenience, the outflow is identified as a group of multiple shell components with
different Lorentz factors. Due to the differences in the Lorentz factor, the shells begin to
collide with the nearest shells, when the outflow reaches at the radius

ris „ Γ2c∆t „ 3 ˆ 1013 cm
ˆ

Γ

300

˙2 ˆ
∆t

10 msec

˙
, (1.33)

where ∆t is the timescale of the variability in the prompt phase. The collisions produce
shocks with relativistic velocities (so-called internal shocks) at the boundaries of the shells.
The radius ris is significantly larger than the photospheric radius of the outflow

rph „ σTLiso

4πΓ3mpc3
„ 1 ˆ 1012 cm

ˆ
Liso

1051 erg s´1

˙ ˆ
Γ

100

˙´3

. (1.34)

Due to the interactions with the external matter, the outflow begins to decelerate at the
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radius

res „ 6 ˆ 1017 cm
ˆ

E

1051 erg

˙1{3 ´ next

1 cm´3

¯´1{3
α´2{3Γ´2{3, (1.35)

where next is the number density of the external matter, and α the half opening angle of
the jet. At this time, a forward shock and a reverse shock (external shocks) are produced
at the boundary.

Figure 1.13: Schematic image of GRB synchrotron model (Piran, 2003).

Prompt and afterglow emission of a GRB is thought to be caused by the relativistic
electron motions in the internal and external shocks, respectively. In a magnetic field behind
the shock, an electron moving with a Lorentz factor γe produces synchrotron radiation with
a power

P pγeq “ 4

3
σTcγ

2γ2e
B2

8π
, (1.36)

where γ is the Lorentz factor of the fluid, and B the strength of the magnetic field in the
rest-frame of the fluid. The characteristic frequency is

νpγeq “ γγ2e
qeB

2πmec
. (1.37)

When γe is larger than a critical value

γc “ 6πmec

σTγB2t
“ 3me

16ϵBσTmpc

1

tγ3n
, (1.38)

where t is the time in the observer frame, the power decreases with time due to the syn-
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chrotron cooling. The spectrum behavior depends on whether γc is smaller than the mini-
mum Lorentz factor of electrons γm or larger. When γc ă γm, all the electrons are enough
energetic so that they rapidly cool until γe decreases down to γc (, "fast cooling"). When
γm ă γc, only some fraction of electrons cools (, "slow cooling"). Assuming the electron
distribution as

Npγeqdγe9γ´p
e dγe, (1.39)

(via processes such as the Fermi acceleration,) the synchrotron model results in spectra
shown in Figure 1.14. The cut-off frequency νa indicates the threshold at which synchrotron
self-absorption becomes efficient.

The synchrotron model provides good explanations for the origin of the high-energy
Band spectra and the afterglow light curves. However, there are two discrepancies between
the model and observed GRBs, namely, "line of death" and "energy efficiency".

Line of death Though the low-energy spectral index α is widely distributed between
« ´2 and « 1, the synchrotron emission model does not allow α greater than -2/3 (Preece
et al., 1998).

Energy efficiency The synchrotron model had predicted that the internal shock can
release only 40% or less of the energy emitted by a GRB (Preece et al., 1998). However, the
photometric data of the Swift-GRBs reveal that «70-90% of the total energies are carried
by γ-ray photons (Kaneko et al., 2006; Goldstein et al., 2012).

To solve the discrepancies, several studies focus on the photospheric emission from the
outflow.

1.5.5.2 Photospheric model

The picture of an expanding fireball has predicted the generation of photospheric emission
around the same time as the prompt emission (Paczynski, 1986; Goodman, 1986; Thompson,
1994; Mészáros & Rees, 2000). The fireball initially consists almost entirely of e˘ pairs, and
there is a relatively small amount of baryons. As referred in the first paragraph of Section
1.5.5, most of the thermal energy in the fireball is converted to the kinetic energy carried
by the baryons (Shemi & Piran, 1990). The conversion is thought to occur a radius

r ą r0η, (1.40)

where r0 is the radius at which the accreted matter forms a disk (« 107 cm) and η the
parameter defined by Equation (1.32). If the fireball is highly baryon dominated, the radius
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Figure 1.14: Synchrotron model spectra for the fast cooling (top panel) and the slow
cooling (bottom panel) phases (Sari et al., 1998).
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of the photosphere rph can be initially smaller than r0η. In this case, a significant fraction
of the thermal energy becomes radiation escaping from the fireball.

An problem with the photospheric emission model is that the thermal emission alone
does not explain the non-thermal spectral features of the observed GRB.

As a cause for the discrepancy, the geometrical effect of the photosphere is focused by
some studies, e.g., Pe’er (2008); Lundman et al. (2013); Ruffini et al. (2013). In the direction
of the line of sight, the scattering optical depth have an angle dependency expressed by

τ “
ż Rout

R0

σTneΓp1 ´ β cosφq dr

cosφ
, (1.41)

where φ is the angle between the radial direction and the photon travel, R0 the radius at the
photon generation, Rout the radius at which the photon escapes from the outflow, and ne

the number density of electron. β and Γ denotes the velocity in units of c and the Lorentz
factor of the outflow. As a consequence, in reality the position of the photosphere follows an
aspherical distribution as shown in Figure 1.15. In the observer frame, the temperature of
outflow decreases with the angle φ. This is because the effect of adiabatic cooling becomes
stronger and that of the Doppler boost becomes weaker. Accordingly, photons close to the
line of sight have energies higher than those distant from the line of sight. As a result, the
lower-energy component of the spectra becomes softer (α « ´1) in the observer frame, and
the higher-energy one becomes harder (β « ´2). Figure 1.16 shows the comparison of the
resultant spectra and the Planck distribution at a temperature (Goodman, 1986).

Figure 1.15: Schematic image of the relation between the line of sight and the photosphere
of a relativistic outflow.

There is another famous theory studied by Rees & Mészáros (2005); Pe’er et al. (2006);
Beloborodov (2010), for example. The key mechanism is dissipation of the kinetic energy
in the optically thick region, which is thought to be caused by the internal shock, magnetic
reconnection, or collisional processes. After the dissipation, the heated electrons can emit
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1.5. Gamma-ray Burst

Figure 1.16: Broadening spectrum of the photospheric emission (solid) due to the geomet-
ric effect (Goodman, 1986). The dotted line shows the Planck distribution at a temperature.

synchrotron emission or induce inverse Comptonization of thermal photons.

Furthermore, there are still some intriguing studies concerning the photospheric emission.
For example, Ito et al. (2014) calculates electron scattering taking account of the complex
spatial distributions of the outflow. They considers a jet structure with multiple velocity
components as illustrated in Figure 1.17 (top). The figure also shows the resultant spectra
(bottom). If the velocity gradients are large enough, the spectra will have non-thermal
features, which resemble the Band distribution with ´2.5 À β À ´2 and ´1 À α À 0. Ito
et al. shows that the Band-like spectra can be reproduced regardless of the viewing angle
(except near the outer edge of the jet).

Ryde et al. (2011) performs a model calculation for reproducing the spectral evolution
of GRB 090902B. They shows that the prompt emission of GRB 090902B consists of two
components, of which spectra are represented using a Planck and Band-like distribution,
respectively. The results indicate that the photospheric emission from the outflow can
directly contribute to the GRB prompt emission.

Mészáros & Rees (2011) suggests that the origin of the high-energy components (from
MeV to GeV) of the Fermi-GRBs can also be explained in the context of the photospheric
model. In their analytical study, if the outflow is magnetically dominated, the high-energy
emission of a GRB will originate as synchrotron radiation from a dissipative photosphere
(at the radius of « 1013 cm).

We should note that the synchrotron and photospheric models will provide different in-
terpretations of the empirical correlations between observable quantities, such as the Amati-
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Figure 1.17: Spectra modified by electron scattering when the jet has an angular-
dependent structure in terms of velocity (Ito et al., 2014). The lines also display the
dependence on the increasing viewing angle with respect to the jet axis.
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relation (e.g. Rees & Mészáros, 2005; Thompson et al., 2007). For example, the peak spectral
energy Ep does not mean the same thing in the two models. In the synchrotron model, Ep

will corresponds to the synchrotron peak,

Ep9Γ´2t´1
varL

1{2, (1.42)

where Γ is the Lorentz factor of the outflow, tvar the variability timescale of Γ, and L „ Liso

the luminosity (Zhang & Mészáros, 2002). In the photospheric model, Ep will nearly equal
to the thermal peak,

Ep9ΓkBT
1
p9ΓpL{Γr2q1{49Γ2L´1{4, (1.43)

where T 1
pp9r´1q is the temperature in the co-moving frame (Rees & Mészáros, 2005). Such

different dependencies (e.g. on Γ) would give hints about the expansion of the outflow.
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1.6 Nature of shock breakout

The first appearance of a GRB and a CCSN must be the emergence of a shock wave from
the surface of the progenitor (shock breakout), and is believed to be identified by a bright,
but short electromagnetic phenomenon. Basic understanding for the process can be derived
by a simple geometric explanation of the shock from the time of its birth, as follows;

First of all, due to the bounce of the central core of the progenitor star following the
gravitational collapse, a shock is generated and starts propagating outward. Although there
are some unsettled questions in the energy source, the shock ultimately passes through the
entire region from the core to the stellar surface. At the same time, the shock also begins
to give a significant fraction of the kinetic energy to the downstream electrons.The region is
so thick that electrons frequently collide with other particles. They instantly convert their
thermal energy into photons. While photons are co-moving with matter in the down stream
of the shock as long as the shock propagates in the deep interior, they escape into the outer
space when the shock approaches the stellar surface. We can estimate the moment of shock
breakout from the condition that the diffusion speed of photons exceeds the speed of the
shock. Since the photon diffusion speed is determined by the optical depth τ measured from
infinity, the breaking out condition is expressed as a simple formula,

vsh À vdiff “ c

τ
. (1.44)

Unfortunately, there are difficulties to observe a supernova in this phase; A supernova
seems to suddenly appear where no sign has been found before, and it leaves the phase in
a short time. The duration is determined by the light crossing time of the emission region.
Thus, the emission can not last more than several hours, even if progenitor is a red-supergiant
star (of which the radius « 1013 cm). For these reasons, we have not discovered supernovae,
which exhibited signatures of shock breakout, except for a small number of examples. The
next several subsections are summary of history about studying shock breakout, i.e. some
discoveries and developments.

1.6.1 Observed shock breakouts

Existence of shock breakout had long been believed since 1970’s. Some former studies
(e.g. Falk, 1978; Klein & Chevalier, 1978) have predicted that in general a CCSN can emit a
thermal flash in the energy range of UV or X-ray. Several observations provide the evidences
of shock breakout (, for example, SN 1987A, 1993J, 1999ex, SNLS-04D2dc, SNLS-06D1jd,
and 2013df). In the following sections, I introduce the two most famous examples.
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1.6. Nature of shock breakout

1.6.1.1 Ultra-violet burst from SN 1987A

On February 1987, the optical emission from SN 1987A was detected in the Large Magellanic
Cloud (LMC) by the Las Campanas Observatory (Kunkel et al., 1987). (As well known,
the first signature from this supernovae was detected as a burst of 24 neutrinos, about 1
day before the optical emission.) With in a day from the discovery, the photometric and
spectroscopic survey began at the South African Astronomical Observatory (SAAO). Due
to the broad absorption lines of hydrogen and a plateau phase, SN 1987A was classified as
Type-IIP (Menzies et al., 1987; Catchpole et al., 1987). Figure 1.18 shows the light curves
in optical (left panel) and UV (right panel). The rapid decreasing luminosity of the UV
emission is thought to be a signature of the end of the shock breakout (Catchpole et al.,
1987; Hamuy et al., 1988).

Figure 1.18: Light curves of SN 1987A optical (left panel, taken from Figure 6 of Suntzeff
& Bouchet (1990)) and in UV (right panel, Kirshner et al. (1987)).

The hypothesis is supposed by another remarkable feature of SN 1987A called "light
echo", detected by NASA’s Hubble Space Telescope (HST) (Schaefer, 1987; Chevalier &
Fransson, 1987; Crotts et al., 1992). Figure 1.19 shows the optical images in 1994 and 2014.
The echo might be primary an UV emission generated by a shock propagation, and reflected
by dust in the circumstellar or interstellar structure (Schaefer, 1987; Chevalier & Fransson,
1987; Crotts et al., 1992).
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Figure 1.19: The HST B- and R-band images of SN 1987A in 1994 (left panel) and 2014
(right panel). The images are taken from Figure 1 of Fransson et al. (2015).

In the spectra of the UV emission, there are narrow emission lines of carbon, nitrogen,
helium, and oxygen. Former studies (Fransson & Lundqvist, 1989; Lundqvist & Fransson,
1991, 1996) explain the origin of the lines by considering ionization of the ISM by the UV
emission and recombination. For example, Lundqvist & Fransson (1996) investigates the
fluxes of the emission lines as a function of the density of the ionized gas in a spherical
shell (of which radius is « 6 ˆ 1017 cm). Figure 1.20 shows a result of the model calcula-
tion for a nitrogen line, comparing with the observation. Lundqvist & Fransson indicates
that in order to reproduce the evolution of the line features, the emission should gener-
ate as a blackbody radiation at peak effective temperature of 5–85 K. The corresponding
color temperature is (1.0–1.5)ˆ106 K. Ensman & Burrows (1992) performs a more detailed
calculation considering a couple of the hydrodynamics and radiation.
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1.6. Nature of shock breakout

Figure 1.20: Evolution of the flux of the nitrogen emission line, in context of a Lundqvist
& Fransson model aiming at reproducing the UV emission of SN 1987A.
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1.6.1.2 XRO 080109/SN 2008D

The first detailed observation that could take spectroscopic data was carried out by the
discovery of a luminous X-ray burst in 2008. In January, the Swift X-ray Telescope (XRT)
suddenly detected the burst when it was in observation of a nearby spiral galaxy NGC 2770
at a distance of 27 Mpc (Soderberg et al., 2008). The X-ray burst, numbered as 080109,
was lasting for about 400 s (hereafter ∆t080109). At this moment, the Ultraviolet/Optical
Telescope (UVOT) could not find any counterpart object. In 1.4 hours after the XRT
discovery, UVOT subsequently detected the counterpart both in the UV and optical bands.
Furthermore, an optical follow-up observation by the Gemini North 8m telescope started
within 1.7 days, and the obtained spectral features revealed that XRO 080109 was associated
with a type Ibc supernova 2008D. Two left (right) corners of Figure 1.21 displays the X-ray
(UV) images captured at the birth of SN 2008D (bottom) and 2 days before (top). (See
appearance of the bright burst and development of the counterpart object on the right
edge of the host galaxy !) Somewhat remarkably, there was no sign of the associated γ-ray
emission by the Swift Burst Alert Telescope (BAT).

Figure 1.21: Appearance of XRO 080109/SN 2008D (top) in the spiral galaxy NGC 2770,
and the comparison image taken 2 days before explosion (Soderberg et al., 2008). The left
panels show the Swift X-ray images, and the right panels UV images.

The X-ray luminosity reaches 6 ˆ 1043 erg s´1 (=Lp,080109) at its peak, and the released
radiation energy until the disappearance was 2 ˆ 1046 erg (=Ep,080109). (The properties
are summarized in Table 1.2.) Figure 1.22 shows the count-rate light curve taken by the
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1.6. Nature of shock breakout

Swift/XRT, in the energy range of [0.3-10] keV. The photon arrival rate increases in the
first 70 sec and exponentially decreases to near zero in the next 500 sec. Using the duration
as an indicator of the breakout radius as mentioned above, the breakout radius Rb,080109

of SN 2008D was estimated about c∆t080109 « 1012 cm, which is one magnitude order
larger than the typical radius of a Wolf-Rayet star. Meanwhile, results of the spectral and
light curve (in UV, opt) analysis strongly indicate that the progenitor of SN 2008D was a
ordinary Wolf-Rayet star. For this reason, Soderberg et al. concludes that the X-ray burst
must originate from a shock passing through the dense circumstellar wind, rather than the
progenitor surface.

Table 1.2: Properties of XRO 080109/SN 2008D (see also in text).

Date UT ∆t080109 Lp,080109 E080109

2008-01-09 13:32:49 „400 sec 6 ˆ 1043 erg s´1 2 ˆ 1046 erg

Figure 1.22: Light curve of XRO 080109 in energy range of [0.3:10] keV (Soderberg et al.,
2008).

Non-thermal spectrum and bulk Comptonization Figure 1.23 displays the X-ray
count-rate spectrum and two types of numerical fitting for the data (lines). The top panel
shows the best-fit power-law energy distribution with the exponent β080109 “ 2.3 ˘ 0.3, in
which χ2=7.5 for the degree of freedom (df) of 17 and the probability P “ 0.98. The bottom
panel shows the blackbody form with the temperature kT “ 0.71 ˘ 0.08 keV, in which the
residual is χ2 “ 26.0 for df “ 17 and P “ 0.074. Thus, it is clear that the power-law
model is much more suitable for the observed spectrum. This means some non-thermal
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mechanisms can significantly affect the emission. Soderberg et al. suggested scattering
of photons between the ejecta and the circumstellar medium (CSM) as the origin of the
non-thermal component (bulk Comptonization).

Figure 1.23: X-ray spectra of XRO 080109 (plus signs) (Soderberg et al., 2008). The
top panel also displays the best-fit power-law model with the exponent β080109 “ 2.3 ˘ 0.3
(χ2=7.5, df “ 17, P “ 0.98) in the solid line, and the bottom panel the blackbody model
with the temperature kT “ 0.71 ˘ 0.08 keV (χ2 “ 26.0, df “ 17, P “ 0.074).

Figure 1.24 shows a simple image of how a photon moves across the shock front (color)
and how the photon energy changes during the travel (gray). Here we assume that the
pre- and post-shock regions are filled with large number of electrons and optically thick.
If we observe electrons in the co-moving frame, they would move in random directions on
either side of the shock. Electrons in the post-shock move in the observer frame with the
bulk kinetic energy. Therefore, when a photon meets these electrons, it can obtain the bulk
energy during inverse Compton scattering in the observer frame.
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1.6. Nature of shock breakout

To investigate whether bulk Compton scattering mechanism can indeed reproduce the
observed X-ray spectral feature, Suzuki & Shigeyama (2010a) made radiative transfer sim-
ulations by using a non-relativistic hydrodynamic description of Sakurai (1960) for a shock
propagating through a stellar surface. In the simulations, they isotropically emit thermal
photons with a temperature of 0.1 keV at the position of the shock, propagating at a velocity
of Vi “ p0.1 „ 0.4qc at the moment of breakout. Figure 1.25 shows their resultant spectra.
As long as the initial velocity Vi is smaller than „ 0.3c, the larger Vi lead to the stronger
effect of bulk-Compton scattering on the spectral hardening. When Vi “ 0.3c, a power-law
model with the index of about ´2.4 represents the resultant energy distribution over the
observed energy range of [1-7] keV quite well(see Figure 3 in their article, if necessary).
Since the difference of the spectral hardening effect between the case of Vi “ 0.3c and 0.4c

is little, both of the 2 spectra for Vi ě 0.3c can reproduce the observed X-ray burst.

Figure 1.24: Schematic view of the
bulk Compton scattering (color) and
energy change of a photon (gray).

Figure 1.25: Influence of bulk-Compton scattering
on a thermal spectrum, indicated by radiative trans-
fer simulations of Suzuki & Shigeyama (2010a). The
results for the 4 different shock velocity at breakout
(Vi) indicates that when Vi ě 0.3c, it is possible to
interpret the spectral feature of XRO 080109 as a ev-
idence of bulk-Compton scattering.

Influence of shock asymmetry on emission According to Suzuki & Shigeyama (2010b),
there seems a sign of shock asymmetry in the light curve of XRO 080109. They calculate
the behavior of the shock wave until it emerges from the stellar surface, having the initial
condition of the radial velocity component vin in the form of

vinpθq “
d

2Eexp

4πr2in∆rinρin

1 ` α cosp2θq
1 ´ 2α{3 ` 7α2{15 , (1.45)
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where θ is the angle measured from the symmetry axis, Eexp the energy released by the
explosion. The radius rin(» 108) cm and the mass density ρin at the inner boundary
are derived by the progenitor model of Shigeyama & Nomoto (1990). The parameter α

represents the degree of asymmetry (when α “ 0, the shock is spherically symmetric).

The results of their calculation indicate that when Eexp “ 1051 erg, the shock reaches
the velocity of 0.3c at the stellar surface, and the emergence time Tem is well approximated
by a function of θ and α (from 0 to 0.8) as follows,

Tempα, θq “ 65αp1 ` 3.6αqpsin2 θ ´ 0.2 sin4 θq. (1.46)

Figure 1.26 displays the θ-dependence of the emergence times for α “0, 0.2, 0.5, and 0.8.

Using the above profile, they investigate the dependences of the the light curves on the
degree of asymmetry and the direction of the observer’s location Θ (relative to the symmetry
axis). In their calculation, photons are produced from a blackbody at temperature of „ 106

K. Photons are emitted after the shock reaches a radius Rb „ 3 ˆ 1012 cm for the following
40 sec. All photons are assumed to continue traveling without interaction, until detected
by an observer at a radius D “ 100Rb.

As a result, Figure 1.27 shows the light curves for Θ “0, 30, 60, and 90 deg when α “ 0.5.
When the observer is on-axis (, Θ is close to 0 deg), the luminosity increases rapidly during
40 sec after the onset, then increases more slowly until it peaks at « 200 sec later. Finally,
the luminosity decreases rapidly to zero within « 40 sec. The behavior is explained by
considering the shock emergence time and the light crossing time. The rapid increase and
decrease of 40 sec corresponds to broadening and shrinking of the photosphere. During the
slow increasing phase, firstly, photons produced at location angles θ « 0 deg come, then
secondary, those of θ « 90 deg gradually appears. On the contrary, when the observer is
off-axis (, Θ „ 90 deg), the behavior of the luminosity evolution seems very different. It
reaches the peak within 40 sec after the onset, then decreases during the subsequent 120
sec. This is because the photons produced at location angles θ « 0 deg are generated „ 70

sec earlier than those of θ « 90 deg, but being « Rb longer distant measured the observer.
In this case, most of photons reach the observe within almost same period of time.

By comparing the results with XRO 080109, Suzuki & Shigeyama claims that the shape
of the light curve of the outburst is similar to the axisymmetric model with α “ 0.5 and
Θ “ 90 deg.
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1.7 Ultra-relativistic shock breakout at the surface of a Wolf-
Rayet star

In principle, a shock in a supernova progenitor can breakout with the velocity larger than
99% of the speed of light, as ensured by the existence of GRBs. In an ultra-relativistic shock,
bulk-Comptonization becomes more significant than in a mildly-relativistic circumstance,
so photons must have energies of γ-ray.

Nakar & Sari (2010, 2012) investigate how the luminosity of thermal emission evolutes as
a results of the shock propagating with relativistic velocities. Their calculations deal with an
entire event of supernova explosion, from shock breakout at ultra-relativistic velocities to the
period of non-relativistic, spherical expansion. Using self-similar solutions constructed by
Johnson & McKee (1971); Tan et al. (2001); Pan & Sari (2006), they describe the evolution
of the planar shock before and after the breakout. In order to calculate the light curve, they
pays a great attention to estimation of the photon temperature and opacity, by considering
the influence of particle interactions (such as free-free emission, inverse Compton scattering,
and energy loss due to the processes) averaged over photon energies. Regardless of that,
Nakar & Sari does not calculate the bulk-Comptonization on spectrum shape.

In my former study, I focus on the change of spectral shape due to bulk-Comptonization
(Ohtani et al., 2013). In the study, the dynamics of the shock is described using a self-similar
solution constructed by Nakayama & Shigeyama (2005). Note that in the Nakayama &
Shigeyama solution, the temporal evolution of the shock Lorentz factor is solely determined
by the density distribution of the atmosphere and independent of the central engine activity.
The resultant spectrum consists of two remarkable components; the lower energy one is a
integration of Doppler shifted blackbody, and higher energy one is the bulk component.
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Figure 1.26: Schematic view of an axisymmetric shock (top) and the emergence time in
directions of 0 radă θ ă π{2 rad (bottom) when the explosion energy Eexp “ 1051 erg
(Suzuki & Shigeyama, 2010b).
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Figure 1.27: Influence of the shock asymmetry (α “ 0.5) and the viewing angle Θ on the
light curve of the thermal emission (Suzuki & Shigeyama, 2010b). When Θ « 0 deg, photons
produced near the symmetry axis (θ « 0 deg) form the first part (t ´ 11150 secÀ150 sec)
and those of θ «90 deg the second part (150 secÀ t ´ 11150 sec). On the other hand, when
Θ « 90 deg, the luminosity peaks rapidly because the time delays of photon generating
(equal to the shock emergence times „ 70 sec) for θ «90 deg begin competing with the light
crossing time across the stellar surface (“ Rb{c « 100 sec).
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Chapter 2
Ultra-relativistic shock breakout at the stellar
surface

Is there any relations between shock breakout emission and long-GRBs ? To investigate
that, it is necessary to calculate bulk-Comptonization on thermal photons generated from
a Wolf-Rayet star. First of all, I calculate propagation of γ-ray photons owing to an ultra-
relativistic shock passing through the stellar surface. 1.

Due to the large density gradient, the shock must accelerate. The behavior is described by
a self-similar solution constructed by Nakayama & Shigeyama (2005). In order to calculate
the radiation transfer in the matter with ultra-relativistic velocities, I construct a Monte-
Carlo code in which Lorentz transformation is fully taken into account.

2.1 Hydrodynamics

The hydrodynamical evolution is described by a self-similar solution constructed by Nakayama
& Shigeyama (2005). 2 Here I summarize the procedure to obtain the solutions. Before
the shock propagation, the density distribution in the surface later of a star is expressed in
terms of the distance x measured from the stellar surface,

ρ “

$
’&

’%

bxδ x ě 0,

0 x ă 0,

(2.1)

where x ą 0 in the star. The atmosphere is assumed to be plane-parallel. The index δ

equals 3 for radiative atmosphere.

In the relativistic limit, basic equations governing the plane-parallel fluid can be approx-

1This chapter was published in the Astrophysical Journal (2013) by Ohtani, Suzuki, & Shigeyama
2The derivation of the basic equations of fluids is described in Appendix B.
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imated by the following equations.

d

dt

`
pγ4

˘
“ γ2

Bp
Bt , (2.2)

d

dt
ln

`
p3γ4

˘
“ ´4

Bβ
Bx , (2.3)

d

dt

´
pn´4{3

¯
“ 0, (2.4)

where γ is the Lorentz factor, β the velocity in units of c, p the pressure, and n the number
density.

When the subscript 1 and 2 denote the pre- and post-shock, the boundary conditions at
the shock front with a Lorentz factor Γ are written as follows.

p2 “ 1

3
e1 “ 2

3
Γ2ω1, (2.5)

n1
2 “ 2Γ2n1, (2.6)

Γ2 “ 2γ2, (2.7)

where e is the energy density, w “ e ` p the enthalpy, and n1
2 “ n2γ the density measured

in the observer frame.

Then, I introduce a similarity variable χ defined by

χ “ r1 ` 2pm ` 1qΓ2s
´
1 ` x

t

¯
, (2.8)

changes with time t as

Γ2 “ Bshp´tq´m. (2.9)

Here, the shock reaches the stellar surface at t “ 0, so the solutions can be obtained in the
range of t À 0.

When χ “ 1, the position x corresponds to the shock front (x “ Xs). Instead of p, γ,
and n, non-dimensional functions fpχq, gpχq, and hpχq are introduced as

p “ 2

3
bXδ

s Γ
2fpχq, (2.10)

γ2 “ 1

2
Γgpχq, (2.11)

n1 “ 2
b

µ
Xδ

s Γ
2hpχq, (2.12)

following Blandford & McKee (1976). The the boundary conditions become fp1q “ gp1q “
hp1q “ 1.
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Then the coordinate system is transformed from pt, xq to pΓ,χq by using

t
B
Bt “ ´mΓ

2

B
BΓ ` pm ` 1qp2Γ2 ´ χq B

Bχ , (2.13)

t
B

Bx “ 2pm ` 1qΓ2 B
Bχ , (2.14)

t
d

dt
“ ´mΓ

2

B
BΓ ` pm ` 1q

ˆ
2

g
´ χ

˙ B
Bχ . (2.15)

By using Equations (2.10)–(2.12) and (2.13)–(2.15), the basic equations (2.2) and (2.3)
ultimately result in

1

g

d ln f

dχ
“ pδ ´ mqgχ ` 8m ´ 4δ

pm ` 1qpg2χ2 ´ 8gχ ` 4q , (2.16)

1

g

d ln g

dχ
“ ´mgχ ` 7m ´ 3δ

pm ` 1qpg2χ2 ´ 8gχ ` 4q , (2.17)

1

g

d lnh

dχ
“ pm ´ δqg2χ2 ` p8δ ´ 10mqgχ ` 18m ´ 10δ

pm ` 1qp2 ´ gχqpg2χ2 ´ 8gχ ` 4q . (2.18)

Note that the denominators of Equations (2.16)–(2.18) become 0 at gχ “ 4 ´ 2
?
3. The

numerator should simultaneously become 0, indicating that m has the eigen values,

m “ p¯2
?
3 ´ 3qδ. (2.19)

The negative m is forbidden, because Γ Ñ 8 when Xs Ñ 0. Therefore,

m “ p2
?
3 ´ 3qδ, (2.20)

and Equations (2.16)–(2.18) become

1

g

d ln f

dχ
“ ´2δ

r2 `
?
3pδ ` 1qspgχ ´ 4 ´ 2

?
3q , (2.21)

1

g

d ln g

dχ
“ ´

?
3δ

r2 `
?
3pδ ` 1qspgχ ´ 4 ´ 2

?
3q , (2.22)

1

g

d lnh

dχ
“ ´2δpgχ ´ 4

?
3q

p´gχ ` 2qr2 `
?
3pδ ` 1qspgχ ´ 4 ´ 2

?
3q . (2.23)

I solve the above three equations in the range of 0 ă χ ď 1 by using the Runge-Kutta
method.

2.1.1 Parameter determination

In order to obtain the density profile and the shock behavior, it is necessary to select the
parameters b and Bsh defined in Equation (2.1) and (2.9).
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The optical depth of the pre-shock region is expressed by

τ “ σT
µmH

ż Xs

0
bxδdx “ σklbX

δ`1
b

pδ ` 1qµmH
, (2.24)

where µ is the mean molecular weight and mH the mass of a hydrogen atom.

Therefore, when Xs “ Xb at the moment of breakout (t “ tb),

b “ pδ ` 1qµmH

σTX
δ`1
b

ˆ τ. (2.25)

When considering a WC star, µ “ 2 because the number of electrons per nucleon is

ZO

AOmµ
“ 1

2
p“ µ´1q, (2.26)

where ZX and AX denote the atomic number and mass number of element X.

Since the shock velocity Vs is close to c at t “ tb, the optical depth should be τ « 1.
However, in order to estimate the influence of bulk Comptonization, it is necessary to
calculate the radiative transfer of photons which scattered at least several times before
escape from the star. For this reason, I determine the density distribution so that the
optical depth of the pre-shock region is relatively large (τ “ 3) for high-energy photons
(5 times higher than the average energy of the blackbody emitted from the shock front at
t “ tb).

The parameter Bsh is determined when the two factor is given; the position of the shock
front Xb and shock Lorentz factor Γb at t “ tb,

Bsh “ Γ2
bp´tqm. (2.27)

Because of the high temperature (ą 106 K), the radiation pressure is the dominant force
in comparison to the gas pressure. Thus, the temperature Ts of the shock is expressed by

Ts “
ˆ
3p

a

˙1{4
“

ˆ
2bX3

s Γ
2

a

˙1{4
, (2.28)

where a is the radiation constant. Figure 2.1 displays the evolution of the Lorentz factor,
number density, and temperature at the shock front, when Xb “ 107 cm and Γb “ 100.
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Figure 2.1: Evolution of the Lorentz factor, number density, and temperature at the shock
front propagating through the stellar surface, in the case of Xb “ 107 cm and Γb “ 100.
Each line shows the profile at time 2.5ˆ 10´4 s (brown dash-dotted line), 1.5ˆ 10´4 s (gray
short-dashed line), 2.0 ˆ 10´4 s (blue long-dashed line), and 1.0 ˆ 10´4 s (red solid line) in
the observer frame.

50



2.2. Radiative processes

2.2 Radiative processes

Due to the terms of scattering, the radiation transfer equation (witten in Pomraning 1973)
has a complex expression, which contain both integral and differential functions. Further-
more, photon has 6 degrees of freedom in space, consisting of three in the location and three
in the momentum. In order to solve the equation, I use a Monte-Carlo method.

The calculation is roughly divided into the following processes.

1. Generation of seed photons (blackbody)

2. Estimation of the mean free path

3. Calculation of scattering in the electron co-moving frame

Since I used the principle parts of the Monte-Carlo calculation throughout the thesis
(Chapter 2, 3, and 4), I described all of the processes of the code in this section. Before the
description, I summarize the peculiar points in setting of this study in the following section.

2.2.1 Conditions

The following list describes the setup for Monte-Carlo calculations.

• Only inverse-Compton scattering is taken into consideration, because

– the effective optical depth of the pre-shock region τ˚ “
a
αff
ν pαff

ν ` n̄eσklqXb will
become significantly smaller than 1 when T « 104 K. For example, even the
photon energy is as low as 100 keV (αff

ν À 1.7 ˆ 10´16 cm´1), τ˚ À 10´12Xb ! 1

where Xb in cm.

• The photosphere is located at the shock front.

• I assume that when a photon enters the shock, it immediately scatters off an electron
at the shock front.

• The angular aperture of a jet is 10 deg. The angle is determined by referring the
former analysis of observed GRBs (e.g. Frail et al., 2001; Ghirlanda et al., 2004; Fong
et al., 2012).

• The light curve and spectrum are presented for several pairs of the shock Lorentz factor
Γb and the distance Xb between the shock front the stellar surface at the moment of
breakout.

Figure 2.2 and 2.3 show the outlines of the Monte-Carlo simulation.
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Chapter 2. Ultra-relativistic shock breakout at the stellar surface

✤
✣

✜
✢Input parameters: Γb, Xb

❄
Initial density profile

❄

tph,i “ tb
Xph,i “ Xb

: Position of the photosphere
(measured from the stellar surface)

❄

Do while tph,i ă tph,f (i=1, 1000)

❄
v, n, T at x “ Xph,i

❄
t “ tph,i

❄
Photon generation

❄

Do k=1, 1000

❄
t “ t ` dt

❄

✑
✑

✑
✑
✑
✑✑

◗
◗

◗
◗
◗
◗◗

✑
✑

✑
✑

✑
✑✑

◗
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◗
◗

◗
◗◗

Scattered ?
No

Yes

✛

❄

CALL Subroutine A

✛

Figure 2.2: Flowchart of the Monte-Carlo simulation used for ultra-relativistic shock break-
out at the stellar surface. Note that x denotes the distance measured from the stellar surface.
Subroutine A is defined in Figure 2.3.
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Subroutine A

✂
✂
✂
✂✂

✂
✂
✂
✂✂

❄
Scattering position

❄
v, n, T

❄

Electron motion
ve, ne, Te

❄

Go to
the e´1 rest-frame

❄
E1

f , cosΘ

❄

Go to
the fixed frame

❄✬
✫

✩
✪

Return

Figure 2.3: Subroutine A.
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Chapter 2. Ultra-relativistic shock breakout at the stellar surface

2.2.2 Photon generation

At the start of calculations, thermal photons at a temperature of T are generated from the
photosphere.

In the rest-frame of the fluid, the energy distribution of photons ϵ1 follows the Planck
function,

Bphpϵ1q “ 2

h3c2
ϵ12

exppϵ1{kBT q ´ 1
, (2.29)

where h is the Planck constant and kB the Boltzmann constant. In order to determine
the initial energy of a seed photon, I define a non-dimensional energy xph “ hν{kBT , then
generate two random numbers 0 ă R1 ă 20xph and 0 ă R2 ă x2ph{rexppxphq ´ 1s. The
initial photon energy becomes x “ R1, if R1 and R2 satisfy R2 ă R2

1{rexppR1q ´ 1s.

The total number of seed photons is 106. The number of photons generated in a volume
V is

Nν “ V

π2c3

ż 8

0
Bphdϵ9

kB
3T 3

π2h3c3
V

ż 8

0

x2

ex ´ 1
dx “ 2kB

3T 3

π2h3c3
V ζp3q, (2.30)

where ζp3q “ Σ8
n“11{n3 « 1.202 denotes the Riemann zeta function.

The momentum of each photon is specified by defining the direction using the inclination
angle θ1 and the azimuth angle φ1. Since the photons should be emitted isotropically in the
co-moving frame at the moment of generation, I determine the values of pθ1,φ1q as

θ1 “ arccospR3q, φ1 “ R4, (2.31)

where R3,4 are the random numbers in the ranges of ´1 ă R3 ă 1, 0 ă R4 ă 2π. The
angles pθ,φq in the observer frame are derived by using a Lorentz transformation. Since the
velocity of the shock is mildly-relativistic, the number of photons moving outward from the
star tends to be several tens percent larger than that of photons moving inward.

2.2.3 Electron distribution

The momentum of a relativistic electron is derived in a similar way as photons. The distri-
bution of their kinetic energies are represented by the Maxwell-Boltzmann distributions in
the rest-frame of the fluid,

fe “ Ce exp

„
´ p2e
2mekBTe

ȷ
, (2.32)
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2.2. Radiative processes

where pe is the momentum, me the rest mass, and Te “ T the temperature of an electron.
The coefficient Ce should be determined by the normalization. The total electron number
ne should equal the integration 4πCe

ş
fed3p, so

C “ p2πmekBTeq 3
2 . (2.33)

Here, I generate the random numbers ´3
?
2mekBTe ă R5 ă 3

?
2mekBTe and 0 ă R6 ă 1.

If R6 ă R5
2 exp

“
´R5

2{2mekBTe

‰
, the momentum p equals R5.

The direction of motion (θe,φe) are determined in exactly the same way as photons.

2.2.4 Interactions

Firstly, I calculate the possibility P for electron scattering of a photon traveling a short
distance (dl). The scattering cross section is given by the Klein-Nishina formula

σkl “ σT ¨ 3
4

«
1 ` xph
x3ph

"
2xphp1 ` xphq

1 ` 2xph
´ lnp1 ` 2xphq

*

` 1

2xph
lnp1 ` 2xphq ´ 1 ` 3xph

p1 ` 2xphq2
ȷ
, (2.34)

where xph ” hν{mc2. The scattering possibility is written as follows.

P “ 1 ´ expp´τnq, (2.35)

where τn “ σklnecdt denotes the optical depth for the photon path.

Furthermore, the probability of free-free absorption is characterized by the following
coefficient αff

ν , when the photon with an energy ϵ1 travels in a gas composed of ions with
the atomic number Z.

αff
ν “ 3.7 ˆ 108T´1{2Z2neniν

´3p1 ´ e´ϵ1{kBT qḡff cm´1, (2.36)

where ne and ni is the density of the electrons and the ions, and ḡff is the gaunt factor
(Rybicki & Lightman, 1979).

As a consequence, when a photon travels a distance dl, it has a chance to either be
absorbed or scattered, so the corresponding optical depth τ is derived as the sum of τff “
αff
ν dl and τsc “ σklnedl. Then the total interaction probability Ptot is given by

Ptot “ 1 ´ expp´τq, (2.37)
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where

τ “ γp1 ´ β cosΘrqpαff ` σklneqdl, (2.38)

where β and γ are the velocity in units of c and Lorentz factor of the shocked matter. Θr

denotes the angle between the photon momentum and the radial direction.

Once I generate two random numbers R7 and R8 in the range of r0, 1s, I decide immedi-
ately know whether the photon interacts or not in the following way.

• when P ă R7, the photon goes straight on,

• when P ă R7 and R8 ă αff{pαff ` σklneq, the photon is absorbed,

• when P ă R7 and αff{pαff ` σklneq ă R2, the photon is scattered.

When the photon is scattered, it transforms to the rest frame of the target electron after
the photon flies the distance l “ ´ lnp1 ´ R7q{σklne. 3

The direction of scattered photon is derived by the relation of the Klein-Nishina differen-
tial cross section and the angle between the photon momentum before and after scattering
Θ1;

dσkl
dΩ

“ 1

2
r20fpϵ1

i,Θ
1q2

“
fpϵ1

i,Θ
1q ` fpϵ1

i,Θ
1q´1 ´ sin2Θ1‰ (2.39)

where fpϵ1,Θ1q “ r1`p1´cosΘ1qϵ1{mec2s´1, Ω is the solid angle and r0 the classical electron
radius. The photon energy changes satisfying the following relation,

ϵ1
f “ ϵ1

1 ` p1 ´ cosΘ1qϵ1{mec2
, (2.40)

where ϵf is the scattered photon energy in the rest-frame of the electron.

2.3 Light crossing time

Generally, there are a very small fraction of emitted photons that can reaches to a distant
point. In order to ensure the accuracy of the Monte-Carlo calculation, it is preferable to
count all the photons escaped from the star. In this thesis, the problem is solved by the
following method.

Figure 2.4 displays the path of the following two photons (A and A1) from the stellar
surface (or edge of the emission region).

3Appendix C describe the formulation of the Lorentz transformation.
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2.4. Results

• The photon A appears from a point which is in the line of sight lB, and the path lA

has the direction angle φ measured from lB.

• The photon A1 appears from a point detached from lB, and the direction of the path
l1A is same as lB.

For convenience, I assume that the emission region is spherical symmetric, and the energies
of the two photons are the same. When the angle between l1A and the radial direction at
the point A1 is φ, the photon paths lA and l1A are equivalent. Therefore, in the calculation,
the contribution of the photon A is derived by considering of A1, instead. The arrival time
is given by the sum of the emergence time tf from the emission region and the difference in
the light crossing time h{c, so

tobs “ tf ` Rp1 ´ cosφq
c

. (2.41)

where R is the radius of the emission region.

Figure 2.4: Schematic image of photons arriving to the observer (Ohtani et al., 2013).

2.4 Results

I calculate spectra and light curves of photons emitted from an ultra-relativistic shock
associated with a jet. Before going to resultant figures, I present an overall picture of how
photons travel through the stellar surface.
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Chapter 2. Ultra-relativistic shock breakout at the stellar surface

2.4.1 Propagation of photons

Photons emitted from the shock front have an isotropic distribution in the rest frame of the
shock. 4 In the observer frame, they are concentrated in a small solid angle dΩ, because
the shocked matter moves with a Lorentz factor of Γ{

?
2. For conservation of number, the

angular distribution in the observer frame can be written by 2{rΓ2r1´p1´2Γ´2q1{2 cosφs2s,
where φ is the angle between the direction of the photons and the shock normal. Figure
2.5 displays the angular distributions in the cases of Γ “10, 50, 100. The emitted photons
initially have energies of E « ΓkBT in the observer frame.

Here in the limit of Γ " 1, about two third of emitted photons move in the directions
with cosφ ą

?
1 ´ Γ´2. These photons proceed ahead of the shock front. Once photons

scatter off upstream electrons, the photon energies (E) change so that they approach to the
rest mass energy of an electron. Namely,

• if mec2 À ΓkBT , E decreases to mec2,

• and if ΓkBT ă mec2, E does not appreciably change.

Since the shock accelerates, most of scattered photons will be overtaken by the shock front,
and immediately scatter off downstream electrons. At this time, the photon energies increase
up to „ Γp1 ` cosφqmec2{

?
2. If the optical depth of the upstream is still larger, similar

processes will repeat. Eventually, the photon energies converge toward a critical value of
Γphmec2, where the subscript ph denotes the position of the photosphere.

2.4.2 Spectra

In order to calculate the absolute value of luminosity, I assume that the stellar radius R is
1010 cm when Xb “ 107 cm, 1012 cm when Xb “ 109 cm, and 1013 when Xb “ 1011 cm.
In the following, the three models are called "Model-S", "Model-M", and "Model-L". Note
that the radius R does not affect the shape of the spectrum on logarithmic scale. Figure
2.6 shows the schematic picture of the position of the shock front.

Figure 2.7 shows the resultant spectra for "Model-S", "Model-M", and "Model-L". For
all of the three models, I examine the cases of Γb “ 10, 50, 100. The red solid lines in
Figure 2.7 show the time-integrated spectra of scattered photons, which escaped from the
stellar surface before the shock disappears. The blue dotted lines display the same photons
as the red solid line but for the moments they originate from the shock front. Hereafter, I
call them as "initial" photons. The energy distribution of "initial" photons exactly matches
the doppler shifted Planck distributions at different temperatures.

4Appendix D summarize some of the relativistic effects on radiation.
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Figure 2.5: The angular distribution of the emitted photons with respect to the shock
normal in the observer frame. The shock Lorentz factors are 10 (red solid line), 50 (blue
long-dashed line), and 100 (gray short-dashed line).

Figure 2.6: Schematic image of the shock front at the stellar surface.
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Figure 2.7: Time-integrated spectra of the ultra-relativistic shock breakout at the surface of a star. The left panels show when pR,Xbq “
p107, 1010q cm (Model-S), the middle panels when p109, 1012q cm (Model-M), and the right panels when p1011, 1013q cm (Model-L). The red
solid lines show the energy distribution of scattered photons, while the blue dotted lines those at the moment that the photons originate
from the shock front.
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2.4. Results

The time-integrated spectra (red solid lines) show that each spectrum has two notable
features. One is the signature of bulk-Comptonization appearing at photon energies of
Γphmec29Γbp” EHEq. Here the subscript ph denotes the position of the shock front when
the optical depth of the upstream matter is 1. The E “ EHE component consists of photons
scattered at τ Á 1. On the other hand, the other characteristic feature appears at the
cut-off energy of the "initial" spectrum, of which typical value is ΓphkBTs,php” ELEq. This
is because the E “ ELE spectral component consists of photons generated at τ ă 1.

Though all of the time-integrated spectra has both of the thermal and non-thermal
components, the spectral shapes are very sensitive to Xb.

• In Model-S, the spectrum has a single peak at E “ ELE and a cut-off at E “ EHE.

• In Model-L, the spectrum consists of two peaks at energies ELE and EHE.

• Model-M is the intermediate case.

– When 50 À Γb, a single peak.

– When Γb “ 10, two peaks.

The reason why the spectral shape depends on pXb,Γbq is explained by the pXb,Γbq
dependences of ELE, i.e.,

ELE “ ΓphkBTs,ph9X3{4
s

Xb
. (2.42)

When Xb becomes large, ELE becomes one or two orders of magnitude lower than EHE.
For this reason, the thermal photons form a component separated from the non-thermal
component. Here I describe the spectral shape around E “ ELE using a broken power-law
function with exponents α and β. As an example, Figure 2.8 shows the power-law fitting
for Model-M, Γb “ 10. (For the double-peak spectra, I define Eξ as the energy of the flux
minimum between the two peaks.) Table 2.1 shows the summary of the spectral features.

I compare the results with the GRB Band function. In observed GRB spectra, the
peak energies are lower than 1 MeV. From Figure 2.7 and Table 2.1, this condition can be
satisfied by Model-M and L, when Γb is 10 or 50. In these models, when a spectrum has a
double-peak structure, the power-law exponent β has a value within the standard deviation
for GRBs. However, the exponent α has a value significantly larger than zero in any of the
models. It can not explain the lower-energy component of the Band function.
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Chapter 2. Ultra-relativistic shock breakout at the stellar surface

Figure 2.8: Example of fitting the resultant spectrum to a broken power-law distribution
(in the case of Model-M, Γb “ 10).

Table 2.1: Summary of the spectral features of ultra-relativistic shock breakout at the
stellar surface. ELE and EHE are the characteristic photon energies of the thermal compo-
nents and bulk Comptonization, respectively. Eξ is the photon energy at which the flux has
minimum value between ELE and EHE. α and β are power-law indexes of the lower- and
higher-energy sides than E “ ELE.

Xb Γb kBT pτ “ 3q Double Peak? Γph ELE α EHE β Eξ

10 13 keV No 12 0.4MeV 1.25 4.0MeV -0.57 -

107 cm 50 42 keV No 61 6.3MeV 1.41 22MeV -0.67 -

100 76 keV No 121 16MeV 1.94 48MeV -0.60 -

10 3.4 keV Yes 12 120 keV 0.93 1.6MeV -2.20 630 keV

109 cm 50 11 keV No 61 2.0MeV 1.20 20MeV -0.79 5.5MeV

100 18 keV No 121 6.6MeV 0.82 41MeV -2.73 -

10 1.0 keV Yes 12 34 keV 0.74 1.2MeV -2.81 270 keV

1011 cm 50 2.8 keV Yes 61 500 keV 0.64 8.0MeV -2.43 2.8MeV

100 4.7 keV Yes 121 1.3MeV 0.58 17MeV -1.90 7.2MeV
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2.4. Results

2.4.3 Light curves

Figure 2.9 shows the light curves when Γb “ 10. Here I define t99obs as the time when 99% of
scattered photons have reached the observer. t99obs “ 5.9 ˆ 10´4 sec in Model-S, 6.1 ˆ 10´2

sec for Model-M, and 0.6 sec in Model-L. The overall shape (0.1t99obs À tobs À 0.9t99obs) of
the light curves are fitted with power-law distributions with exponents larger than ´1.0 and
smaller than ´0.9. The durations (t99obs) correspond to the light crossing time of the emission
region, which is proportional to R{pcΓ2

bq. Accordingly, the emission can not last longer than
2 sec, even when R is as large as 1013 cm. The fact suggests that the contribution of shock
breakout to the emission of a GRB might be very small.
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Figure 2.9: Light curves of the ultra-relativistic shock breakout at the surface of a star.
The left panel shows when pR,Xbq “ p107, 1010q cm (Model-S), the middle panel when
p109, 1012q cm (Model-M), and the right panel when p1011, 1013q cm (Model-L). The shock
Lorentz factor Γb equals 10 at the breakout.

The total radiated energy is described as a function of R and Γb. By equating (2.24),
(2.28), and (2.30), the photon generation rate per unit area is expressed as follows.

Nν “ 32ζp3qk3B`
11 ´ 3

?
3

˘
c3{2h3

ˆ
3mHmu

aσkl

˙3{4
4
a
2Xb

a
Γb. (2.43)

The averaged energies of photons have a complex dependency on the parameters. When
photons originate from the shock, they have the energies proportional to X´1

b . In Model-S,
the energies of scattered photons increase up to „ Γphmec2. Meanwhile, in Model-L, the
energies of scattered photons are close to ΓphkBTs, ph. Since each spectrum is composed
of both thermal and non-thermal photons, the luminosity can not be written by a simple
scaling formula in terms of Xb.

On the other hand, the relation between the luminosity and (R,Γb) is easily expressed as
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L9RΓ7{2
b . It is determined by the area of emission region (9R2), the photon energy (9Γb),

and the duration R{pcΓ2
bq.

2.5 Conclusions

Due to Xb (and Γb) dependency of the shock temperature, the spectral shape of shock
breakout becomes very different between cases of Xb “ 10 and 100.

• When Xb “ 1011 cm, the energies of bulk-Comptonized photons (E „ EHE “ Γmec2)
are one or two orders of magnitude higher than those of thermal photons (E „ ELE “
ΓkBTs). For this reason, the spectrum consists of two separating components at E „
ELE and EHE.

• When Xb “ 107 cm, the energies of bulk-Comptonized photons and those of thermal
photons are compatible. For this reason, bulk-Comptonizated photons form a cut-off
shape on the thermal spectral component.

• Cases of Xb “ 109 cm are intermediate.

I describe the shapes of the thermal components using a broken-power law model with
exponents α and β, and compare them with those of the observed GRBs (α « ´1, β “ ´2.5).
Though some of the resultant spectra (Xb ě 109 cm) show values of β compatible with the
observed GRBs, α can not have a negative value in any case.

Furthermore, the duration („ R{c{Γ2
b) of ultra-relativistic shock breakout is significantly

shorter than 1 sec, which is inconsistent with that of long-GRBs (> 2 sec). The total
radiation energy is 1049 erg, which is two orders of magnitude lower than that of observed
prompt emission of GRBs.

For these reasons, I conclude that ultra-relativistic shock breakout can not explain the
entire emission of a prompt GRB emission. In order to explain the lower-energy emission,
duration and radiation energy, it might be worth considering emission from a more extended
region, such as the dense CSM.
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Chapter 3
Ultra-relativistic shock breakout in the CSM

It might be possible to obtain some information on the central engine activity by examining
the relations between the behavior of a shock and shock breakout. As referred in Chapter
2, the shock behavior is independent of the energy injection rate when the shock propagates
through the stellar surface. Meanwhile, when the shock propagates in a CSM, its behavior
is directly determined by the energy injection rate. For this reason, I calculate the ultra-
relativistic shock breakout in a dense CSM.

3.1 Hydrodynamics

Initial profiles of CSM are given by the same formula in Section 4.1.1 (Equation 4.3). The
hydrodynamical evolution between the forward-shock and the contact surface is described
by self-similar solutions found by Blandford & McKee (1976). The combination of the basic
equations yields the following equations;

d

dt

`
pγ4

˘
“ γ2

Bp
Bt , (3.1)

d

dt
ln

`
p3γ4

˘
“ ´4

r2
B
Br pr2βq, (3.2)

Bn1

Bt ` 1

r2
B
Br

`
r2n1β

˘
“ 0, (3.3)

where the definitions of t, p, β, γ, and n1 are the same as those of the previous chapter,
and r denotes the radius. The boundary conditions are expressed by the same formulas as
Equations (2.5)–(2.6).

Here, I define a similarity variable χ as

χ “
“
1 ` 2pm ` 1qΓ2

‰ ´
1 ´ r

t

¯
, (3.4)

changes with time t as

Γ2 “ Bsht
´m. (3.5)
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Then, non-dimensional functions are introduced as follows.

p2 “ 2

3
Γ2ω1fpχq, (3.6)

γ2 “ 1

2
Γ2gpχq, (3.7)

n1
2 “ 2Γ2n1hpχq, (3.8)

where subscript 1 and 2 are the same as Chapter 2. The boundary conditions becomes
fp1q “ gp1q “ hp1q “ 1.

The transformations from pt, rq to pΓ,χq are

B
B ln t

“ ´m
B

B lnΓ2
`

“
pm ` 1qp2Γ2 ´ χq ` 1

‰ B
Bχ , (3.9)

t
B
Br “ ´

“
1 ` 2pm ` 1qΓ2

‰ B
Bχ , (3.10)

d

d ln t
“ ´m

B
B lnΓ2

` pm ` 1q
ˆ
2

g
´ χ

˙ B
Bχ . (3.11)

As a result, the basic equations are written by

1

g

d ln f

dχ
“ 8m ´ pm ´ 2qgχ

pm ` 1qp4 ´ 8gχ ` g2χ2q , (3.12)

1

g

d ln g

dχ
“ p7m ` 2q ´ pm ` 2qgχ

pm ` 1qp4 ´ 8gχ ` g2χ2q , (3.13)

1

g

d lnh

dχ
“ p18m ` 4q ´ p10m ` 4qgχ ` mg2χ2

pm ` 1qp2 ´ gχqp4 ´ 8gχ ` g2χ2q . (3.14)

3.1.1 Relation between the shock behavior and the energy supplying rate

There is a relation between the shock Lorentz factor and the energy supplying rate from
the central energy, which is in contrast to the flow discussed in the previous chapter. The
propagation of shock emerging from the surface is determined by the density distribution
of the atmosphere through the parameter δ.

To start with, in the similar solution, it is necessary that the amount of energy stored in a
width of dχ does not change with time. This means that when the energy flux (wγ2β) passes
through a sphere of the radius r in a time interval dt, the amount of the energy corresponds
to the momentum flux (wγ2β2 ` p) of a spherical shell spreading with a constant width of
χ, namely,

4πr2wγ2βdt “ 4πr2pwγ2 ´ pqβndt, (3.15)

where βn “ 1´χ{2Γ`OpΓ´4q is the velocity (in units of c) of the shell. Since the position of
the inner boundary of the shock is characterized by a constant value of χ “ χin, the energy
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3.1. Hydrodynamics

flux Fin across the inner boundary is expressed as follows in the rest-frame of the shock.

Fin “ Γ2
inp1 ´ βinq2 L

rπt2
» Lχin

16πΓ2
int

2
, (3.16)

where L denotes the power supplied by the central engine (measured in the co-moving
frame). Therefore,

L “ 16πw1Γ4t2fpχinq
χin

. (3.17)

On the other hand, in the relativistic limit, the total energy between the radius R0ptq and
R1ptq is expressed by

EpR0, R1, tq “
ż R1

R0

16πpγ2r2dr, (3.18)

because the total energy density can be approximated by p4γ2 ´ 1qp. Therefore, the total
energy contained in the shock (1 ď χ ď χin) is given by

E “ 8ρ1Γ
2t3{9, (3.19)

where α “ şχin

1 fg dχ.

The energy injection rate L can be expressed

Lp1 ´ βinq » L

2Γ2
in

“ dE

dt
, (3.20)

and

α “ 3pm ` 1q
3 ´ m

fpχinq. (3.21)

Here, the energy injected into the ultra-relativistic shock is assumed to follow a power-law
of the time, such as

L “ L0t
q
e, (3.22)

where te denotes the emitted time. In this case,

te “ t

2

χin

Γpm ` 1q , (3.23)

and

m “ ´q

2 ` q
. (3.24)
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Chapter 3. Ultra-relativistic shock breakout in the CSM

In order to investigate the relation between the appearance of the shock breakout emis-
sion and the energy injection rate, we obtain self-similar solutions for m “0 (uniform) , -2/3
(accelerate), 1 (decelerate). These values of m correspond to the cases that q “0 (constant
rate injection), 4, -1 (impulsive).

Table 3.1: Dependence of m on q in the circumstellar matter with density n9r´k, k “ 2
(Blandford & McKee, 1976).

q 4 1 0 2/3 -4/5

m -2/3 -1/3 0 1/2 2/3

3.1.2 Freely expanding ejecta

I assume that the ejecta expand freely, and determine the velocity by vej “ r{t. Here I use
a uniform density approximation. The reason is as follows. The density of shocked ejecta is
expected to be so high that when a photon enters ejecta, it will be scattered immediately, or
otherwise be absorbed. Thus the internal structure is not important for the photon transfer.
In this study, I assume that the density of the ejecta is 104 times higher than that of the
shock front, and the velocity is the same as that of the shocked CSM at the contact surface.

In the following, I define Rs, Rc as the radius of the shock front and the contact surface.
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3.1. Hydrodynamics

3.1.3 Settings of Monte-Carlo calculation

The following list describes the setup for Monte-Carlo calculations.

• Shock breakout occurs at a radius of 1ˆ1012 cm, which is close to the breakout radius
supposed for XRO 080109/SN 2008D.

• Inverse-Compton scattering and free-free absorption is taken into consideration. Fig-
ure ?? shows the overview of the Monte-Carlo method used in the calculation.

• The position of the photosphere is determined so that 37% of generated photons diffuse
out and the others are absorbed.

– Figure 3.2 shows a schematic picture of the shock propagation and the photo-
sphere.

– Figure 3.3 displays the position of the photosphere relative to the shock radius.
More precisely, the y-axis shows the ratio

f “ Rph ´ Rc

Rs ´ Rc
, (3.25)

where Rph is the photospheric radius. The x-axis shows the time t divided by the
moment of shock breakout tb. Since the temperature of shocked matter decreases
with time, the position of the photosphere approaches the contact surface (i.e., f
becomes smaller). The right-most point in each panel shows the time the shocked
region becomes transparent.

• The angular aperture of a jet is 10 deg.

• In case of a decelerating shock, the calculation stops when the shock reaches at a
radius of Rf “ 1016 cm, because

– the scattering optical depth is not negligible within the radius.

• In case of an accelerating shock or a shock with a constant velocity, the calculation
stops at a smaller radius of Rf “ 1015 cm, because

– the shock will begin to decelerate at some radius.

• The light curve and spectrum are presented for several pairs of the index m and shock
Lorentz factor Γb at the moment of breakout.
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Chapter 3. Ultra-relativistic shock breakout in the CSM

✤
✣

✜
✢Input parameters: Γb, m

❄
Initial density profile

❄

Do while tph,i ă tph,f (i=1, 1000)

❄
Photospheric radius Rph,i

❄
v, n, T at r “ Rph,i

❄
t “ tph,i

❄
Photon generation

❄

Do k=1, 1000

❄
logptq “ logptq ` d logptq

❄

✑
✑

✑
✑
✑
✑✑

◗
◗

◗
◗
◗
◗◗

✑
✑

✑
✑

✑
✑✑

◗
◗

◗
◗

◗
◗◗

Interaction ?
No

Yes

✛

❄

✑
✑

✑
✑
✑
✑✑

◗
◗

◗
◗
◗
◗◗

✑
✑

✑
✑

✑
✑✑

◗
◗

◗
◗

◗
◗◗

Scattered (S)
or absorbed (A) ?

A

S

✲

❄

CALL Subroutine A

✛

Figure 3.1: Monte-Carlo simulation for ultra-relativistic shock breakout in the CSM.
Definition of Subroutine A is shown in Figure 2.3.
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3.1. Hydrodynamics

Figure 3.2: Schematic image of the shock propagation in the CSM.
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Figure 3.3: Position of the photosphere.
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3.2 Results

I investigate the influence of the behavior of the shock (characterized by the index m defined
in Equation (3.5); the shock accelerates if m ă 0 and decelerates if m ą 0) in the CSM
and the shock Lorentz factor Γb at the moment of shock breakout on the spectra and light
curves. First of all, I introduce the overall picture of traveling photons.

3.2.1 Two types in photon traveling

Because the photosphere moves with time, there seem two types of photon traveling. Figure
3.4 shows comparison of the position of the photosphere (expressed in Figure 3.3) in cases
of pm,Γbq “ p´2{3, 10q (left panel) and p1{2, 500q (right panel).

In the case of pm,Γbq “ p´2{3, 10q, f « 0.2 (defined by Equation (3.25)) at the moment
of shock breakout (t “ tb). That means, the photosphere locates near the contact surface
at t “ tb. These photons are overtaken by ejecta before escaping through the CSM. Since
the shock front get accelerated, photons can repeat scattering several times in the shocked
CSM or ejecta. Furthermore, f becomes smaller with time, so most of photons emitted from
an accelerating shock of pm,Γbq “ p´2{3, 10q are overtaken by ejecta. Even in the case of
pm,Γbq “ p´2{3, 100q, in which f “ 1 at t “ tb, a similar process can occur, because the
accelerating matter will overtake photons.

On the other hand, in the case of pm,Γbq “ p1{2, 500q, f “ 1 at the moment of the
breakout. Since the shock decelerates, photons emitted from the shock front can escape
from the CSM before being overtaken by ejecta. Therefore, these photons scatter off only
in the CSM. After t „ 10tb, f becomes very close to 0. At that time, significant fraction of
emitted photons will be overtaken by ejecta.

3.2.2 Light curves

Figure 3.5 displays the resulatant light curves in the energy range covered by the Swift/XRT
(Gehrels et al., 2004; Burrows et al., 2005). Here I define t50 and t95 as the times at which
50 or 95 % of photons have reached the observer. In Figure 3.5, t50 is expressed using a
dotted vertical line. Also, Table 3.2.2 summarizes t50 and t95 for each parameter set.
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Chapter 3. Ultra-relativistic shock breakout in the CSM

Figure 3.4: Difference of position of the photosphere between cases of an accelerating
shock (m ă 0) and a decelerating shock (m ą 0). If m ă 0, the photosphere locates near
the contact surface at t “ tb, so most of emitted photons enter in ejecta. On the other hand,
if m ą 0, the photosphere locates at the shock front at tb, then gradually approaches to the
contact surface. In this case, some photons escape from the CSM before being overtaken in
ejecta, while some others enter in ejecta.
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Figure 3.5: Light curves of U.R.-shock breakout emission from the CSM. Photons with energy less than the lower detection limit (0.2
keV) of the Swift/XRT are excluded. The dotted vertical lines indicates t50, at which half of photons have being detectable.
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Table 3.2: Dependences of t50 and t95 on m, Γb, and Γf .

m Γb Γf t50, t95 [s]

-2/3 10 100 0.9 2

100 1000 0.04 0.05

-1/3 10 32 1 4

100 316 0.1 0.2

0 10 10 1 8

100 100 0.2 0.8

1/2 500 50 0.5 4

1000 100 0.001 2

2/3 500 23 1 10

1000 46 1 10

Since t95 is approximately proportional to Rf{pcΓ2
f q, where Γf denotes the shock Lorentz

factor at r “ Rf , the timescale of the light curve is determined by diffusion in the shocked
matter. Regardless of that, the shapes of light curves are obviously different between m ď 0

and m ą 0.

• In the case of m ă 0, the time (hereafter ∆tp) from the onset to the peak are com-
patible to the time (hereafter ∆td) from the peak to t95.

• In the case of m ą 0, the light curve shows two components; early emission decaying in
shorter than 10´4–10´3 sec, and late emission lasting several sec. In the late emission,
∆tp is at least ten times shorter than ∆td.

• m “ 0 is the intermediate case.

The difference can be explained by characteristics of photon travel referred in the previous
section. If the shock accelerates, most scattered photons are stored at the surface of ejecta.

As soon as the shocked matter becomes thin, these photons escape through the CSM.
As a consequence, if m ă 0, ∆tp is consistent with the time when the optical depth of the
CSM becomes significantly smaller than 1. In this case, ∆tp is not far smaller than ∆td.

On the other hand, if the shock decelerates, photons emitted at t „ tb can escape from
the CSM shortly after the generation. Accordingly, these photons cause the early emission.
Meanwhile, photons emitted at t " tb stay in ejecta at first, then escape when the CSM
becomes thin enough. For this reason, these photons form the late emission.
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3.2.3 Spectral evolution

The red solid lines in Figure 3.6 show the time-integrated spectra of scattered photons,
which escape from the CSM. The blue dashed lines denote the same photons but at the
moments they originate from the shock front. Hereafter, I call them as "initial" photons.
Since the absorption is taken into consideration, the distribution of "initial" photons does
not match the doppler shifted Planck distributions at different temperatures. Only a small
fraction of photons with energies lower than « 1 keV can survive absorption.
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Figure 3.6: Spectral evolution of U.R.-shock breakout emission from the CSM. The lines indicate average number flux spectra of initial
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The time-integrated spectra (red solid line) of scattered photons share some similarities
regardless of m and Γb. Most of the spectra have peaks at the cut-off energy of the "initial"
spectra. Since the "initial" emission has thermal properties, the cut-off energy is about
ΓkBT p” Epq. On the contrary, there seems a pm,Γbq dependency in spectra in the energy
range higher than Ep as follows.

• If m ď 0 and Γb “ 10, the high-energy emission (above 0.1–1 MeV) has an exponential
cut-off.

• If m ď 0 and Γb “ 100, the high-energy emission has a power-law feature.

• If m ą 0, the high-energy emission forms an independent.

These spectral behaviors would be explained by the energy efficiency through electron
scattering. In the case of an accelerating shock, most photons scatter off the downstream
electrons several times, and the energies increase up to Γmec2. On the other hand, in the
case of a decelerating shock, only photons escaping at t ă t50 can obtain high energies. The
rest of scattered photons sometimes lose the energies after scattering.

In order to confirm the energy change of scattered photons, I calculate time-resolved
spectra. The open and filled triangle points in Figure 3.6 display energy distributions of
photons received in the period of tobs ă t50 and tobs ą t50. In the cases of m ď 0, the early
and late spectra have similar shapes. On the other hand, in the cases of m ą 0, fluxes of
high energy photons (ą 1 MeV) is larger in tobs ă t50 than in tobs ą t50.

3.3 Comparison with GRBs

Though some of the resultant spectra have non-thermal features above 0.1–1 MeV, the
fraction of low-energy photons seems too high to explain the general spectral features of
long-GRBs. Accordingly, it might be difficult to reproduce the general GRBs by an ultra-
relativistic shock breakout of a conical jet.

In this study, I do not take the energy loss by emission into consideration. The effects
of energy loss might reduce both of the the high-energy and low-energy components, and
cause a complex time-variabilities as shown in observed GRBs.

3.4 Conclusions

Properties of shock breakout in the CSM depend on whether the shock accelerates and
decelerates. Note that the behavior of the shock is determined by the energy injection rate
L from the central engine, and when dL{dt “ 0 the shock will propagate with a constant
velocity if the density of the CSM is proportional to r´2.
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Chapter 3. Ultra-relativistic shock breakout in the CSM

Differences between the emission from accelerating or decelerating shock are seen in the
following properties.

• If the shock accelerates, the time t50 that half of generated photons appear is compat-
ible to the time between t50 and t95. If the shock decelerates, t50 is far smaller than
t95-t50.

• If the shock accelerates, there is no significant difference between photons arriving at
tobs ă t50 and tobs ą t50. If the shock decelerates, photons with higher energies tend
to arrive earlier.

These discrepancies might be a source of information on whether the energy injection
to the ultra-relativistic shock increases with time (at least for „ Rb{c «several tens sec) or
begins to decrease instantly after the generation.
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Chapter 4
Mildly-relativistic shock breakout

Properties of shock breakout (such as light curve and spectrum) might be sources of infor-
mation on the geometry of the shock such as degree of asymmetry. Previous studies (Suzuki
& Shigeyama, 2010a,b) having examined the light curve and spectrum of XRO 080109/SN
2008D, from which the shock breakout was observed in unprecedented detail, involve two
problems in reproducing the observed properties. One is that the spectrum is explained in
the context of 1D hydrodynamic model, though it is necessary to consider an asymmetric
shock for reproducing the light curve. The other is that the light curve is calculated without
taking scattering of photons in the CSM (or ejecta) into account.

I calculate both the light curve and spectrum as results of photon scattering in the CSM,
assuming an asymmetric shock as described by Suzuki & Shigeyama (2010b). Since XRO
080109/SN 2008D is an observational milestone in study of non-relativistic shock breakout
from the CSM, I apply the model presented in this chapter to this event, and discuss the
properties of this object that can be deduced from the light curve and spectrum.

4.1 Hydrodynamics

In this study, the motion of the shocked matter is given by hand, so that the velocity
becomes constant regardless of time. I approximate the distribution of the shocked matter
as a uniform shell. The reasons are as follows; the optical depth of the CSM is small (À 1.4),
and the mean-free path of a photon in the ejecta should be much shorter than the thickness
of the shell.

4.1.1 Initial profile of a CSM

The density distribution of the CSM is expressed by the steady wind solution (e.g. Cheva-
lier, 1982; Chevalier et al., 1992). If the motion of the CSM is stationary and spherically
symmetric, the mass conservation, of which general form is

Bρ
Bt ` ∇ ¨ pρvq “ 0, (4.1)
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where ρ is the mass density and v the velocity, yields

1

r2
d

dr
pr2ρvq “ 0. (4.2)

The velocity becomes constant after the acceleration up to vw „ 1000 km s´1 in the wind
blown from a Wolf-Rayet star. As a result, the above equation reduces to the following
density distribution.

ρprq “
9M

4πvw
r´2, (4.3)

where 9M is the mass-loss rate.

In a non-relativistic shock breakout, the timescale of photon travel ∆ttrv of photons
(roughly represented by the value at breakout, τbRb{c where τb and Rb denote the optical
depth and radius at breakout) is longer than the light crossing time ∆tlc “ Rb{c. One can
expect that the luminosity increases for the light crossing time from the onset. Therefore, I
determine the breakout radius by interpreting the observed time between the onset and the
peak of the outburst ∆trise as ∆tlc. By referring to the observation of XRO 080109 (Figure
1.22), ∆trise is estimated to be 100 sec. Thus,

Rb “ c∆trise “ 3 ˆ 1012 cm. (4.4)

4.2 Freely expanding ejecta

Since the ejecta expand have swept a tiny amount of the CSM at a radius of « 1012-1014

cm, the ejecta remain freely expanding. In this case, the density of the ejecta decreases with
time as t´3, where t is measured from the moment of stellar explosion (Chevalier & Liang,
1989).

In reality, the distribution of the ejecta velocity vej should satisfy vej “ r{t and the
shocked CSM has a large density gradient. Regardless of the facts, in this study I ap-
proximate the post-shock region as uniform ejecta as shown in Figure 4.1, instead of the
combination of the shocked CSM and ejecta followed by the unshocked ejecta. This is be-
cause the optical depth of the CSM at breakout (« c{vej, vej is several tens % of the speed of
light) would not be significantly larger than 1 after shock breakout. Furthermore, I consider
only a spherical shell of a small width compared to the radius of the shell. For example,
when the number density of ejecta is 1014 cm´3, the mean-free path of a photon with an
energy of several keV is pσsnq´1 « 1010 cm! Rb. (When assuming that ejecta of this density
fill a sphere of radius Rb, the total ejecta mass would be about 30Md.)

Here, I assume that the ejecta expanding velocities are constant with time. At the
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4.2. Freely expanding ejecta

Figure 4.1: Distribution of ejecta expanding freely in the CSM (black dotted line) and the
model used in this study (red solid line).

moment of breakout, the number density of the ejecta is 1014 cm´3, and it decreases with
time as t´3.

4.2.1 Asymmetry

To describe the asymmetry of ejecta, I have made the following assumptions. (Fundamental
configurations are similar to those of Suzuki & Shigeyama 2010b.)

• The shape of the shock follows the empirical law described by Equation (1.46). The
velocities of ejecta vej depends on the degree of asymmetry α and direction θ as follows,

vejpα, θq “ vejpα, 0q
1 ` pTempα, θqvejpα, 0q{Rbq , (4.5)

Since vej is supposed to be independent of time, the moment of shock breakout (here-
after tbpα, θq) equals Rb{vejpα, θq. Figure 4.2 shows the angular dependences of vej

(left panel) and tb (right panel) in cases of α=0.2, 0.5, and 0.8.

• The ejecta velocity at maximum is vejpα, 0q “ 0.7c.

• The optical depth at t “ tb is

τ “ c

vej
« 1.43, (4.6)
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according to (1.44).
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Figure 4.2: Angular dependences of the ejecta velocity vej (left panel) and moment of shock
breakout tb (right panel) if the shock shape is axisymmetric. Here, vej has the maximum
value of 0.7c at θ “ 0 deg. The degree of shock asymmetry is characterized by α “ 0.2, 0.5,
and 0.8.

4.2.2 Settings of Monte-Carlo calculation

• Temperature of ejecta is 1 keV at the breakout, because

– the best-fit blackbody model for the observed spectrum of XRO 080109/SN
2008D results in the shock temperature of about 0.7 keV (Soderberg et al., 2008).

• Only inverse Compton scattering is taken into consideration, because

– the density of the ejecta is expected to be not so high that absorption becomes
dominant. (Figure 4.3 shows the energy dependence of scattering and absorption
coefficients.)

• The position of the photosphere is determined to be at the outer boundary of the
ejecta, because

– the density of the ejecta is expected to be so high that the position of the pho-
tosphere will become very close to the surface of the ejecta.

• The light curve and spectrum are presented in terms of the degree of shock asymmetry
α and angle Θ between the line of sight and the symmetry axis.

Figure 4.4 is the flowchart of the Monte-Carlo simulation.
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Figure 4.3: Scattering and absorption coefficients in an oxygen-rich envelope in case of
n “ 1 ˆ 1014 cm´3 and kBTe “ 1 keV.

4.3 Results

I investigate the influence of the degree of shock asymmetry α and viewing angle Θ on the
spectra and light curves. In this section, I show the resultant spectra and light curves.
Compared to the previous study presented by Suzuki & Shigeyama (2010b), the results of
this study show different properties in the following points.

• Signature of bulk-Comptonization in spectrum depends on α and Θ (, namely, shock
velocity along the line of sight).

• Timescale of light travel caused by scattering in the CSM determines the luminosity
evolution after the peak.

4.3.1 Spectra

Figure 4.5 shows the resultant time-integrated spectra, averaged over three ranges of viewing
angles 0 degă Θ<30 deg (top panel), 30 degă Θ<60 deg (middle panel), and 60 degă Θ<90
deg (bottom panel). For a comparison with XRO 080109, the straight lines denote power-law
distributions with exponents of -2.6 and -2.0.

Compared to the primordial blackbody radiation (dash-dotted line), it is clear that the
resultant spectrum has a higher-energy component due to bulk-Compton scattering, either
α is 0 (spherically symmetric) or 0.5. Each of the three panel shows that larger the degree
of asymmetry (α), lower the energies of scattered photons, when the shock velocity at θ “ 0

is fixed. In addition, for the same value of α, the photon energies decrease when the viewing
angle Θ becomes larger. When α has a finite value, dvejpα, θq{dθ is negative (in the range 0
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✤
✣

✜
✢Input parameters: vb, ash

❄
Initial density profile

❄

tph,i “ tb
Rph,i “ Rb

❄

Aspherical ejecta
v “ vpθzq

❄
v, n, T at r “ Rph,i

❄
t “ tph,i

❄
Photon generation

❄

Do k=1, 1000

❄
logptq “ logptq ` d logptq

❄

✑
✑
✑
✑
✑
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❄

CALL Subroutine A

✛

Figure 4.4: Monte-Carlo simulation for mildly-relativistic shock breakout. Definition of
Subroutine A is shown in Figure 2.3.
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Figure 4.5: Spectra of shock breakout emission for vej “ 0.7c. The emission is averaged
in the range 0 degă Θ<30 deg (top), 30 degă Θ<60 deg (middle), and 60 degă Θ<90
deg (bottom). The curved dashed lines show a blackbody radiation at Tej “ 0.1 keV. The
straight lines display power-law distributions with indexes of -2.6 (left) and -2.0 (right),
corresponding to the 1σ error given by the observation of XRO 080109/SN 2008D.
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degă Θ ă90 deg). Since the bulk-Comptonization directly depends on the shock velocities,
the photon energies for larger α and lower θ become smaller.

4.3.2 Light curves

Figure 4.6 displays the light curves, consisting of photons with energies above 0.2 keV and
below 10 keV (to mimic the energy range covered by the Swift/XRT). Since the spectrum
follows the power-law distribution in the above energy range, the majority of photons con-
tained in the light curve seem scatter-off electrons at least once.

As referred in the previous section, when α has a finite value, the bulk-Comptonization
works weaker than when α “ 0, so the energies of scattered photons becomes lower by a
factor of À 2. From Figure 4.6, it is obvious that when α ą 0 the integration of luminosity
(Etot) decreases with respect to the case of α “ 0. This seems consistent with the fact that
the number of photons with energies 0.2 keVă E ă10 keV becomes smaller when α ą 0.
The evolution of the luminosity depends on three kinds of timescales; the shock emergence
time, the light crossing time, and the timescale of photon travel (depending on electron
scattering). Since most of the photons undergo the scattering, the behaviors of the whole
light curves are sensitive to the timescale of photon travel ∆ttrv. The time from the onset
to the peak is determined by the delay the shock emergence time ∆tb and the light crossing
time ∆tlc of the emission region. Afterward, the behavior of the emission is dominated only
by the diffusion of photons. The relations between the timescales and α are as follows.

• The difference in the moment of shock breakout ∆tb increases with α.

– For example, when α “ 0.5 and Θ “ 90 deg, ∆tb « 60 sec.

• When Θ ą 30 deg, the typical timescale of photon travel ∆ttrv in the CSM increases
with α.

– For example, when α “ 0.5 and Θ “ 90 deg, ∆ttrv “ Rb{vej « 210 sec.

On the contrary,

• The difference in the light crossing time ∆tlc is independent of α.

– When Θ “ 90 deg, ∆tlc “ Rb{c « 100 sec.

As referred in the first paragraph of this section, most of photons contained in the
light curve seems to scatter off before escaping from the CSM. In this case, the timescale of
photon travel can significantly influence the shape of the light curve both before and after the
peak. When α is small, most scattered photons simultaneously reach the observer, and the
different in the light crossing time (and the shock emergence time) becomes subdominant in
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Figure 4.6: Light curves of shock breakout emission for vej “ 0.7c, in the range of 0.2
keVă E ă10 keV.
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the increasing phase. Meanwhile, when α is significantly larger than zero, the time between
the onset and the peak ∆tp becomes close to the sum of ∆tb and ∆tlc.

As a summary, there seem the following tendencies.

• When the degree of the shock asymmetry (α) becomes large,

– Etot decreases,

– and ∆tp becomes longer.

• When the viewing angle Θ becomes large,

– the onset delays,

– and ∆tp becomes longer.

4.3.3 Comparison with XRO 080109/SN 2008D

In order to explain the observation of XRO 080109, the spectrum in the range of 1 À E À 10

keV should have a power-law distribution with an index larger than „ ´2.6 and smaller than
„ ´2.3. Red solid lines of Figure 4.5 shows that in the case of 0 degă Θ ă30 deg, the slope
of the spectrum resembles to the power-law distribution with index of « ´2.6. In the case
of 60 degă Θ, the spectral slope seems significantly softer than that of XRO 080109.

On the other hand, the dependence of light curve (shape from the onset to the peak)
on Θ strongly indicates that the emission of the outburst is observed from the side of the
outflow, at least 30 degă Θ. In the resultant light curves (Figure 4.6), the model of α “ 0.5

seems to most closely resemble the observed light curve. Figure 4.7 show comparisons of
models, in which α “ 0.5 and 60 deg<Θ<90 deg, and the observed light curve of XRO
080109/SN 2008D. Figure 4.8 is the same as Figure 4.7, but for 30 deg<Θ<60 deg.

The results seem to indicate that XRO 080109 was emitted from an asymmetric shock,
and if the shape of the shock was axisymmetric, the angle between the line of sight and
the symmetric axis is at least 30 deg. In addition, Figures 4.5 and 4.2 imply that in order
to explain the spectral features of XRO 080109, the shock must propagates with velocity
larger than about 0.5c. Showing Figures 4.7 and 4.8, it seems possible to explain both the
observed spectrum and light curve of XRO 080109 by an axisymmetric shock of α « 0.5

and a viewing angle that larger than 30 deg and smaller than 60 deg.

90



4.4. Conclusions

0x100

1x1043

2x1043

3x1043

4x1043

5x1043

6x1043

7x1043

8x1043

 0  100  200  300  400  500  600

L
 [

e
rg

 s
-1

]

tobs[sec]

30deg<Θ<60deg α=0.5
XRO 080109

Figure 4.7: Comparison of the model in which α “ 0.5 and 30 deg<Θ<60 deg with XRO
080109/SN 2008D.

4.4 Conclusions

From the calculations, I found the following tendencies of the mildly shock breakout on the
degree of shock asymmetry α (from 0 to 0.8) and viewing angle Θ. Note that the shock
velocity is assumed to have a constant value (0.7c) at Θ “ 0, regardless of α. When α has
a large value and Θ is several tens deg,

1. Spectrum becomes less harder. (Bulk-Comptonization is weak.)

2. Peak luminosity becomes lower and the time between the onset to the peak becomes
larger.

These properties would enable to obtain some information on the geometry of the shock.
For example, in the case of XRO 080109/SN 2008D, the shock certainly seems to have an
asymmetric (probably axisymmetric) shape. In the fiducial models, α « 0.5 and Θ ą 30

deg are suggested. The shock of α “ 0.5 will be shaped like an ellipse of oblateness « 0.3 in
a plane passing through the symmetric axis. The result also shows that in the case of XRO
080109, the shock velocity along the line of sight should be larger than 0.5c.
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Figure 4.8: Same as Figure 4.7, but for 60 deg<Θ<90 deg.

92



Chapter 5
Summary and Discussions

Through a series of Monte-Carlo calculations of photons across an ultra-relativistic shock, I
predict the spectral properties due to shock breakout phenomena in various circumstances.
Essentiality of shock breakout for a core-collapse supernova has long been believed, although
the phenomenon lasts only a short time (À several seconds even when the shock velocity is
non-/mildly- relativistic). Since the emission properties reflect those of the shock (such as
the shape, velocity, and temperature), a study of shock breakout is regarded as an important
probe of stellar explosion. In this chapter, I summarize the results of the calculations.

In Chapter 2, I investigate the properties of emission generated from an ultra-relativistic
shock approaching the stellar surface. Though there is no clear observation of an ultra-
relativistic shock breakout, it certainly appears when a massive progenitor dies by a jet-like
explosion. Photons emitted at that moment provide information on the activity of the
jet central engine through features of the shock propagation. Thus, it is worth while to
predict the emission properties for future observations. However, there are only a small
number of former studies that deal with ultra-relativistic shock breakout. Even none of
the few exceptions calculates the spectrum taking electron scattering into consideration.
Since the energy gain of photons from repeated scattering across the shock (called as bulk-
Comptonization) is regard as an essential process for shock breakout, it is important to
calculate the effects on the spectrum.

I calculate the effects of bulk-Comptonization on the spectrum using a Monte-Carlo
method. I construct the code taking relativistic specification (e.g. Lorentz transformation)
into account. In order to describe the dynamics of the shocked matter, I use a self-similar
solution constructed by Nakayama & Shigeyama (2005), in which the temporal evolution
of the shock is determined analytically as the shock always accelerates due to the steep
density decrement toward the surface. As a result, I found that the spectrum consists of
two components. The lower-energy component is a signature of thermal photons, and the
higher-energy one is that of bulk-Comptonized photons. In the case that the averaged
energy (EHE) of bulk-Comptonized photons is about 20–30 times higher than that (ELE) of
thermal photons, there are two peaks in the spectrum. Meanwhile, in the case that EHE is
not very different from ELE, the spectrum consists of a single peak due to thermal emission
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and an additional cut-off feature. Note that the ratio of EHE and ELE depends on two
free-parameters to be specified for the Nakayama & Shigeyama solution. The deeper the
depth of the shock (measured from the stellar surface) at breakout, and the smaller the
shock Lorentz factor, the larger the ratio EHE{ELE becomes.

As a development, I consider a possibility of relationships between ultra-relativistic shock
breakouts and observed l-GRBs. A comparison shows that in the energy range higher than 1
MeV, some of the resultant spectra resemble the typical GRB spectrum (the Band function).
On the other hand, the shape of the lower-energy components are not similar to the Band
function at all. Additionally, the duration of ultra-relativistic shock breakout is shorter than
1 sec and the total radiation energy Etot is as small as 1049 erg. Both of them are inconsistent
with long duration GRBs, in which the durations are at least 2 sec and Etot « 1051 erg.
Thus, it is obvious that ultra-relativistic shock breakouts can not explain the entire prompt
emission of l-GRBs.

In Chapter 3, I examine the properties of ultra-relativistic shock breakout in the CSM.
As suggested by a fortunate observation (XRO 080109/SN 2008D), shock breakout would
occur also in a dense CSM. Thus, investigating the spectrum of an ultra-relativistic shock
breakout in the CSM can be intriguing. In the case of a CSM, the temporal evolution of the
forward shock is determined by the density profile and the rate L of energy injection into
the contact discontinuity between ejecta and the CSM, according to a self-similar solution of
Blandford & McKee (1976). The shock accelerates if dL{dt ą 0 and decelerates if dL{dt ă 0.
Accordingly, it might be possible to obtain some pieces of information on the central engine
of the jet from the properties of shock breakout emission.

I calculate the spectrum of scattered photons and its temporal evolution using the Monte-
Carlo code introduced in Chapter 2. The results show that if the shock decelerates, photons
with energies higher than « 100 MeV tend to appear in the beginning of shock breakout.
This is because the bulk kinetic energy of shocked matter or ejecta significantly decreases
with time. On the other hand, if the shock accelerates, photons with only a tiny transverse
momentum are overtaken by the shock immediately after their generation, and can not
escape out until the entire CSM becomes transparent. In this case, there are only slight
changes in the spectrum. In comparison to the general properties of l-GRBs, it might be
difficult to reproduce the low-energy spectral components (< 1 MeV).

In Chapter 4, I study the dependence of mildly-relativistic shock breakout on shock asym-
metry and the viewing angle Θ, aiming at explaining the observation of XRO 080109/SN
2008D. XRO 080109 is believed as shock breakout emission generated from a mildly-relativistic
shock. A former study suggests that the shape of the observed light curve might be evi-
dence of shock asymmetry. Since the former studies do not reproduce both of the observed
spectrum and light curve using a hydrodynamical model, it might be important to try that.
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I perform a Monte-Carlo calculation using an axisymmetric (ellipsoidal) shock model
and compare the results with the observed properties (spectrum and light curve) of XRO
080109/SN 2008D. The resultant light curves suggest that the observed shape with a rapid
rise and slow decline prefers oblate shock fronts (with an oblateness of „0.3) to the spherical
one and that the viewing angle is „30 deg off the symmetry axis. The observed spectrum
implies the shock velocity along the line of sight greater than 0.5c.

The results of calculations would suggest that in principle, it might be possible to obtain
some pieces of information on the central engine activity of a jet from observable properties
of ultra-relativistic shock breakout. Nonetheless, in order to utilize the model in analysis
of an observation, it is necessary to overcome many questions and difficulties. For example,
the assumptions in the model may cause significant uncertainties in the calculation, such
as mutual influences between fluid dynamics and radiative transfer. Furthermore, if an
observation is analyzed in the context of this study, careful arguments will be required to
clarify if the source of observed high-energy emission is really the shock propagation.

Shock breakout itself is a phenomenon independent of l-GRB. In this thesis, I examine
a possibility of a contribution of shock breakout to the observed l-GRB. If supposing that
there is a relationship between the two phenomena, it might be possible to interpret the
high-energy emission of ultra-relativistic shock breakout at the stellar surface (mentioned
in Chapter 2) as the high-energy tail of an observed Band spectrum. If the interpretation
is right, the low-energy tail of the Band spectrum might be explained by considering the
subsequent thermal radiation emitted from ejecta. While in this thesis the calculations do
not take account of effects of radiation loss on fluid evolution, coupling calculations of the
hydrodynamics and radiation are desirable in future work.

Though there remain some subjects such as model uncertainties, I examine the properties
of ultra- (and mildly-) relativistic shock breakout and relate them with the geometry of
explosions, the size of the progenitors, and the activities of the central engines.
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Appendix A
Properties of the Swift & Fermi telescope

A.1 Swift

The Swift satellite consists of one wide field camera and two narrow field spectrometers
(see Figure A.1); Burst Alert Telescope (BAT), X-Ray Telescope (XRT), and Ultra Violet-
Optical Telescope (UVOT) (Gehrels et al., 2004). The BAT, watching about 1/10 (1.4
steradian) of the sky at a time, provides the position of a newborn transient only a few
sec after the detection. Then, the XRT and the UVOT automatically slew towards the
source so that they would be ready for the afterglow within several tens of sec. Tables
A.1 & A.2 shows the timeline of an observation and the summary of the three instruments.
Ground-based telescopes can receive the information as soon as the initial BAT localization
has finished.

Figure A.1: The swift satellite image
(Gehrels et al., 2004).

Table A.1: Timeline of the Swift observation
(http://swift.gsfc.nasa.gov).
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Chapter A. Properties of the Swift & Fermi telescope

Table A.2: Properties of the Swift instruments (Gehrels et al., 2004).

BAT XRT UVOT

Telescope - Wolter I Modified RC1

Detector CdZnTe XMM EPIC CCD Intensified CCD

Detection area 5240 cm´2 - -

Aperture Coded mask - 30 cm diameter

Detector operation2 PC PC, II, & RT PC

Field of view (FoV) 1.4 sr 23.6 secˆ23.6 sec 17 secˆ17 sec

Location accuracy 1 sec-4 sec 5 sec 0.3 sec

Energy range (or Wavelength) 15–150 keV 0.2–10 keV 170–600 nm

Energy (/Spectral) resolution „ 7 keV - „200 at 400 nm

Detection rate ą 100 yr´1 - -

Sensitivity 10´8 erg cm´2 s´1
2 ˆ 10´14 erg cm´2

in 104 sec
B=24 in white light

in 1000 sec
1 Ritchey-Chétien.
2 PC: Photon Counting, II: Integrated Imaging, RT: Rapid Timing.

A.2 Fermi

The Fermi has two instrument; the Large Area Telescope (LAT) and the Gamma-ray Burst
Monitor (GBM) (Michelson et al., 2010; Atwood et al., 2009; Meegan et al., 2009; Flath
et al., 2009). The LAT is an wide field of view (2.4 sr), imaging pair-conversion detector
for photons in the energy range from 20 MeV to 300 GeV. The GBM is for photons of
relatively lower energy (from 8 keV to 40 MeV), covering the Band spectral break energy.
The GBM plays key role in notification and localization of bursts. Ground-based telescopes
obtain the information through the GRB Coordinates Network (GCN). Table A.3, A.3 list
the capabilities of the LAT and GBM. Table A.5 shows the general notification of the GCN
starting from the GBM trigger.
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A.2. Fermi

Table A.3: Fermi/LAT properties (Atwood et al., 2009).

105



Chapter A. Properties of the Swift & Fermi telescope

Table A.4: Fermi/GBM properties (Meegan et al., 2009).

Table A.5: GCN notifications due to the Fermi/GBM (Meegan et al., 2009).
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Appendix B
Equations of fluid dynamics

For a perfect gas, the energy momentum tensor T µν in the rest frame of the gas is expressed
as follows.

Tµν “

¨

˚̊
˚̊
˚̊
˚̊
˚̋

ρc2 0 0 0

0 p 0 0

0 0 p 0

0 0 0 p

˛

‹‹‹‹‹‹‹‹‹‚

, (B.1)

where ρ is the energy density ρ, p the pressure (i.e. Landau & Lifshitz, 1959). In a frame
moving in an arbitrary direction, the tensor Tµν is derived by the Lorentz transformation
of Equation (B.1). If the frame moves with the four-velocity uµ,

Tµν “
´
ρ ` p

c2

¯
uµuν ` pηµν pµ, ν “ 0, . . . , 3q, (B.2)

where ηµν denotes the Minkowski metric. Each component corresponds to the energy density
(T 00), the energy flux in the each (ν-th) direction (T 0ν), the three-momentum density (Tµ0),
and the three-momentum stress (Tµν). The change rates of the energy and momentum are
derived by the divergence of Tµν , so the conservation laws are written as follows.

BTµν

Bxν “ 0. (B.3)

The equation of continuity is derived from the divergence of the number flux n. Since
the number flux is written by

n “ nu, (B.4)

where u is the four-velocity, the equation of continuity is

B
Bxν pnuq “ 0. (B.5)

107



Chapter B. Equations of fluid dynamics

In a plane-parallel model, the conservation laws of energy and momentum are expressed
as following equations.

BT 0ν

Bxν “ BT 00

Bpctq ` BT 01

Bx
“ 1

c

B
Bt

“
γ2pρc2 ` pβ2q

‰
` B

Bx
“
γ2pρc2 ` pqβ

‰

“ 1

c

B
Bt

“
γ2pe ` pβ2q

‰
` B

Bx
“
γ2pe ` pqβ

‰
“ 0, (B.6)

BT 1ν

Bxν “ BT 10

Bpctq ` BT 11

Bx
“ 1

c

B
Bt

“
γ2pρc2 ` pqβ

‰
` B

Bx
“
γ2pρc2 ` pqβ2

‰
` Bp

Bx
“ 1

c

B
Bt

“
γ2pe ` pqβ

‰
` B

Bx
“
γ2pe ` pqβ2

‰
` Bp

Bx “ 0, (B.7)

where γ is the Lorentz factor of the fluid, β the velocity in units of c, and e the internal
energy per unit mass. The equation of continuity is written by

1

c

Bn1

Bt ` B
Bx

`
βn1˘ “ 0, (B.8)

where n1 “ nγ.

In a spherically symmetric model, the equations of fluid dynamics are expressed as
follows.

BT 00

Bpctq ` 1

r2
Bpr2T 0νq

Br “ 1

c

B
Btγ

2
“
e ` pβ2

‰
` 1

r2
B
Brγ

2
“
r2pe ` pqβ

‰
“ 0, (B.9)

BT 10

Bpctq ` 1

r2
Bpr2T 1νq

Br “ B
Btγ

2 rpe ` pqβs ` 1

r2
B
Brγ

2
“
r2pe ` pqβ2

‰
` Bp

Br “ 0, (B.10)

1

c

Bn1

Bt ` 1

r2
B

Bx
`
r2βn1˘ “ 0. (B.11)

B.1 Hydrodynamics in the relativistic limits

In this section, I describe the expressions of the basic equations of ultra-relativistic fluids.

B.1.1 At the stellar surface

Near the stellar surface, the basic equations of the shocked matter is expressed by Equations
(B.6)– (B.8). In the relativistic limit, the equation of state of an ideal Fermi gas is expressed
as follows (Bludman & van Riper, 1977).

e “ 3p (B.12)
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B.2. Boundary condition

When γ " 1, a combination of the four equations can yields three ordinary differential
equations (2.2)–(2.4). In the conversion, the following two approximations of β (γ Ñ 1) are
used.

β Ñ 1 ´ 1

2γ2
, β2 Ñ 1 ´ 1

γ2
, (B.13)

and the relation between the Lagrangian description and the Euler one,

d

dt
“ B

Bt ` β
B

Bx. (B.14)

B.1.2 In the CSM

In the case of the spherically symmetric fluid model, the basic equations (B.9)–(B.11) can
be converted to the ordinary differential equations by almost the same arrangements as
referred in the previous chapter. The convective derivative is

d

dt
“ B

Bt ` β
B
Br . (B.15)

Then, Equation (3.1)–(3.3) are derived as the basic equations.

B.2 Boundary condition

The boundary condition at the shock surface is given by the Rankine-Hugoniot condition
in the relativistic limit (Taub, 1948),

rvs “ ´ j

Ws

„
1

D

ȷ
(B.16)

rps “ j

Ws

„
S

D

ȷ
(B.17)

rvps “ j

Ws

” τ

D

ı
. (B.18)

where Ws is the Lorentz factor of the shock, D “ ρW the rest-mass density, S “ ρhW 2v the
momentum density, h “ 1 ` e ` p{ρ the specific enthalpy, τ “ ρhW 2 ´ p ´ ρW the energy
density, and j the invariant mass flux,

j “ WsD2pVs ´ v2q “ WsD1pVs ´ v1q. (B.19)

If the shock is strong, the kinetic energy in the pre-shock and the rest-mass energy in
the post-shock is negligible. Therefore, v1 „ 0 and p1 „ 0. Then, replacing β and e in
Equations (B.18) and (B.19) with Equations (B.13) and (B.12) results in Equation (B.17)
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and

ρ2γ “ 2ρ1Γ
2. (B.20)

The expression of Equation (B.20) can be rewritten in terms of the number density n as
Equation (2.6). Equation (2.7) results from (B.17).
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Appendix C
Lorentz transformation

In order to calculate the variety of the energy or momentum of a particle in a fluid moving
at high velocity, it is necessary to calculate the four-vector rϵ,ps of the particle by utilizing
a coordinate transformation in the spacetime.

In this thesis, a transformation process consists of two rotations and a Lorentz boost
along the fixed z-axis. For example, in a transformation from the observer frame into
the rest-frame of the fluid (rϵ,ps Ñ rϵ1,p1s), the three momentum of the particle rotates
around the z- and y- axis before the Lorentz transformation, so that the momentum vector
corresponds to the z-axis. The transformation can be written as follows.

»

—————————–

ϵ1

p1 cosφ1 sin θ1

p1 sinφ1 sin θ1

p1 cos θ1

fi

ffiffiffiffiffiffiffiffiffifl

“ LzRypθqRzpφq

»

—————————–

ϵ

p cosφ sin θ

p sinφ sin θ

p cos θ

fi

ffiffiffiffiffiffiffiffiffifl

, (C.1)

where θ and φ are the inclination and azimuth angle of the motion of the particle with
respect to the z ´ x plane,

Lz “

»

—————————–

γ 0 0 ´γβ

0 1 0 0

0 0 1 0

´γβ 0 0 γ

fi

ffiffiffiffiffiffiffiffiffifl

,
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and

Rypθq “

»

—————————–

1 0 0 0

0 cos θ 0 ´ sin θ

0 0 1 0

0 sin θ 0 cos θ

fi

ffiffiffiffiffiffiffiffiffifl

, Rzpφq “

»

—————————–

1 0 0 0

0 cosφ sinφ 0

0 ´ sinφ cosφ 0

0 0 0 1

fi

ffiffiffiffiffiffiffiffiffifl

(C.2)

The inverse transformation is written as follows.
»

—————————–

ϵ

ϵ cosφ sin θ

ϵ sinφ sin θ

ϵ cos θ

fi

ffiffiffiffiffiffiffiffiffifl

“ Rzpφq´1Rypθq´1L´1
z

»

—————————–

ϵ1

p1 cosφ1 sin θ1

p1 sinφ1 sin θ1

p1 cos θ1

fi

ffiffiffiffiffiffiffiffiffifl

. (C.3)
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Appendix D
Relativistic effect on radiation

Properties of electro-magnetic radiation such as GRBs are strongly influenced by relativistic
effects in the source. When the effects of gravity are negligible, the influence can be expressed
by considering an approximation of special relativity, which includes the theories of mass-
energy equivalence, relative difference in velocity (the Doppler effect), the universal speed
limit (, and so on). In this chapter, I focus on the beaming effect.

D.1 Beaming effect

Due to the Doppler effect, photons are strongly collimated into a small angle when they
are produced in a relativistic expanding outflow (, as shown in Figure D.1). Considering
a emitting element moving along the line of sight (x-axis) with a velocity v, the relation
between the velocity u of an emitted particle in the observer’s frame S and the velocity u1

in the rest-frame of the element S1 can be expressed as

u∥ “ u1 cos θ1 ` v

1 ` vu1 cos θ1{c2 , (D.1)

uK “ u1 sin θ1

γp1 ` vu1 cos θ1{c2q , (D.2)

where u∥ and uK are velocity components parallel and perpendicular to the x-axis, θ1 is
the angle between the directions of the particle and the x-axis in the S1-system, and γ the
Lorentz factor of the element. Therefore, in the S-system, the angle between the particle
and the x-axis θ follows

tan θ “ uK
u∥

“ u1 sin θ1

γpu1 cos θ1 ` vq . (D.3)

When u1 “ c, Equation (D.3) yields

tan θ “ sin θ1

γpcos θ1 ` v{cq , cos θ “ cos θ1 ` v{c
1 ` pv{cq cos θ1 , sin θ “ sin θ1

γp1 ` v{c cos θ1q , (D.4)
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corresponding to the aberration of light. Therefore, when θ1 “ π{2 and γ " 1,

tan θ “ c

γv
, cos θ “ v

c
, sin θ “ 1

γ
! 1. (D.5)

From Equation (D.5), sin θ „ θ is derived, so

θ „ 1

γ
. (D.6)

Accordingly, when photons are emitted isotropically from a relativistic source, most of them
are concentrated into a forward cone with half-angle of 1{γ.

Figure D.1: Beaming effect on the radiation emitted from an outflow expanding with
relativistic velocities (Ruderman, 1975, Figure 3).
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