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Abstract

Gamma-ray bursts are the largest electromagnetic explosions known to

happen in the Universe and are associated with the collapse of stellar pro-

genitors into blackholes. After an energetic prompt emission phase, lasting

typically less than a minute and emitted in the gamma-rays, a long-lived af-

terglow phase starts. During this phase strong emission is observed at longer

wavelengths, e.g., in the X-ray and optical bands. This phase can last several

weeks and carries important information about the energetics and structure

of the burst as well as about the circumburst medium (CBM) and its density

profile. The standard afterglow model includes a single emission component

which comes from synchrotron emission in a blast wave moving into the CBM.

Additional factors that could give observable features include prolonged en-

ergy injection from the central engine, effects of the jet geometry, and viewing

angle effects, which thus constitute an extended standard model.

In this thesis, I study the afterglow emission in a global approach by analysing

large samples of bursts in search for general trends and characteristics. In pa-

per I, I compare the light curves in the X-rays and in the optical bands in a

sample of 87 bursts. I find that 62% are consistent with the standard afterglow

model. Among these, only 9 cases have a pure single power law flux decay in

all bands, and are therefore fully described by the model within the observed

time window. Including the additional factors described above, I find that 91%

are consistent with the extended standard model. An interesting finding is that

in nearly half of all cases the plateau phase (energy injection phase) changes

directly into the jet decay phase. In paper II, I study the afterglow by analysing

the temporal evolution of color indices (CI), defined as the magnitude differ-

ence between two filters. They can be used to study the energy spectrum with a

good temporal resolution, even when high-resolution spectra are not available.

I find that a majority of the CI do not vary with time, which means that the

spectral slope does not change, even between different emission episodes. For

the other cases, the variation is found to occur during limited periods. We sug-

gest that they are due to the cooling frequency passing over the observed filter

bands and, in other cases, due to the emergence of the underlying supernova

emission. In paper III, I study the energetics of the GRBs that can be inferred

from the afterglow observations. Using this information I analyse the limits it

sets on what the central engine can be, if it is a magnetar or a spinning black



hole. Assuming that the magnetar energy is emitted isotropically, I find that

most bursts are consistent with a BH central engine and only around 20% are

consistent with a magnetar central engine. As a consistency check, we derive

the rotational energy and the spin period of the blackhole sample and the initial

spin period and surface polar cap magnetic field for the magnetar sample and

find them to be consistent to the expected values. We find that 4 of 5 of the

short burst belong to the magnetar sample which supports the hypothesis that

short GRB come from neutron star mergers.
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1. Introduction

Gamma-ray bursts (GRBs) are extremely bright explosions and the most ener-

getic electromagnetic events in the Universe1. They are flashes of gamma-rays

typically lasting for a few seconds to dozens of seconds, produced by either

the collapse of a stellar-mass star into black hole or by the merger of two com-

pact stars (neutron star-neutron star or neutron star-black hole). The photon

energies mainly lie within the range 0.01-100 MeV, and the observed photon

flux is between 0.01-100 cm−2s−1.

1.1 Basic observational properties of GRBs

GRBs were first discovered by the Vela satellites in 1967 but were not made

public before 1973 [10]. After that the studies of GRBs were still in a dark

era (1967-1990). Since the Compton Gamma Ray Observatory (CGRO) was

launched and started to work in 1991, the study of GRBs began to be more

extensive. CGRO carried the Burst and Transient Source Experiment (BATSE,

30 keV-2 MeV) instrument, which was the first large experiment designed for

the study of GRBs, and was operational for 9 successful years. GRBs are

detected 1-2 times per day. GRBs are found to be isotropically distributed in

the sky which is shown by the 2704 BATSE GRB (Fig. 1.1). This strongly

indicates a cosmological origin. The duration is defined as T90 which is the

time during which 5%-95% of the burst fluence is observed. GRBs T90 shows

a bimodal distribution based on the observations from BATSE [2]: short-harder

bursts (T90 <2s) vs. long-softer bursts (T90 >2s) (see Fig. 1.2). The hardness

ratio (HR) for short bursts are found to be harder than long ones[2].

The progenitor of short bursts is considered to be two neutron stars that

undergo a merger, and as such give rise to an observable gravitational wave

signal [11]. Short GRBs usually can be found in old galaxies and are located

in outskirt regions of the galaxy, while long bursts originate from the collapse

of a massive star, and are found in young galaxies with star-forming regions.

GRBs usually have complicated temporal features (see Fig.1.3), and have a

1Coalescence of massive black holes, produce even more energetic events. How-

ever, in such cases, the energy is mainly released as gravitation waves and not an

electromagnetic radiation.
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Figure 1.1: The locations of 2704 GRBs based on BATSE on board NASA’s

CGRO during the nine-year mission. Figure taken from NASA[1].

Figure 1.2: Distribution of T90 durations of GRBs based on BATSE observations

[2].
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1998bw) [15], which showed that GRBs are associated with the death of mas-

sive stars. Furthermore, a significant break in the multiband optical afterglow

light curve was found for GRB 990510, which indicates that GRB likely are

jetted. The HETE-2 satellite provided quality afterglow positions and the clear

Figure 1.4: The observed spectrum of a GRB can be modelled by the Band

function which is characterized by 4 parameters: normalization, low energy index

α , high energy index β , and peak energy Epeak. This figure shows a GRB (GRB

090820) νFν (=Energy2 times photon flux) spectrum with a Band function fit [4].

detection of GRB 030329 in association with the supernova (SN 2003dh). The

International Gamma ray Astrophysics Laboratory (INTEGRAL), launched by

the European Space Agency (ESA) in 2002, also made many contributions,

although GRB were not its main scientific goal. One important result of IN-

TEGRAL was the detection of a low-energy GRB 031203, which was also

confirmed to be associated with supernovae (SN 2003lw).

Later, further progress in observations were made by the Swift satellite.

Since Swift was launched in 2004, GRB observations have entered a new era.

Swift provides multi-wavelength (gamma rays, X-ray, ultraviolet and optical)

observations and accurate localizations of the afterglow [16]. This has pro-

vided an opportunity to further understand the afterglow behaviors of GRBs.

Swift discovered among other things, short GRB afterglows (GRBs 050509B,

050709, 050724). The high-z records were refreshed in the Swift era, with

GRB 050904 (z=6.3); GRB 080913 (z=6.7); GRB 090423 (z=8.3), see further

discussion in chapter 3. GRBs are observed currently by the Fermi Gamma
Ray Space Telescope. Fermi was launched in 2008 and provides wider en-

ergy range (8 keV- 300 GeV). It carries two instruments: the Gamma ray burst

monitor (GBM) [17] and the Large Area Telescope (LAT) [18]. Fermi has

an unprecedented sensitivity, resolution and a large field of view. One of the
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main goals is the continuous observation, in the gamma-ray band, of the whole

celestial sphere (renewed observation every three hours). From GRB obser-

vations, several important conclusions have been made by Fermi, such as: an

additional spectral component exists in some bursts, e.g., GRB090902B [19]

and GRB090510 [20]; a delayed onset of the GeV afterglow emission and a

long-lasting GeV afterglow are found in some GRBs (e.g. GRB 090510 [21]).

1.2 The classical GRB fireball model

The conventional model to explain GRBs evolution is the fireball model [22].

After the initial energy release at the central engine a relativistic and collimated

outflow is emitted. The outflow is initially very hot and therefore denoted a

fireball. GRBs have two main phases which are described by fireball model,

the prompt emission and the afterglow emission (see Fig. 1.5).

Figure 1.5: Schematic figure of the fireball model, illustrating the production of

the ’prompt’ and ’afterglow’ emission. Figure taken from https://www.nasa.gov.

GRBs have a huge energy output with a typical order of magnitude of 1052

erg. The GRB energy can be estimated by observed quantities (flux of pho-

tons, giving the observed energy and the redshift, that is to say the distance).

Through the light curve features, and light crossing arguments, the region of

GRB emission can be constrained to r = cδ t � 107 cm, as an order of mag-

nitude. Such a high energy in such a small region must produce a fireball.
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Initially, the fireball has a large optical depth (τ). This is called the accel-

eration phase, and in which the energy is dominated by thermal energy. In

the acceleration phase, the thermal energy is converted to kinetic energy of the

flow. The Lorentz factor (Γ) increases with radius until Γ reaches its maximum

value. At this time the thermal energy is approximately equal to the kinetic en-

ergy, and radius is called the saturation radius (rs). As the outflow continues

to expands, the Lorentz factor (Γ) will stay constant. This phase is called the

coasting phase or, equivalently, the mass dominated phase. More details are

given in Chapter 2.

Before the fireball becomes optical-thin, the photon cannot escape. In the

case the photons and electrons are fully thermalized, the spectral distribution

of the photons can be described by a blackbody spectrum or a Planck function.

The photospheric emission happens at τ=1 at radius rph when the thermal en-

ergy of the flow can be released. Within the internal shock model, the central

engine emits many individual shells. If a shell with low-Γ is emitted preced-

ing a later shell with high-Γ, the latter one will catch up the front one and

collide. The shock created will accelerate electrons and cause synchrotron ra-

diation, at a typical radius r ∼ 1014cm; At this time, the outflow still continues

to move out and sweep up the circumburst medium (CMB). The circumburst

medium interacts with the shell, and cause an external shock. This produces

the multi-wavelength afterglow emission, seen in the X-ray, optical, and radio

bands. The decay of the light curves and the Lorentz factor happens during the

deceleration phase.

1.3 Thesis outline

In this thesis, I present statistical studies of large samples of the afterglow

emission (X-ray and optical bands) used to investigate the conventional theo-

retical model. In paper I, I present a systematic statistical study of the relation

between the X-ray and the optical afterglow to test various external shock mod-

els on a large sample. Paper II presents the time evolution of the color index in

the afterglow emission based on another large sample to examine their physical

origin. Paper III presents a systematic statistical study to investigate the GRB

central engine, where we found that formation of a black hole could account

for most of GRBs.

The thesis is structured in the following manner: in chapter 2, I present

a discussion on the physics which is likely operating in GRBs. In chapter 3,

I present the main instrument that are relevant to my works. In chapter 4, I

present an introduction to my works with its backgrounds, motivations and

main results. Finally, in chapter 5, I conclude my works and also present a

future work perspectives.
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2. The Fireball and the Afterglow

Emission

2.1 The central engine

2.1.1 Black hole central engine

The collapse of the central parts of a massive star is thought to result in a

rotating black hole. Conservation of angular momentum naturally causes its

rotation to be significant. It is further assumed that an accretion disk is formed

around it. If this disk has strong poloidal1 magnetic fields, the energy and

angular momentum of the rotating black hole can be extracted through the

Blandford & Znajek (BZ, 1977) mechanism. Outside the event horizon, in a

region called the ergosphere, an effect called frame-dragging twists the space-

time which is dragged along in the direction of rotation. The poloidal mag-

netic fields are thus forced to rotate within the ergosphere which causes an

extraction of spin energy from the black hole. Furthermore, the twisting of the

magnetic field lines also play an important role in launching and collimating

the jet forming a Poynting flux outflow.

The rotational energy of a black hole with angular momentum J• is a frac-

tion of the black hole mass M•, where M� is the solar mass [23].

Erot = frot(a•)
(

M•
M�

)
c2erg = 1.8×1054 frot(a•)

(
M•
M�

)
erg, (2.1)

where a• = J•c/(GM2•) is the black hole spin parameter, and

frot(a•) = 1−
√

(1+
√

1−a2•)/2. (2.2)

The total energy of GRBs is extracted from the central engine. Considering

that the efficiency (η) cannot reach 100 percent, the total GRB energy (Etot)

must less that the rotational energy of a black hole, therefore,

ηErot = fbEtot. (2.3)

1The magnetic field lines are directed to the poles
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where η is the efficiency of converting the spin energy to total energy of jet

with the BZ mechanism, and fb is the beaming factor of jet.

A part of jet energy is radiated in the form of prompt emission Eγ,iso, and

the remaining energy is kept in the form of a fireball kinetic energy EK,iso, in

summary

Etot = Eγ,iso +EK,iso. (2.4)

Long-lasting activating of central energy can inject new energy to the ex-

ternal shock wave and refresh the external shock emission, thereby causing a

plateau in the afterglow light curve. Therefore, the plateau phase can provide

us with some information about the central engine.

2.1.2 Magnetar central engine

Alternatively, the collapse of the core does not need to result in the formation of

a black hole immediately. Instead, a rapidly rotation proto-neutron star could

be formed. The period would be ∼ 1 ms and the surface magnetic field would

be very strong (B> 1015 G). Such an object is called a magnetar [24–32]. Polar

jets are then driven by the extracted magnetic energy. The plateau phase in the

afterglow can thus be explained by residual rotational and magnetic energy

that is extracted after the main extraction event.

The maximum energy budget defined by the initial spin energy of the mag-

netar is that of the total rotation energy of the millisecond magnetar Erot ∼
2×1052 erg, but such a requirement does not exist for black holes. This fact

provides a good clue to identify the candidate of GRB central engine.

The total rotation energy of the millisecond magnetar within this scenario

is [33],

Erot =
1

2
IΩ2 � 2×1052ergM1.4R2

6P−2
0,−3 (2.5)

where I is the moment of inertia, Ω = 2π/P0 is the initial angular frequency

of the neutron star, R is the stelar radius, P0 is the initial spin period, and the

convention Qx = 10xQ is adopted in cgs units for all other parameters.

2.1.3 Energy injection into the fireball

Both the magnetar and black hole can produce a plateau in their afterglow light

curve with an energy injection into the external shock.

The spindown luminosity of energy injection from a central engine is typ-

ically modeled to evolve with time as [34],

L(t)� L0

(
t
t0

)−q

=

{
L0 , t � τ̂
L0(t/τ̂)−2 , t � τ̂ (2.6)
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Here L0 is the characteristic spin down luminosity, τ̂ is the initial spin-down

timescale. The magnetar/black hole injection corresponds to q=0 for t < τ and

q=2 for t> τ). This evolution can be compared to observed afterglow light

curves.

2.2 Early dynamical evolution of the fireball

The isotropic energy E has the typical value of 1052 erg and some GRBs even

reach 1054 erg. Since the variability of the prompt emission light curve can be

shorter than δ tmin ∼ 0.2 ms, this restrict the radiation scale R0, due to the light

crossing argument

Rmin = cδ tmin � R0, (2.7)

for a typical value of 107 cm. GRBs initially have such a great energy which

is concentrate a upon such a small region, and its luminosity (∼ 1051 erg s−1)

is much larger than the Eddington luminosity (with a typically value ∼ 1038

erg s−1), which indicates that the radiation pressure is much larger than the

self-gravitation, so there must be a fireball produced.

The optical depth τ is defined by,

τ =
∫

nσds, (2.8)

n is baryon number density, and σ is the Compton scattering cross-section.

Most of the photons can not escape before the optical depth becomes τ <1.

During the optical thick phase (τ >1), the fireball is fully thermalized and the

photon distribution can be described by a blackbody spectrum. The energy

density u (erg cm−3) of photons with a blackbody spectrum is given by,

u = aT 4, (2.9)

In the initial phase u0=aT 4
0 , where T0 is the initial temperature of photons. In

this phase, the baryon matter will be accelerated and the thermal energy will

be converted into kinetic energy of the baryons.

We defined the dimensionless entropy η ,

η =
E

ΓM0c2
(2.10)

E is the total energy, M0 is the initial mass of the baryon (mainly protons), c is

the speed of light, and Γ is the Lorentz factor which is given by,

Γ =
1√

1− ( v
c)

2
(2.11)
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v is the relative velocity between the two inertial systems, and c is the speed

of light. Since the initial velocity of baryons are much less than c, the initial

Lorentz factor Γ0=1. The initial phase of the fireball η0 = E0/M0c2, here E0 is

the initial energy of photons.

Assuming the fireball to be spherical with a radius R, and V= 4
3
πR3 is the

volume, the total energy of the the plasma can be given by,

Etot = Eph +Ek = u(r)V +ΓM0c2 =
4

3
πR3aT 4 +ΓM0c2, (2.12)

The radiation energy of the photons of the fireball in the initial phase is,

E0 =
4

3
πR3

0aT 4
0 , (2.13)

Using the typical value of parameters we can estimate the T0 � 4.22 × 1011

K. Here a=7.57 × 10−15 erg K−4 cm−3 is a radiation constant. Since the rest

mass and energy of the baryons are negligible in the initial phase, we have Etot

� E0.

The fireball evolution abide by the conservation of energy and entropy,

Eobs ∝ Γ(r)V
′
T

′
(r)4 ∝ Γ(r)r2Γ(r)r0T

′
(r)4 = constant, (2.14)

where T
′

(r) is the shell comoving temperature, and V
′

= 4πr2dr
′
=4πr2 Γ(r)r0

is its comoving volume. The entropy in the comoving frame can be given by,

S
′
=V

′
(u

′
+ p

′
)/T

′
(2.15)

here u
′
, p

′
are the internal energy density and pressure measured in the comov-

ing frame. For photons, p
′
= u

′
/3 ∝ T

′4.

S
′
∝ V

′
T

′
(r)3 ∝ r2Γ(r)r0T

′
(r)3 = constant, (2.16)

From Eq. (2.14) and Eq. (2.16), we can derive,

T
′
(r) ∝ r−1, (2.17)

Γ(r) ∝ r, (2.18)

V
′
∝ r3, (2.19)

as the shell accelerates, Γ(r) increases so the baryon kinetic energy Ek=Γ(r)Mc2

also increases, until it become comparable to the total fireball energy at Γ =

Γmax � η , at radius rs ∼ ηr0, see Fig. 2.1.
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Figure 2.1: The evolution of the Lorenz factor according to the fireball model.

The outflow accelerates up to the saturation radius, rs=ηr0, after which it starts

coasting. rph is the photospheric radius, and ris and res are the internal shock and

external shock radius, respectively [5] .

Beyond the saturation radius rs, most of the available energy is in kinetic

form, and so the flow can no longer accelerate, and it coasts. The spatial

evolution of the Lorentz factor is thus,

Γ(r) =
{

r/r0, r ≤ rs

η , r ≥ rs
(2.20)

in the regime r > rs, since Γ(r)=constant, we can derive,

T
′
(r) ∝ r−2/3, (2.21)

Γ(r) = η , (2.22)

V
′
∝ r2, (2.23)

The observed temperature therefore evolves with radius as,

Tobs(r) = Γ(r)T
′
(r) =

{
T0, r ≤ rs

T0 × (r/rs)
−2/3, r ≥ rs

(2.24)

2.3 Afterglow emission

The current model to explain GRBs afterglow emission involves the external

shock. After the internal shell collisions that produces part of the prompt emis-

sion, the bulk continues to move out and sweep up the circumburst medium
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and will produce external shock (including a forward and a reverse shock).

The shock accelerates electron, and produces magnetic fields, and therefore

will emit synchrotron radiation. Likewise, since the observed GRB spectrum

usually show a non-thermal feature, synchrotron emission has been extensively

used to explain the observed GRB afterglow spectral.

2.3.1 Synchrotron power and characteristic energy

Synchrotron radiation is a kind of electromagnetic radiation in which the rela-

tivistic electrons deflection in the magnetic field produces emission along the

tangent direction [35]. It has been widely applied in the field of high-energy

astrophysics, since it is a very efficient emission mechanism which produces

broad band and non thermal spectra. Many astrophysical objects have these

properties, such as quasars, radio galaxy, etc.

The isotropic power radiation the emitted from a single electron is (the

detailed derivation can be found in Rybicki & Lightman, 1979),

P(γe) =
4

3
σT cγ2γ2

e UB (2.25)

where σT is the Thomson cross section, γe is the electron Lorentz factor, UB is

the magnetic energy density, UB = B2

8π .

2.3.2 Cooling frequency

The cooling frequency (νc, γc is the corresponding electron Lorentz factor)

is a critical value for synchrotron radiation. When relativistic electrons have

γe = γc, the time scale of synchrotron radiation is equal that of dynamic the

scale of the fireball. In other words, when the frequency of the electron is

above the cooling frequency, the electron lose a significant fraction of their en-

ergy by synchrotron radiation, and all the electrons cool fast down to νc. This

process is called fast cooling. On the other hand, when the frequency of the

electron below νc, the electrons do not lose energy by synchrotron radiation.

This process is called slow cooling.

2.3.3 The power-law distribution of electrons

After electrons are accelerated by the shock, it is typically assumed that the

electrons have a power-law distribution dN
dγe

∝ γ−p
e ,γm < γe < γM. γm and γM

are the minimum and maximum Lorentz factors. In order to study the electron

energy spectrum and its time dependence, it is useful to write down the energy
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cool with synchrotron radiation, so they keep the original distributions:

N(γe) ∝ γ−p
e . Therefore,

dN
dγe

∝

{
γ−p

e , γc > γe > γm

γ−(p+1)
e , γM > γe > γc

(2.29)

2.3.4 The spectrum and light curve of synchrotron radiation

According to Eq. (2.25), the radiation power for a single electron is given by:

P ∝ γ2
e . Since the total number of electrons is N(γe)dγe ∝ γ−p

e dγe, we get the

radiation power for total electron:

Fνdν ∝ γ2
e γ−p

e dγe. (2.30)

On the other hand, the energy of photons related to synchrotron radiation of

an electron, ν ∝ γ2
e gives dν ∝ γedγe, so we can derive Fν ∝ ν− p−1

2 . Similarly,

applying this to different spectral regimes of synchrotron radiation, we get the

radiation spectrum,

• Fast cooling:

Fν = Fν ,max

⎧⎪⎪⎨
⎪⎪⎩

(νa/νc)
1/3(ν/νa)

2, (νa > ν)
(ν/νc)

1/3, (νc > ν > νa)

(ν/νc)
−1/2, (νm > ν > νc)

(νm/νc)
1/2(ν/νm)

−p/2, (ν > νm)

(2.31)

• Slow cooling:

Fν = Fν ,max

⎧⎪⎪⎨
⎪⎪⎩

(νa/νm)
1/3(ν/νa)

2, (νa > ν)
(ν/νm)

1/3, (νm > ν > νa)

(ν/νm)
−(p−1)/2, (νc > ν > νm)

(νc/νm)
−(p−1)/2(ν/νc)

−p/2. (ν > νc)

(2.32)

Figure 2.3 shows typical spectra expected by the synchrotron emission for

GRBs, different spectral regimes are separated by different frequencies (νa,

νm, νc), and with different spectral indices. Here νa is the self-absorption fre-

quency. The corresponding light curves are shown in Figure 2.4.

Also, the light curve can be derived as,

• High frequency (ν > ν0):

Fν =

⎧⎪⎪⎨
⎪⎪⎩

t1/6, (tc > t)
t−1/4, (tm > t > tc)
t(2−3p)/4, (t0 > t > tm)
t(2−3p)/4, (t > t0)

(2.33)

36





Figure 2.4: Typical light curves expected from synchrotron emission in GRBs.

Figure reproduced from [6].
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• Low frequency (ν < ν0):

Fν =

⎧⎪⎪⎨
⎪⎪⎩

t1/6, (t0 > t)
t1/2, (tm > t > t0)
t3(1−p)/4, (tc > t > tm)
t(2−3p)/4, (t > tc)

(2.34)

where ν0 is the critical frequency, see Figure 2.4.

2.4 Afterglow external shock models

In the fireball model, two different shock models are used to explain both the

initial burst of gamma-rays and the extended afterglow that is detected after

the GRB: internal shocks and external shocks respectively. As mentioned in

Section 2.3, the multi-bands afterglow emission is interpreted as synchrotron

emission generated in a external forward shock as the blastwave interacts with

the circum-burst medium [e.g., 6; 14; 36–39].

2.4.1 Interaction with the circumburst medium

The main component of the afterglow is created as the fireball interacts with

the surrounding CMB. The relativistic blast wave theory provides a self-similar

solution that is independent of details of the central engine. It thus naturally

explains a simple power law evolution of the light curves across the electro-

magnetic spectrum.

This theory was first developed by Blandford & McKee [40] for AGN jets

and later applied to GRB jets by Paczyński & Rhoads [41] and Mészáros &

Rees [42]. Note that the latter papers were written before the discovery of the

afterglow emission by BeppoSAX in 1997. Below, I derive the basic scalings

for such a theory.

• Constant energy, constant density, ultrarelativistic, no energy injection

Consider the simplest case with constant energy, i.e., an adiabatic fireball

with no energy injection, the shell is ultrarelativistic, and a constant circum-

burst medium density (ISM). Conservations of energy gives,

E =
4π
3

R3nmpc24Γ2 = constant. (2.35)

Therefore, one has Γ2R3=constant, so

Γ ∝ R−3/2,R ∝ Γ−2/3. (2.36)
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The observed time reads

t ∼ R
2Γ2

∝ RΓ−2 ∝
{

Γ−2/3Γ−2 ∝ Γ−8/3,
RR3 = R4.

(2.37)

So one therefore has

Γ ∝ R−3/2 ∝ t−3/8,R ∝ t1/4. (2.38)

This corresponds to the self-simular power law decay beyond the radius res in

Figure 2.1.

• Constant energy, but density stratification

We now consider a general density profile, i.e. a density stratification for which

the number density can be written as

n = n0

(
R
R0

)−k

. (2.39)

The energy conservation equation can be integrated over radius,

E =
∫

4πR2n0

(
R
R0

)−k

mpc24Γ2dR = constant, (2.40)

and we get Γ2R3−k=constant. The observed time in this case

t ∼ R
2Γ2

∝ RΓ−2 ∝

{
Γ

2
k−3 Γ−2 ∝ Γ

8−2k
k−3 ,

RR3−k = R4−k.
(2.41)

One gets

Γ ∝ R
k−3

2 ∝ t
k−3
8−2k ,R ∝ t

1
4−k . (2.42)

For a wind-like medium, n ∝ r−2, plugging in k = 2, one gets the scaling,

Γ ∝ R−1/2 ∝ t−1/4,R ∝ t1/2. (2.43)

2.4.2 The standard afterglow model

The simplest standard afterglow model has been extensively studied in past

years [6]. Consider an ’ideal’ dynamical evolution, with constant energy, con-

stant density, an adiabatic fireball with no energy injection, which is the so-

called ’the standard afterglow model’. A broadband spectrum (see Figure 2.3)

and corresponding light-curves (see Figure 2.4) and relevant quantitative re-

lationships have been studied by Sari et al. (1998). Observationally, stud-

ies largely confirmed the standard afterglow model in the pre-Swift era [e.g.,

6; 14; 36; 38; 43]. Below the evolution of the spectra will be derived.
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• Adiabatic ISM model

Considered the deceleration phase with constant energy and constant density

(the simplest model), since Γ ∝ R−3/2 ∝ t−3/8,γm ∝ Γ, and γc ∝ Γ−1t−1B−2 ∝
Γ−3t−1 (see §2.4.1 for the ISM case) and B ∝ Γ [6], so one has

νm ∝ Γγ2
mB ∝ Γ4 ∝ t−3/2, (2.44)

νc ∝ Γγ2
c B ∝ Γ−1t−2B−3 ∝ t−1/2, (2.45)

Fν ,max ∝ NtotPν ,max ∝ R3BΓ ∝ R3Γ2 ∼ constant. (2.46)

• Adiabatic wind model

The circum-burst medium of GRBs may not be a constant density medium but

a more realistic wind-like medium. This has been studied by many authors,

e.g., [44–47].

In this regime, since Γ ∝ R−1/2 ∝ t−1/4,R ∝ t1/2, and B ∝ Γn1/2 ∝ t−1/4R−1 ∝
t−3/4 (see §2.4.1 for the wind case), so one has

νm ∝ Γ3B ∝ t−3/2, (2.47)

νc ∝ Γ−1t−2B−3 ∝ t1/2, (2.48)

Fν ,max ∝ RBΓ ∝ t−1/2. (2.49)

The standard afterglow model was successful to explain the observed af-

terglow behavior in the pre-Swift era. Large amounts of observational data

have been accumulated after the Swift launch. Some features such as the

early X-ray afterglow has been challenging the conventional standard after-

glow model, which clearly calls for additional assumptions to be made, e.g.,

prolonged energy injection, effect of the jet geometry, and viewing angle ef-

fects (e.g.,[34; 43; 48–54]). Findings based on these assumptions indicate that

the afterglow emission is more complicated than that predicted by the simplest

standard afterglow model (e.g. [55]), and further developments of models were

made by various authors. Below we describe the main extension to the stan-

dard model.
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2.4.3 Energy injection afterglow model

The ’ideal’ standard afterglow model is based on many assumptions. The re-

ality may not be so perfect. It is possible that the blastwave has energy con-

tinuously increasing with time. This is e.g. valid when a fireball is fed by a

long-lasting Poynting-flux dominated wind (assuming the reverse shock does

not exist or is extremely weak). Effectively, the energy in the wind can be

added to the blastwave. This is the so-called ’energy injection model’.

Energy injection models have been extensively studied by many authors in

recent years [34; 49; 50; 56]. These studied describe a long-lasting spinning-

down central engine or piling up of flare material into the blastwave, and can

be used to explain afterglow light curve that shows an initial plateau phase

followed by a normal decay phase, corresponding to the standard model. The

injected luminosity from central engine can be written,

L(t) = L0

(
t
t0

)−q

. (2.50)

The total energy in the blastwave can be written as,

Etot = E0 +Einj = E0 +
∫ t

0
L(t)dt = E0 +

L0tq
0

1−q
t1−q, (2.51)

where Etot is the total energy in the blastwave, E0 is the initial energy in the

blastwave, and Einj is the injected energy into the blastwave from the long-

lasting central engine. When Einj � E0 the blastwave scaling becomes differ-

ent, in this case, the total energy is given by,

Etot ∼ Einj ∝ t1−q. (2.52)

For the constant density (ISM) case (taking t ∝ RΓ−2), we have

Γ2R3 ∝ t1−q ∝ R1−qΓ2(q−1). (2.53)

Therefore, one finally has

Γ ∝ R− 2+q
4−2q ∝ t−

2+q
8 ,R ∝ t

2−q
4 . (2.54)

For the wind-like case, since

Γ2R ∝ t1−q ∝ R1−qΓ2(q−1). (2.55)

The scaling laws is finally given by

Γ ∝ R
q

2q−4 ∝ t−
q
4 ,R ∝ t

2−q
2 . (2.56)
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• Adiabatic ISM energy injection model

For the adiabatic ISM energy injection model, according to Eqs. 2.54, we

therefore get

νm ∝ Γ2γeB ∝ Γ4 ∝ t−(2+q)/2, (2.57)

νc ∝ Γ−1t−2B−3 ∝ t(q−2)/2, (2.58)

Fν ,max ∝ R3BΓ ∝ t1−q. (2.59)

• Adiabatic wind-like energy injection model

Similarly, for the adiabatic wind-like energy injection model, according to

Eqs. 2.56, which can be written as

νm ∝ Γ3B ∝ t−(2+q)/2, (2.60)

νc ∝ Γ−1t−2B−3 ∝ t(2−q)/2, (2.61)

Fν ,max ∝ RBΓ ∝ t−q/2. (2.62)

2.4.4 Jet-break afterglow model

GRBs are very likely collimated [43; 51; 52; 57; 58], and a good fraction

of GRBs have been observed with an afterglow steepening at a certain point.

This can be interpreted as evidence of a jet break. There are two reasons for a

steepening in the light curve decay slope: edge effect and sideway expansion.

• Edge effect

The jet opening angle θ j is assumed not change throughout the edge effect.

For the adiabatic ISM case: the same dynamics, one has Γ ∝ R−3/2 ∝ t−3/8,

νm ∝ t−3/2, and νc ∝ t−1/2. Comparing with Eq. (2.46), the difference is

Fν ,max ∝ R3BΓ
θ 2

j

(1/Γ)2
∝ R3BΓ3 ∝ t−3/4. (2.63)

Since B ∝ Γ, this indicates the light curve of all regimes steepen by a factor:

Γ2 ∝ t−3/4. For the adiabatic wind case: Γ ∝ R−1/2 ∝ t−1/4, νm ∝ t−3/2, and

νc ∝ t−1/2. Comparing to Eqs. (2.49), the difference is

Fν ,max ∝ RBΓ(Γθ j)
2 ∝ RBΓ3 ∝ t−1. (2.64)
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Similarly, this implies a factor Γ2 ∝ t−1/2 steeper for the jet case than the

isotropic case.

Therefore, the change of temporal decay slope for the post jet break with a

edge effect,

α2 =

{
α1 +3/4, (ISM)
α1 +1/2, (Wind)

(2.65)

Here α1 and α2 are the temporal slopes of pre- and post jet break, respectively.

• Sideways expansion

The jet opening angle θ j could increase due to sideways expansion [51; 52].

Consider it with an expansion speed which may be even close to speed of light,

for relativistic expansion [52], so

θ j = θ j,0 +
ct

′

ct
� θ j,0 +

1

Γ
. (2.66)

So when Γ−1 > θ j,0, one has θ j ∼ Γ−1.

For the ISM model [52],

νm ∝ Γ4 ∝ t−2, (2.67)

νc ∝ Γ−1t−2B−3 ∝ t0, (2.68)

Fν ,max ∝ R3BΓ ∝ R3Γ2 ∝ t−1. (2.69)

Therefore, the post jet-break afterglow behavior reads (consider slow cooling

relevant)

Fν =

⎧⎨
⎩

ν1/3t−1/3, (νa < ν < νm)

ν−(p−1)/2t−p, (νm < ν < νc)

ν−p/2t−p, (ν > νc)

(2.70)

So the decay slope is essentially defined by the electron spectral index α ∝ t−p

for the X-ray and the optical bands. Since p with a typical value ∼−2.5, this

suggest a sharper break than the edge effect model.

• Inferring jet opening angle from the jet break time

Within the framework of the uniform jet model, the jet opening angle can

be inferred from the afterglow break time, with

θ j � 1

Γ(t j)
. (2.71)
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Since R = 2cΓ2 t
1+z , so EK,iso can be written as,

EK,iso =
4π
3

R3nmpc2Γ2 =
32π

3
Γ8

(
t

1+ z

)3

nmpc5. (2.72)

Therefore

Γ =

(
3EK,iso

32πnmpc5

)1/8

t−3/8
j (1+ z)3/8, (2.73)

and therefore the jet opening angle is

θ j =
1

Γ
=

(
32πnmpc5

3EK,iso

)1/8

t3/8
j (1+ z)−3/8. (2.74)

For the ISM model, since θ j ∝ t3/8
j (since Γ ∝ t−3/8

j ), one gets ([59]),

θ j = 0.06

(
t j

1day

)3/8(
1+ z

2

)−3/8( Eγ,iso

1053ergs−1

)−1/8( ηγ

0.2

)1/8( n
0.1cm−3

)1/8

,

(2.75)

and,

fb = 1− cosθ j � (1/2)θ 2
j , (2.76)

where ηγ is an efficiency factor in γ-ray, and fb is the beaming correction.

After we obtain a θ j, the total energy with a beaming correction can be

written by Eγ = Eγ,iso fb = Eγ,iso(1− cosθ j).

2.4.5 Closure relations

The flux density Fν can be written as

Fν = ν−β t−α , (2.77)

where α and β are temporal and spectral indices, respectively. It is interesting

to investigate the α−β relations in different spectral regimes. The relationship

between temporal and spectral indices are denoted by closure relations [7; 60].

These can quickly assist to judge which afterglow model works.

We focus on the X-ray and optical emission, where synchrotron self-absorption

is not important. So the spectral regimes which are above the self-absorption

frequency (νa) are typically considered. The adiabatic ISM afterglow model

together with the adiabatic wind afterglow model, the closure relations can be

written as follows.

For fast cooling case:

α =

⎧⎪⎨
⎪⎩

β
2
, νc < ν < νm(ISM),

1−β
2

, νc < ν < νm(Wind),
3β−1

2
, ν > νm(ISM and Wind),

(2.78)
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Table 2.1: The Closure Relation of Afterglows in Gamma-ray Bursts [7]

no injection injection

β α α(β ) α α(β )
ISM slow cooling

ν < υm − 1
3

−1
2

α = 3β
2

5q−8
6

α = (q−1)+ (2+q)β
2

υm < ν < υc
p−1

2
3(p−1)

4
α = 3β

2
(2p−6)+(p+3)q

4
α = (q−1)+ (2+q)β

2

ν > υc
p
2

3p−2
4

α = 3β−1
2

(2p−4)+(p+2)q
4

α = q−2
2

+ (2+q)β
2

ISM fast cooling

ν < υc − 1
3

−1
6

α = β
2

7q−8
6

α = (q−1)+ (2−q)β
2

υc < ν < υm
1
2

1
4

α = β
2

3q−2
4

α = (q−1)+ (2−q)β
2

ν > υm
p
2

3p−2
4

α = 3β−1
2

(2p−4)+(p+2)q
4

α = q−2
2

+ (2+q)β
2

Wind slow cooling

ν < υm − 1
3

0 α = 3β+1
2

q−1
3

α = q
2
+ (2+q)β

2

υm < ν < υc
p−1

2
3p−1

4
α = 3β+1

2
(2p−2)+(p+1)q

4
α = q

2
+ (2+q)β

2

ν > υc
p
2

3p−2
4

α = 3β−1
2

(2p−4)+(p+2)q
4

α = q−2
2

+ (2+q)β
2

Wind fast cooling

ν < υc − 1
3

2
3

α = 1−β
2

1+q
3

α = q
2
− (2−q)β

2

υc < ν < υm
1
2

1
4

α = 1−β
2

3q−2
2

α = q
2
− (2−q)β

2

ν > υm
p
2

3p−2
4

α = 3β−1
2

(2p−4)+(p+2)q
4

α = q−2
2

+ (2+q)β
2

For slow cooling case:

α =

⎧⎪⎨
⎪⎩

3β
2
, νm < ν < νc(ISM),

3β+1
2

, νm < ν < νc(Wind),
3β−1

2
, ν > νc(ISM and Wind),

(2.79)

All the closure relations with the convention (2.77) are listed in Table 2.1

[7].

2.4.6 Canonical light curve

X-ray afterglow canonical light curve.

Based on the rich data accumulated from the Swift satellite, the statistical anal-

ysis shows that the X-ray canonical afterglow light curve has 5 components

[7], which may have different physical origins, see Fig. 2.5.

• Phase I. Steep decay:

Early steep decay is naturally considered as a tail of prompt emission of

GRBs [61], with a very steep temporal decay slope (from t−3 to t−8),
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and a typical early observation time scale (dozens of seconds to hundred

seconds).

Figure 2.5: Swift canonical X-ray light curve [7].

• Phase II. Shallow decay phase (also called ’plateau’ phase):

After the steep decay, the light curve sometimes transitions to a shallow

decay segment, with a typical temporal slope t0 to t−1, and a typical ob-

servation time scale (several 102 seconds to ∼ 104 seconds). It usually is

followed by a normal decay phase with t−1.2, and occasionally followed

by a very steep decay (t−3 to t−8, e.g. GRB 070110[62]). It is usually

interpreted with an internal origin, so-called ’internal plateau’.

• Phase III. Normal decay phase:

The normal decay is expected in the standard afterglow model with a

typical temporal slope t−1.2 (the value is estimated by t−(3p−2)/4 in the

ISM medium, slow cooling, νm < ν < νc, and assuming electron spectral

index to have a typical value p ∼ 2.5.).

• Phase IV. Post-jet break phase:

Some GRBs have been observed with a late steep decay transition from

the normal decay, which possibly is due to a jet break, with a typical
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temporal decay slope t2 or steeper and with a typical observed time scale

∼ 105 seconds.

• Phase IV. X-ray flare:

The flares are characterized by rapid rise and fall features, with many

properties similar to the prompt emission. Therefore it is usually be-

lieved that these are due to late central engine activity.

Not all GRBs are observed to have all 5 components.

Optical afterglow canonical light curve.

Compared with the X-ray afterglows, the optical afterglows have more com-

plicated light curves with up to eight emission components that could be ex-

plained by different physical origins [8; 63–70]. Based on the statistical results

of large samples, a synthetic optical afterglow light curve [8] is presented in Li

et al. (2012), see Fig. 2.6.
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Figure 2.6: Synthetic schematic light curve of multiple optical emission com-

ponents based on a large sample statistic [8].

• Ia: the prompt optical flares (Prompt-Optical); in the very early time of

some bursts when the prompt GRB emission is still going on, a highly

variable optical emission component may be observed (such as: GRB
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041209A, 080319B). It has a rapid rise and fall features with the tempo-

ral slope, and with a observation time smaller than T90.

• Ib: the early optical flares (Reverse-Shock); in a few cases, the early

light curves have steep slopes, which likely indicate an early reverse

shock emission component (such as: GRB 061126), with a typical tem-

poral index α ∼ 1.7 and the peak time tp of few hundreds of seconds.

• II: an early shallow-decay component (Energy-Injection); Similar to the

X-ray afterglow, the optical afterglow light curve might show an initial

shallow decay segment, which is likely due to energy injection from a

long-lasting spinning-down central engine or piling up of flare materials

into the blastwave ([8; 71]). They have a typical temporal index value α
∼ 0.5, and with a typical value of break time tb ∼ 104 seconds.

• III: the standard afterglow component (Onset/Normal-Decay); the light

curves sometimes have an early onset rising segment followed by a nor-

mal decay. In most of the cases, a lack of observation in the early time

lead to only a single normal decay. Afterglow onsets are identified with

an early smooth bump with a typical value of peak time tp of several

hundreds of seconds, coupled to the following normal decay with α ∼
1.2.

• IV: the jet-break component (Jet-Break); the light curves break into a

steeper decay. They are identified with α ∼ 2.0 or steeper ([7]) and a

break time ∼ 105 seconds.

• V: the late optical flares (Flare); the light curves have prompt-like flares

during the afterglow phase when the prompt emission is turned off. They

indicate the late-time activities of the central engine. The late optical

flares are characterized by a very sharp temporal index α steeper than 2.

• VI: the late re-brightening bumps (Re-Bump); the late bumps would

emerge at late times which is distinguished from the onset-bump of the

early afterglow. Both are likely involved in the jet component that pro-

duces the re-brightening bump which seems to be on-axis and indepen-

dent of the prompt emission jet component. They are described by a

smooth bump around tp ∼ 105 seconds.

• VII: the late supernova (SN) bumps (SN-Bump); in some cases, the op-

tical transient light curves at late time show SN bump. They form a late

smooth bump at tp ∼ 106 seconds.

Similar to the X-ray, not all GRBs are observed to have all 8 components

in the optical afterglow light curves.
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3. Satellite and Instruments Used

in the Thesis

3.1 Swift observations

The Swift Gamma Ray Burst Mission [16], was launched on November 20,

2004, specifically designed for observation of gamma-ray bursts and fast follow-

up observations. It can observe in gamma ray, X-ray, ultraviolet and the visible

bands. The satellite is in a low earth orbit, about 600 km in altitude with a cycle

Figure 3.1: Swift Instrumentation and Swift’s three scientific instruments: BAT,

XRT and UVOT. Figure taken from: NASA/Goddard Space Flight Center.

of 90 minutes, and it weighs 1500 kilogrammes. Swift has the main character-

istic of a fast response (can turn 50 degrees in 75 seconds or less) and a precise

positioning (determines the position to within an error ∼ 3
′
after a few seconds

of a burst triggered). Swift has worked for 12 years, and triggered more than

1000 bursts.

The unique abilities of the Swift satellite, has lead to many discoveries.

For instance, it discovered short GRB afterglows (GRBs 050509B, 050709,

050724, etc.) and many of their host galaxies. It has revealed the character-

istics of the very early afterglow (canonical X-ray light curve, X-ray flares
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and chromatic afterglows), and low-luminosity bursts (e.g. GRB 060218),

achieved good multi-band observations of many bursts, and finally detected

the extremely high-z record GRB (GRB 090423 [z=8.3] and GRB 090429B

[z=9.4]). All this has created a new era in the study of gamma-ray bursts.

Swift has three instruments (see Fig. 3.1) which have different energy

bands: Burst Alert Telescope (BAT), X-ray Telescope (XRT) and Ultravilet/optical

Telescope (UVOT). BAT [72] energy range is from 15 keV to 150 keV with

an energy resolution of 7 keV and an accurate position of 1
′′
-4

′′
. It can achieve

rapid position after a GRBs was triggered, and guide the XRT and UVOT and

other telescope multi-band follow-up observations. XRT [73] operates in the

energy range 0.3-10 keV, the sensitivity can reach 2× 10−14 erg s−1 cm−2 after

104 seconds. It is used to rapidly detect X-ray radiation and further position-

ing. UVOT [74] operates in the energy range 170-650 nm, the observations

can reach 24 magnitude after 103 seconds.

3.2 Magnitudes, colors, and photometric systems

In the observations of GRB afterglow, we usually refer to the use of the pho-

tometric systems, here we briefly discuss these. Magnitude is used to measure

the luminance of stars. The smaller the value, the brighter it is. It can be

expressed from the flux as

m =−2.5log10

(
F
F0

)
=−2.5log10(F)+ZP, (3.1)

where F0 is the flux of an object with magnitude equal to zero, and ZP= 2.5

log10 (F0), which is so-called the zero-point. The measured quantity F depends

on the response function of the system and the integration over wavelength.

Color is the magnitude difference between any two bands. When we talk about

the photometric system, we usually refer to the setting of the system responses

and the definition of the zero-point. Two major systems are often used to select

zero points: the Vega system and the AB (ABsolute) system. The Vega system

is defined such that Vega is 0 magnitude in all used bands. It can be denoted as

magVega = 0 and colorsVega = 0. The AB magnitude system is defined such that

the flux density of magnitude zero-point is 3631 Jy for all considered bands.

The corresponding magnitude of a monochromatic flux density, Fν , is given by

mAB =−2.5log10

(
Fν

3631Jy

)
. (3.2)

The common photometric systems are: the Johnson photometric system and

Johnson extensions, 2MASS JHKs and SDSS u’g’r’i’z’. The Johnson UBV
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photometric system (also called Johnson-Morgan photometric system) [75], is

one of the earliest and most used of the standard photometric system. Initially,

it contained three bands: U (ultraviolet), B (blue) and V (visual). Later, it

has been extended many times, R and I band (Johnson) and the near-IR bands

(ZJHKLMQ) were added. The 2MASS JHKs system is similar to the Johnson

JHK system, the main difference being that Ks has a different feature. The

Sloan Digital Sky Survey (SDSS) system used a five filter (u’g’r’i’z’) photo-

metric system.

3.3 Ground-based optical and near-IR observations, and

GCN operating principle

GRB afterglow emission are usualy observable up to several hours or even days

and longer. The discovery of the afterglow enables us to have enough time to

mobilise various telescopes of multi-band observation to get more information.

The optical afterglow observation is made by target of opportunity observation

by ground-based telescope after they are triggered. At present, there are many

ground-based telescopes that perform optical afterglow observations. They are

distributed in different countries. The ground-based optical and near-IR tele-

scopes that are used in the thesis, are: GROND, ROTSE-III, TAROT, RAPTOR,

and REM,VLT; TLS; TNG; SMARTS. Below we take GROND as an example

and introduce its relevant parameters.

In recent years, the observations of the optical afterglow by ground-based

telescopes had a very extensive development. One prominent example is the

Gamma-Ray Burst Optical/NIR Detector (GROND) [76; 77]. GROND was

commissioned at the MPI/ESO 2.2 m telescope at La Silla (Chile), and it be-

come operational in 2007. GROND is an imaging instrument and its goals

include: (i) to identify the GRB afterglow, (ii) to measure the spectral en-

ergy distribution, (iii) to determine its photometric redshift. GROND has been

designed for rapid observations of GRBs, with the unique capability of a si-

multaneous seven filter band imaging with Sloan g’r’i’z’, four visual channels

to near-infrared JHK, three NIR channels. This allows for an immediate pho-

tometric redshift determination.

The gamma-ray burst coordinates network (GCN), is a system that reports

GRB location information (called notices) when a burst is detected by various

instruments. Another important role is that the GCN also automatically re-

ceives and distributes messages, called circulars, which provides the follow-up

observations to the community. Follow-up observations can then be made by

space-based and ground-based observatories.
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4. Summary of My Works

4.1 A Correlated Study of Optical and X-ray Afterglows

of GRBs

In paper I, I compare the light curves in the X-ray, and in the optical bands for

a sample of 87 bursts, in order to test the external shock models.

4.1.1 Context and aim

The standard afterglow model (see §2.4.2) has been successful to explain the

data in the pre-Swift era. However, the Swift satellite [16] has provided an

unprecedented sample of long time series of broad energy band observations

of bursts. Simultaneous observations with the Swift instruments BAT, XRT,

UVOT, and ground-based optical telescopes have revolutionized our under-

standing but have also revealed some critical problems with the standard model

[e.g., 78; 79]. For instance, in contrast to the expected results from the stan-

dard model, many bursts showed a chromatic behavior between the X-ray and

optical bands, that is, showing different behaviors at different frequencies. In

recent years, more and more ground-based optical telescopes with increasing

sensitivity have accumulated a rich collection of optical afterglows, which al-

lows us to test various external shock models with a large sample.

In this paper, we test the external shock models, using the bursts which

have simultaneous X-ray and optical data, considering the break behavior.

4.1.2 Results and conclusions

The main results can be addressed as follows:

(i) A dominant fraction (62%) of the GRBs are consistent with the stan-

dard afterglow model (both ISM and Wind models, see §2.4.1, αx −αo ∈ [-

0.25,0.25]). When more advanced modeling is invoked (such as energy injec-

tion and jet break models, see §2.4.3 and §2.4.4), up to 91% of the bursts in our

sample are consistent with the external shock model (αx −αo ∈ [-0.50,0.50]).

This is illustrated in Fig. 4.1 which shows the αx −αo relation based on dif-

ferent external shock models. Here αx and αo are the temporal indices of the

X-ray and the optical afterglow light curve, respectively.
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Figure 4.1: The power-law indices for the light-curve decay. The black solid

line indicates where are the X-ray and optical temporal indices are equal and the

red and blue solid line indicates where αx = αo ± 0.25, which is expected for

the standard forward shock model with ISM and wind-like environments. The

red and blue dashed lines are αx = αo ± 0.5, which is expected for the energy

injection case in a ISM and a wind-like environment, see Paper I.

(ii) Only 9 cases have afterglow light-curves that match the self-similar

relativistic blastwave shocks, having a single power law decay in both energy

bands, which are observed during their entire duration. An example is GRB

050603 which is shown in Figure 6 in Paper I.

(iii) A large fraction (61%) of bursts are consistent with occurring in a

constant interstellar density medium (ISM: αx −αo ∈ [0.0,0.25]) while only

39% of them occur in a wind-like medium (wind: αx −αo ∈ [-0.25,0.0]).

(iv) No cases can be explained by the cooling frequency crossing the X-

ray or optical band. Figure 17 in Paper I, shows the distributions of the change

in temporal slope (Δα) between the X-ray with the optical bands. We found

that no cases can be explained by the cooling spectral break, since it required

Δα=0.25, and no GRB satisfied this requirement.

(v) An interesting finding is that in nearly half of all cases the plateau phase

(energy injection phase) changes directly into the jet decay phase.

We conclude that in general most GRBs are consistent with the external-

shock model predictions.
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4.2 A Large Catalog of Multi-wavelength GRB Afterglows

I: Color Evolution and Its Physical Implication

In paper II, I study the afterglow by analysing the temporal evolution of color

indices (CI), defined as the magnitude difference between two filters. They

can be used to study the energy spectrum with a good temporal resolution,

even when high-resolution spectra are not available.

4.2.1 Context and aim

Ever since the first observation of an optical afterglow (GRB 970228) by Bep-

poSAX [80] and the launch of the Swift satellite more than ten years ago ([16]),

many ground-based optical telescopes, with increasing sensitivity, have accu-

mulated a rich collection of optical afterglows. This allows us to study exten-

sively either their multi-band light curves [8; 37; 64; 81–85], or their spectral

energy distributions (SEDs) derived from simultaneous multi-band photome-

try [66; 83–87]. The multiband light curve and CI evolution for GRB 080413B

are shown as a typical example in Figure 12 of Paper II. Over most of the ob-

served period the CI does not vary. Large variation however do occur at late

times and coincides with a break in the light curves.

Our aim is to study the temporal variability of color indices and explore its

physical implications.

In Paper II, I present a statistical analysis of CI based on a large sample of

70 GRBs. I use the CI as a probe to test the standard afterglow models by per-

forming a systematic study to find the temporal evolution of them. We catego-

rize the bursts into two samples based on how well the color indices are evalu-

ated. The Golden sample includes 25 bursts mainly observed by GROND, and

the Silver sample includes 45 bursts, observed by other telescopes.

4.2.2 Results

The key results are the following:

(i) I find that 96% of color indices do not vary over time, which means that

the spectral slope does not change. Fig. 4.2 shows the evolutions of all CIs

with time for all bursts, and most CIs located between -1 to 1. This can be

accounted for the simplest external forward shock model.

(ii) The remaining 4% of color indices show significant variation that ap-

pear during various limited periods. Several different physical reasons could

cause the observed variations: the cooling frequency crosses the studied energy

bands, an additional SNe emission emerges during the late optical afterglow,

an early dust extinction change and the transition from reverse shock to for-
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4.3.1 Context and motivation

The central engine of gamma-ray bursts is still poorly known, since it cannot

be directly observed by electromagnetic emission. However, properties of the

central engine can be inferred from current observation. There are two main

progenitor models for the central engine of GRB (see §2.1): a fast-rotating

black hole and a rapidly spinning magnetar [39].

The progenitor of a short burst is considered to be two neutron stars that

merge, while long burst progenitor are from the collapse of a massive star into

a black hole. Short GRBs are typically considered to have a magnetars central

engine. Both two events eventually create a black hole with a disk of material

around it. In paper III, our goal is to find evidence of a black hole central

engine.

An X-ray shallow decay phase (or plateau) is commonly observed in Swift
light curves [7; 88; 89]. An example (GRB 060607A) is given in Figure 1 of

Paper III. Such a plateau phase can be interpreted as evidence for long-lasting

activity of the central engines, such as an energy injection into the external

shock or a refreshed external shock emission [e.g., 7; 34; 36; 49; 50; 56; 88;

90–94]. Such activity can be provided by either a millisecond magnetar with

the injected luminosity L(t)� L0(t/t0)−q or a fast-rotating black hole.

Since both models are likely involved in such observed characteristics, we

extensively searched the Swift/XRT light curves with a plateau phase, and that

were detected before may 2017. We totally obtained 101 GRBs (with known

redshifts) in our sample. We then calculate the afterglow kinetic energy EK,iso

and the X-ray energy release EX,iso during the plateau phase for each individual

GRB, and characterize them into three categories based on how likely they may

harbor a black hole central engine.

4.3.2 Results and conclusions

Our results are the following:

(i) We find that 9 GRBs, which show EX,iso already exceed the energy

budget 2 × 1052 erg (see Fig. 4.5) for a magnetar, see §2.1. These GRBs are

defined as the Gold sample. In addition, there are 69 GRBs, although EX,iso

is less than the budget, EK,iso is greater than the budget. These are defined as

the Silver sample. The remaining 23 GRBs have energies that are not over the

budget. These are defined as the Bronze sample. The conclusion that can be

drawn is that ∼ 80% of the GRBs in our sample are operated by a black hole

while the remaining ∼ 20% could harbour a magnetar central engine. We note

that this is under the assumption that magnetars emit their energy isotropically.
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5. Conclusions and Outlook

The external shock models have been widely used to interpret the broad-band

afterglow data of gamma-ray bursts. According to the prediction of the models,

the temporal breaks in different energy bands should be achromatic, namely,

the break time at different frequencies should be same. However, the multi-

wavelength observations in the Swift era have revealed a chromatic behavior in

broad-band afterglow, which casting doubt on the multi-bands GRB afterglow

has an external shock origin.

The central engine of gamma-ray bursts is poorly known. There exist two

types of central engine that have been widely discussed in recent years: a

fast rotating black hole and rapidly spinning magnetar. An important question

is whether the central engine of GRB is more likely to be a black hole or a

magnetic star. What is the approximate ratio between them? The maximum

energy budget of the initial spin energy is limited to Erot ∼ 2× 1052 erg for

magnetars but not for a black hole, this provides a good clue to identifying the

type of GRB central engine.

An increasing number of multi-bands observational data provide a good

chance to detect various theoretical models. This thesis focuses on to explain

the multi-bands observed data with various theoretical models mainly based

on the afterglow emission phase. i) In the Swift era, accumulated a rich after-

glow observation data have been challenging the traditional standard afterglow

model. Using the multi-bands observed data to test various external shock

models, I conclude that a half fraction GRBs still can be explained by the stan-

dard afterglow synchrotron model directly, when more detail external shock

models are involved, up to 90%. ii) The evolution of color indices based on

a large GRBs sample reveals two classification groups: constant vs. vary. I

conclude that different groups may have different physical reasons, I also de-

velop the theory to interpret different types of color indices. iii) I show that

most of the bursts the energy exceed the maximum energy budget defined by

an initial spin energy of the magnetar Erot ∼ 2× 1052 erg, I conclude that the

center engine of GRBs is more likely to be a black hole.

During the course of the work for papers I-III, I initiated two investigations

that did not fit into the papers, but address important topics that can related to

this thesis.

(i) What is the extinction curve of the host galaxy? One of the most im-
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portant issue in astrophysics is that how to accurately describe the host ex-

tinction curve. The host extinction of gamma-ray bursts information is still

poorly known. A possible method is to assume that the X-ray and the optical

afterglow come from the same synchrotron emission. According to standard

afterglow model, the spectral index between the X-ray and the optical have

two equations: if cooling frequency lie between two bands, βx=βo+1/2, other-

wise βx=βo. Therefore, our motivation is: we assume the X-ray and the optical

afterglow abide by standard afterglow model, and using the corrected X-ray

SED as the standard to derive the extinction value of the optical bands. We

first correct the X-ray afterglow data and derive the SED, then fit the SED with

a power-law model (or broken power-law model) and extend to the optical en-

ergy regime. If without the extinction, the optical data should be located on the

model function line. So this provides us with a method to derive an empirical

extinction curve based on our large sample.

(ii) Do the X-ray and optical afterglows come from the same emission

source? Another hot question in the gamma-ray bursts field is whether the X-

ray and the optical afterglow come from the same emission component. As

described by fireball model, the afterglow emission come from the external

shock sweet up the interstellar medium outside. According to the standard

afterglow model, the X-ray and optical afterglow emission can be described

from the same synchrotron emission process. One questions is do they really

come from the same synchrotron emission component? Are they from the

same site? If they are, why do they show so different light curve features? If

they are not, why are their SEDs consistent with the predictions of the after-

glow synchrotron model for same cases? Therefore, so one question we can

address is that: How many bursts present an achromatic light curve? And how

many bursts have a SED that is consistent with the synchrotron predictions?

And also how about the time-resolution spectrums? How many bursts abide

all?
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Sammanfattning

Gamma-ray bursts är de största explosionerna i Universum och härrör från kol-

lapser av olika typer av stjärnor till svarta hål. Efter en energetisk, inledande

fas av gamma-strålning, som typiskt pågår under knappt en minut, startas en

efterglödsfas. Under denna fas observeras strålning i längre våglängder, t.ex. i

röntgen och i visuellt ljus. Denna fas kan pågå i flera veckor och observatio-

ner av den kan ge viktig information om explosionens energibudget, utflödets

struktur och information om det omgivande mediet (CBM). Standardmodellen

innefattar en enda strålningskomponent som skapas av synchrotronstrålning

från ett eldkolt som rör sig in i CBM. Flera andra faktorer kan dock påverka

det vi observerar. Detta kan vara variationer i CBM, förlängd energitillförsel

från de centrala delarna, jetstrålens geometri, och effekter beroende på skill-

nad mellan siktlinjen jetstrålens riktning. Alla dessa effekter ger an utvidgad

standardmodell.

I denna avhandling har jag studerat efterglödsobservationerna ur ett globalt

perspektiv genom att analysera stora datagrupper av GRBs för finna generel-

la trender och egenskaper. I paper I jämförde jag ljuskurvor in röntgenstrål-

ning med dem i synligt ljus i en grupp på 87 GRBs. I endast 9 fall passar

den enklaste standardmodellen, med en intensitet som avtar som en potenslag

med tiden i alla observerade energiband. Om man tar med de andra faktorer-

na som kan påverkar det vi observerar så finner jag att 91% av GRB i min

analysgrupp kan beskrivas av den utvidgade standardmodellen. Ett intressant

resultat är att i nästan hälften av alla fall så övergår platåfasen (energitillför-

selfasen) direkt till jetstrålefasen. I paper II studerade jag efterglöden genom

att analysera tidsutvecklingen av färgindexet, vilket definieras som skillnaden i

magnitud mellan två olika filter. Färgindexen kan användas för att studera ener-

gispektrumets form med god tidsupplösning även i de fall högupplösta spectra

inte är mätta. Jag fann att de flesta färgindexen inte varierar med tiden, vilket

betyder att formen på spektrumet inte ändras, detta även mellan olika faser i

efterglödsljuskurvan. I de fall en variation kunde uppmätas så skedde variatio-

nen under begränsade tidsperioder. Vi föreslår att dessa variationer beror på att

synchrotronstrålningens kylfrekvens passerar obserationsbanden och i andra

fall beror på att den underliggande supernovan blir synlig. I paper III studera-

de jag explosionens totala energi, vilken kan uppskattas genom att undersöka

efterglöden. Med denna information undersöker jag vilken typ av kompakt ob-



jekt som ligger i centrum och driver explosionen, antingen en magnetar eller

ett svart hål. Jag fann att omkring 20% av fallen troligen har en magnetar i

centrum. För att kontrollera detta resultat så beräknar vi rotationsenergin och

rotationsperioden hos svarta-hålfallen och den ursprungliga rotationsperioden

och yt-magnetfältet hos magnetarerna. Vi fann att värdena motsvarar de för-

väntade.
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