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Abstract

We presented the temporal study of all swift/XRT observations of GRB afterglows
discovered between January 2005 and July 2005 which they have two or more than
two breaks and well known redshift. After constructing and fitting all light curves
using MATLAB programming, we have analyzed the temporal and spectral indices
for each segments in the canonical X-ray afterglow light curves.

The temporal decay index is calculated using a ~ %. And the numerical
values, resulted from the manipulation, were mostly consistent to the theoretical
temporal decay index for each GRBs in each segments. And the spectral index is
from closure relation such as a = 2 + (3.

In our work, we have used the data of flux decay and time from the Evans et al
swift /XRT online repository of United Kingdom solar system data center (UKSSDC).
Once we extracted data, we have analyzed the given data to identify the behaviors
of the afterglow light curves. The data, we have used, had positive and negative
error approximation. Then we have analyzed the data and compared the result and
the theoretical value of temporal decay index. Finally the results have been nearly
confirmed to 3 < ag < 5 in early steep decay, the shallow decay with 0.5 < s < 1,

normal decay with 1.0 < a3 < 1.5 and late steep decay ay. >~ 2.



Chapter 1

Introduction

Gamma rays are high energy electromagnetic radiation . Electromagnetic radiation
actually forms a continuous spectrum, from low frequency radio wave (3 Hz) to gamma
rays at 108 Hz. Gamma-rays have an energy 10*eV —107eV and wavelength less than
107" m (100 pm) [1].

Gamma-ray bursts (GRBs) are sudden, a bright/intense flashes of gamma-rays.
They are the most luminous electromagnetic phenomena for a few blind seconds/a
few milliseconds to hundreds of seconds in the universe. They are unpredictable in
nature and distributed isotropically across the sky with equivalent luminosity of up
to 1054 ergs™! in gamma ray alone [2].

The initial prompt phase lasts typically less than 100 s and has an energy content
of ~ 10°! ergs. The initial outburst of high energy emission of GRBs is related to as
the prompt phase which is accompanied by a less energetic afterglows. During the
prompt gamma-ray phases, the emission is highly variable and produces light curves
that frequently show multiple peaks. This emission after an initial outburst followed
by a longer lasting afterglow through x-ray, optical and radio wavelength bands [3].

Before swift era, x-ray afterglow emission was detected only several hours after



burst. In such detection, the flux typically showed smooth power law decay ~ t~1.
In contrast, the optical afterglow light curves often showed an achromatic steepening
decay to ~t72. This was attributed to a narrow jets whose edges become visible [4].

The afterglow emission of GRBs was well described by a fireball model [5]. This
model detail explained the temporal and spectral behaviors of the emission that is
created by external shocks. These external shocks created when a collimated ultra
relativistic jets plough into the circumstance medium [6].

The early afterglows light curves exhibit a considerable variety and rebrightenings.
GRB021004 was one of the best studied events such as explaining temporal behavior,
variable density profile, break frequency and jet behavior [7]. In the swift era, the
early afterglow exhibited a smooth decay which was well fitted by a power law (f, ~
t~%), where f,, is the flux of the decay, « is the temporal index and t is the time of burst
[8]. Swift also designed to probe exactly the density profile of the external medium
and the early radiative energy losses from the external shocks. Its observational time
window is from ~ 102 - 10* seconds after burst onset. As we have describe above, the
afterglow light curves studied before and after the swift. But the detailed behaviors

of the afterglow light curves was studied in swift era.

1.1 GRBs and their historical background of mis-
sion

1.1.1 Pre-swift era

GRBs were first detected in 1967 by Vela satellites. And it was named as GRB670702
(where the first number is burst year, the second number is burst month and the last

number is date of the burst starting from GRB) which showed two peaks in the burst



activity over a period of seconds. However, this discovery was not published until
1973. These vela satellites detected about 70 GRB over about 10 years [9]. In the
pre-swift era, there were two main detections such as Burst and Transient Source

Experiment (BATSE) and BeppoSAX.
BATSE

For the next couple of decandes (1973-1991) other space based instruments con-
tributed to increase the GRB sample size. Even this showed an isotropic distribution
in the sky, it was not possible to localize GRBs in the sky to do effective follow up
observations. In 1991 NASA launched a satellite equipped with capabilities to study
and monitor GRBs in a systematic way. This was the Compton Gamma Ray Obser-
vatory (CGRO), which carried the (BATSE). In its 9 year lifetime BATSE detected
2704 GRBs in the 20 keV to > 800 keV energy rang [10].

BATSE was that the angular distribution of GRBs on the sky appeared to com-
pletely isotropic as shown in Fig.1.1. This indicated that GRBs were most likely
extragalactic in origin. Evidence shown that the weakest and brightest GRBs are
isotropic [11]. This confirms that GRBs are not located in many Galaxies, but they
are extragalactic events. The hint from earlier instruments was confirmed that GRBs
come in two distinct classes of short and long bursts, with distributions crossing at

~ 2 seconds duration [11].
BeppoSAX and the afterglow era

The next important milestone in GRB research was in 1997. After three decandes
from the first detection, GRB afterglows were discorded by the Italian-Dutch satellite

BeppoSAX [13]. Having been launched in 1996, BeppoSAX had the capability to
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Figure 1.1: Isotropic distribution of the 2704 BATSE GRBs [12]

detect and localize GRBs. BeppoSAX had perform deep X-ray observation with
in hours after burst. This made it possible to detect the first X-ray afterglow for
GRB970228 with its all-sky gamma ray burst monitor (GRBM) in the 40 keV - 70
keV energy rate. This satellite has observed with its two wide field cameras (WFCs)
in the energy range of 2 - 26 keV [14].

It also localized the GRB promptly with in a few arcminute accuracy. This fast
imaging and arcminute localization prompted a multi-wavelength campaign. Then,
this led to the identification of an afterglow in optical and radio consistent with
the x-ray sources [15]. The first radio afterglow was detected GRB970508 happens
during the same year [16]. This GRB970508 had a particularly bright afterglow which
enabled the measurement of its spectrum. The spectrum showed a few absorption

lines using them, for the first time, the redshift of GRBs was measured with the value



7= 0.835 [17].
1.1.2 Swift GRB and recent developments

Swift is a multi-wavelength space observatory which is designed to the study of GBRs.
Its three instruments work together to observe GRBs and their afterglows in the
gamma-ray, X-ray, ultraviolet and Optical wavebands. These instruments ( see Fig.
1.3.) are burst alert telescope (BAT), X-ray telescope (XRT) and ultraviolet tele-

scope/ optical telescope (UVOT) [18].

BAT

BAT detects GRB events and computes its coordinates in the sky. It locates the
position of each events with an accuracy of 1 - 4 arcminutes with 15 seconds. This
position is immediately relayed to the ground and rapid slew-ground based telescope

catches the information [19].
XRT

It takes image and perform spectral analysis of the GRB afterglow. This provides
more precise location of GRB with a typical error circle of approximation 2 arcseconds
radius. The XRT also used to perform long term monitoring of GRB afterglow light

curves. The telescope has the energy range of 0.2 keV - 10 keV [20].
UvoT

UVOT used to detect optical afterglow and provide a sub-arcseconds position. UVOT
provide optical and ultraviolet photometry through filters and law resolution spectra
(170 - 650 nm) through the use of optical and UV grisons. It is also used to provide

long-term follow ups of GRB afterglow light curves [21]



Mission history of swift

The Swift Gamma-Ray Burst Mission consists of a robotic spacecraft called Swift,
which was launched into orbit on November 20, 2004 [22]. It orbits at 567 km x 585
km with a period of ~ 95.9 min. Swift is the first multi-wavelength mission for the
study of GRBs, being elaborated by an international collaboration.

May 9, 2005, swift detected GRB050509B, in which a burst of gamma rays that
lasted one-twentieth of a second. The detection marked the first time that the accu-
rate location of a short duration GRB [23]. In the later years, swift detected many
GRBs per month such as by 2010, swift had detected more than 500 GRBs [24], by
October 2013 more than 800 GRBs [25] and by October 27, 2015 more than 1000

GRBs [26].

Figure 1.2: Swift satellite of NASA

The general characteristics of swift mission is given in table 1.1.

Table 1.1: characteristics of swift mission



mission parametrs values

slew rate 50 in less than 75 s
orbit low earth, 600 km altitude
Inclination 22°

Launch vehicle Delta 7320-10 with 3m fairing
Mass 1450 Kg

power 1040 W

Launch date November 20,2004

1.2 Burst types and classes

Based on their duration and hardness ratio, GRBs has been grouped into short/hard
and long/soft GRBs.

1.2.1 Short/hard GRBs

The burst events with a duration less than about 2 seconds are short/hard GRBs.
Until 2005, there were no short afterglows had been successfully detected. They have
more highly energetic /hard gamma-rays than their long burst counterparts. In this
burst, the conversion of energy into gamma- rays decreases as the burst progresses.
For short GRBs, the Tgy (90% of the fluency is detected), as shown in (Fig. 1.3.),
has been less than 2 seconds [27]. There is no radio, optical, or x-ray counterpart has
found for any short burst [28]. Short duration bursts counts 30% of the GRBs in any

burst.

1.2.2 Long/soft GRBs

The GRBs which is the most observed (70%) and have a duration of greater than 2

seconds are long/soft GRBs. All long bursts display X-ray afterglow and only about
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Figure 1.3: Duration of distribution for 222 BATSE GRBs. [27]

one-half of them have detectable radio or optical afterglows. As we have shown in
(Fig. 1.2.), long duration bursts have Tg which is grater than 2 seconds. The energy
conversion of this type of burst appears to remain constant throughout the burst[29].
Generally gamma-ray bursts have been detected with different instruments. How-
ever, there is no perfect instrument as swift in determination of prompt and afterglow
emission. Swift mission has detected the temporal behaviors of most GRBs. GRBs
afterglow light curves specially the X-ray light curves have been analyzed in this
thesis.
There are multiple questions regarding to our work. Among these questions
(1) Did the temporal index values of any random GRBs confirm to the values proposed
in different times within XRT canonical light curves?
(2) Could some of the breaks at the end of the plateau phases actually be jet break

or late steep decay phase?



(3) Could the spectral index obtained from the closure relation in initial steep decay
phase confirm to the theoretical limit? The goal of this thesis was attempt to answer

these questions.

1.3 Layout of the thesis

In this review, we described the stages of the gamma-ray bursts i.e the historical
background and their types. In section two, the gamma-ray burst emission mecha-
nisms and the theoretical explanations of GRB afterglow light curves are discussed.
The methodology of numerical analyzing is discussed in section three. Analyzing the
selected GRBs’ afterglow light curves and the conclusion of the result are discussed

in section four and five respectively.



Chapter 2

GRB emission mechanism

Introduction

GRB emission mechanisms are the theories or models that explain how the energy
from GRBs progenitor is turned into radiation. In this section of the thesis, we
discussed the fireball model, in which we explain the way of gamma-ray production.
The mechanisms of the GRB emissions that are prompt and afterglow emissions and

afterglow light curves are discussed in detail.
Fireball model

Fireball model is the standard model for explanation of GRBs. The mechanisms of
fireball model starts the understanding of the production of prompt and afterglow
from GRBs [30]. This model provides a key episodes of energy conversions in GRBs.

Initially, as we have shown in (Fig.2.1.), a large amount of gravitational energy
~ 10° erg or more is released in a very short time into the compact region. Due to
the source of this energy, the collapse of the massive stars ( merger of two neutron
stars or neutron stars and black holes) is created. And then a part of this kinetic
energy is used to produce a relativistic jets. This is the stage in which GRB jets are

produced [31].

10



Once the GRB jets are formed, they accelerated to the relativistic velocities. As
we have observed in (Fig.2.1), at radius r = 10" cm from the compact region, the
thermal photons decouple at the photosphere. A part of the jets’ kinetic energy is
dissipated by internal collisions/shocks and produced gamma-rays that we observed
in the prompt emission. The remaining kinetic energy of the relativistic jets runs into
interstellar medium (ISM) and heats it. Then it produced the observed afterglow.
Finally the kinetic energy is gradually converted to heat and the afterglow gradually
fades [31].

2.1 Prompt emission

It is believed to be generated by internal shocks within the fireball that rise above the
pair production photosphere at ~ 10'2 — 10" cm. These shocks stem from mini-shells
within a jet produced by unsteady accretion of material onto black hole or by the

merger of neutron star to neutron star [32]. The shells have a distribution in lorentz

Several shocks - - also External Shock
possible cross-shock 1IC

Flow decelerating into
Int emal Sh o Ck the surrounding medium
Collisions betw. diff.
parts of the flow

collapse

=10" cm ~10"cm >10"cm

Figure 2.1: A schematic model of the fireball model of GRBs [34].
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factor v, in which A+ oc I' where I' is bulk lorentz factor. In the region around
~ 102 — 10" cm (see Fig. 2.1.), the collisions between different parts of the flow is
produced in different shells. As a fast shell catch up with a slower ones, they form
strong internal shocks that propagates in both shells. Once above the photosphere,
the heated and accelerated electrons cool by synchrotron emission [33].

This radiation is observed in vy-ray band. Each collision that occurs above pair

photosphere produces a pulse in the GRB’s light curves [34].

2.1.1 Internal shocks

Internal shock is the collision of multiple shells traveling with different velocities in
the photosphere region. The collision of two thin shells heat the matter. Due to this
enormous amount of energy converted into kinetic energy and produced the ~-ray
emission [35].

The efficiency of internal shocks is determined by the ratio of lorentz factor of
the colliding shells. If the the lorentz factor ratio (y2/71) are allowed, the internal
shock efficiency is limited by the fraction of energy in radiating electron [36]. Multiple
collisions between shocks may also result in ultra efficient internal shocks for radiating

electron away [37].

2.1.2 External shock

A relativistic materials/jets are running into some external ambient medium i.e in-
terstellar medium or stellar wind. In each time, the ejecta run a high density envi-
ronment in which they produced a peak in the mission called external shock [38]. In
the external shocks, the jets may be forward shocked or reverse shocked.

As the material in the jet expands, accelerates and compresses interstellar medium,

12



it creates a forward shocks. The deceleration of forward shocks is occurred when the
rest mass energy of the swept up particles equal to the ejected energy. This sets a
deceleration length scale at (~ 10'® cm) [38]. The reverse shock is formed by the
deceleration of the jet material and propagates back into the relativistic flow. This
happens when the rest mass energy of the swept up particles is greater than the

ejected energy [38].

2.2 Afterglow emission

Afterglow emission is the emission in which, the slowly fading emission of initial GRB
at longer wavelength after GRB. This emission is created by the collision between
the burst eject and interstellar gas. The GRB itself is rapid, lasting from less than a
second up to a few minute at most. Once it disappears, it leaves behind a counterpart
at a longer wavelength (X-ray,Uv/Optical and radio bands) [39]. Then, they are
generally remain detectable for days or longer. As we have described above, afterglow
emissions are dominated by external shocks.

The early searches were unsuccessful largely because it was difficult to observe the
bursts’ position at a longer wavelength immediately after the initial burst. The break
through came in February 1997 when the satellite BeppoSAx detected a GRB970228.
The William Herschel telescope identified an optical counterpart 20 hours after burst.
Once the GRB faded deep imaging was able to identify a faint, distance host of galaxy

at a location of GRB as pinpointed by the optical afterglow [40].

13



2.3 Afterglow observations and interpretation

2.3.1 Late time afterglow observation and interpretation

Before swift mission, afterglow observations was started after several hours (2 10 hrs)
after bursts trigger. The optical afterglow of late time afterglow displays a power law
decay behavior F,, o« t7¢, with a decay index a ~ 1 [41]. The temporal break in
the optical afterglow light curve was detected for bright GRBs. The break time is
typically around a day and followed by the steeper decay with decay slope of o ~ 2
[42].

The radio afterglow light curve initially rises and reaches a peak around 10 days
after which starts to decline [43]. The peak usually corresponds to the passage of syn-
chrotron injection frequency v, or synchrotron self absorption frequency v, through
the radio band. The broad band afterglow spectrum can be fit with a broken power

law at a fixed observer time [44].

2.3.2 Theoretical interpretation of the X-ray afterglow light
curves in swift era

The detection of GRBs early afterglows is within less than 100 seconds after trigger

in the swift mission. The canonical X-ray afterglow light curves generally concludes

four phases such as early time steep decay phase, the shallow decay phase/plateau

phase, normal decay phase and late steep decay phase [45].
Steep decay of early X-ray light curves

This phase is the tail of prompt emission. This phase is also governed by curvature
effect, for which emission from different viewing angles reaches the observer with

different delays due to the light propagation effects [45]. The relationship between

14
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Figure 2.2: Canonical GRB afterglow light curves [46].

temporal and spectral slopes of higher latitude emission is « = 2+ /3. It is independent
of any of the environmental or other parameters such as peak frequency and cooling
frequency that affects the closure relations for the external shocks.

Swift answer the debate of separation between the prompt emission and late af-
terglow regarding to internal and external origin of the prompt emission i.e internal
shocks are the origin of prompt emission [47]. As it has shown in (Fig. 2.2.), early
steep decay slope is around 3 < a; < 5.

This phase may be simply the high latitude emission associated with the prompt
gamma-ray sources at R > 10* cm when the central engine turns off faster than the
decline of the X-ray light curves [48]. On the other hand, if the emission region is

at much smaller radius than the rapidly declining X-ray light curve reflects the time

15



dependence of central engine activity [49].

Detailed analysis of a sample of GRBs suggests that the high latitude ”curvature
effect” model can explain the early steep decay phase [50]. As we have shown in
(Fig. 2.3.), the achromatic change of phases for sample GRBs indicates the light
curves transition. These GRBs followed the decay power law relation F, oc ¢~
where, oy = 2 + [ for curvature effect model. Generally, this phase has already
stayed between the time interval of 1072 — 102 seconds and 10? — 10 seconds which

is presented in (Fig. 2.2.) in the right side.
Shallow decay X-ray light curves

This phase is sometimes called plateau phase and very small decay with value of decay
0.5 < ay < 1.0. This phase rises when the energy ejected to the decelerated external
shock. When the energy is terminated, the decay of light curves become slow down
and the transition to phase three (normal decay) is occurred [51]. In this phase, the
shape of light curves in the X-ray and optical bands should be similar where break
occur at the same time in these bands [52].

There are two acceptable explanations behind the emission mechanisms of this
phase. (1) A smooth and gradual energy injection that arrives in the forward shock,
is due to the decrease of the lorentz factor I' at the end of prompt emission. The
mass that is injected to the forward shock is the function of its lorentz factor and
the energy injected. As a result I' increases monotonically with radius,(which we
discussed in detail in section (2.4.)). The flux decays are a power law and depends
on the mass and the energy injected [53]. (2) The central engine of the source stays
active for hours after the burst and injects the smooth and continues energy at later

times, several times after the burst [54].

16



X-ray plateaus results from the contribution of prompt X-ray emission scattered
by dust in the host galaxy. The optical flux or the powerful outburst episode is

already ruled out by the prompt optical data [55].
Normal decay phase

This is the third phase in this canonical phase description. This phase has a decay
slope around 1.0 < a < 1.5 which was expected before swift and it is consistent
standard fireball afterglow model in ISM [56]. The explanation of this phase is related
to the end of energy injection at the external shocks.

This implies (1) the fall of the lorentz factor of forward shock up to the point of
minimal lorentz factor that carries a significant initial energy. (2) The time that the
central engine needs to be in active [57]. In general the normal decay is expected in

the standard forward shock.
Late steep decay following the plateau in X-ray light curves

In this phase (IV) in (Fig. 2.2.) left side, the decay slope is greater than 2. After the
normal decay, X-ray emission is powered by a continues jet from a long lasting central
engine. Then X-ray flux from the external shock is buried beneath this emission
[58]. Indeed, the canonical X-ray light curve can be matched with the accretion
history in the collapsar GRB model. This model assume that the X-ray luminosity
is proportional to the accretion power of the central engine [59].

This late steep decay of swift, represents an achromatic steepening that happens
due to the jet breaks. When the lorentz factor of the ejecta becomes larger than
6, compared to the jet opening angle y, the ejecta is collimated into a jet break.

Finally, this phase is expected in the forward shock model as a jet break. Jet breaks

17



are thought to happen due to the beaming of the emission from GRBs. This phase

has pre-jet-break phase and post-jet-break phase, (see in Fig. 2.2.).
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Figure 2.3: Examples of GRBs X-ray afterglow light curves for both long and short
bursts

2.3.3 Time of breaks in swift afterglow light curves

In (Fig. 2.2.), there are three break points and the time at that points are called
breaking time of afterglow light curves. These break times are the first break time,

the second break time and the jet break time.
The first break in the light curve (tyqcar1)

This is the time at which the phase change of light curves from phase I to phase II is
took places. As we have shown in (Fig. 2.2.), the tyeqr1 is around tyeqr1 (10% — 103)
seconds < t1 < tprear2 (10% — 10? seconds).

The first break time is also the time when the slow decaying emission from the
forward shock become dominant over the rapidly decaying flux from the prompt
emission at a large angle. In sharply decaying flux, the prompt emission initially

dominates over the external shocks at ¢ > tp,cqr1 [60].
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2.4 Flux decay with time of observed light curve

When relativistic, conical and optically thin source moving with a lorentz factor I"
turns off abruptly, the flux declines rapidly with time [61]. In such type of source
which is specified with spherical co-ordinate (1,0, ¢), the source turned off at r = Ry.

where r is the radius of the photo/jets, Rg is the radius of the observer and 6 is

measured with respect to the line of sight to the observer.

observer

Figure 2.4: High latitude emission when the gamma-ray source turns off suddenly

The time dependence of observed flux follows from the lorentz transformation of
specific intensity. The specific flux in the observer frame from the relativistic source
of moving object with specific intensity I/, and spectrum frequency o '=# is given
by

fu(tobs) = /onbs]uCO«S‘Qobs (2.4.1)

where df),,, is the solid angle of the source, I, is the specific intensity of the source
photon. To derive the standard flux decay of GRBs, let we define df2,,s and I, in the
relativistic beaming.

In relativistic beam of photons, the transverse component of the momentum does

not change under lorentz transformation, i.e. its comoving and lab frame values are
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the same. Thus

vsinf = v'sind’ (2.4.2)

or

sinf = (V' /v)sint’ (2.4.3)

Since the photon frequency on the observer frame, v, can be expressed in terms of
the comoving frequency, v/, using standard lorentz transformation of photon as

V/

v T(1—vcosf/c) VD (24.4)

where D is standard doppler effect which is expressed as [['(1 — vcosfl/c)]~t. Then
the ratio of the frequency become v//v = 1/D and substituting this ratio into Eq.

(2.4.3), we obtain
sind’

D

sinf = (2.4.5)

For large I', @ = 0'/T". This tells us photons are focused in the forward direction
such that the angular size of photo beam in the lab frame is smaller than it is in the
comoving frame by a factor ~ I'. And also the solid angle for a canonical beam of
photons in lab frame is smaller than in the comoving frame by a factor of ~ I'2. This
implies the lorentz transformation of solid angle is

sind'dg'de’ A
D D2

dQ = sinfdfdp = (2.4.6)

The other parameter in the lorentz transformation is the specific intensity. It is
defined as flux per unit frequency and solid angle carried by photos traveling with in

a narrow conical beam with its axis perpendicular to surface dA. This means

dE
I =— " 2.4.
dvdt s dAdS) (247)
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Considering dv/dt], dA" = dvdtysdA, are lorentz invariants and using Eq. (2.4.6) and

obs

E =TFE' Eq. (2.4.7) can be reduced to
I, = DI, (2.4.8)

Since for intrinsic spectrum, I’, = I'v'~ where 3 is spectral index, then the specific
intensity is summarized as

I, = D3%/Pr (2.4.9)
This equation, can be simplify by substituting the value of v/ from the Eq. (2.4.4).

I, = D¥Py=h[ (2.4.10)

Finally substituting Eq. (2.4.6) and Eq. (2.4.10) into Eq. (2.4.1) and integrating
over d¢ in the interval 0 — 27, the observed flux becomes

I, 51204 [(1 + 2)T]~G+0)

foltae) =2 [ dBa 25 e e B 777 (2.4.11)

where 1/ is the frequency that lies on the power law segment of the spectrum for I/,.
Using the law of sine from the diagram in Fig. 2.4, we see that ‘9;—"9 = “"R—ef)”s, this
A 0

implies sinfs = %’sin@ and substituting into Eq. (2.4.11) ,in the case 0,5 < 0,

yields

(2.4.12)

oI’V R /2 sinfcosh
fl/(tobs) - 070 0)2/ d
0

[(1+ )30 " dy (1 —vcosb/c)3+h

Using substitution method of integrating, this equation can be simplified as
fo(tops) o (1 — wveoshy /c) =P y=F (2.4.13)

Photons released at (r= vt, 0, ¢) arrive at the observer frame with a time delayed to

a photon emitted at r = 0 of
tops =t — rcosl/c = t(1 —vcosb/c) = t/TD (2.4.14)
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From this equation, the relation between t,,; and D is t,s o D~'. Then the flux

decay with time of the observed light curves from Eq. (2.4.13) is summarized as
Fultops) oc t=CHDy=0 (2.4.15)
The standard convection of flux decay is
Jo(tops) o t™ov™7 (2.4.16)

where o = 2 + [3.

2.5 Estimating the gamma-ray luminosity

Luminosity is the amount of electromagnetic energy a body radiates per unit of time.
The observed isotropic-equivalent luminosity in the X-ray afterglow ,Lx can generally

be expressed as

La(t) = / " L()dy (2.5.1)

since L, (t) = 47 d3F/(1+z), substituting L, (t) into Equ. (2.5.1) yields

Lx(t) = %/ F,/(1+ 2)[(1 + 2)t]dv (2.5.2)

where dj, is the luminosity distance, vy and v, are the spectral frequencies in the
energy band, z is the redshift and L, (¢) is the spectral luminosity at the cosmological

frame of the source, i.e, both v and t are L,(t) are measured in the frame [62].

v2/(1+z)
Ly(t) = drd? / F[(1+ 2)tld (2.5.3)
Vl/(1+z)
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since F,(t) is measured in the observer frame and assumed in standard form, Eq.

(2.5.3) can be reduced to:
L(t) = 4nd2 (1 + 2) PV, (1) (2.5.4)

Where F,(t) = [* F,(t).

In summary, swift observation have led to the better understanding of afterglow
light curves for the initial few hours. The two mechanisms of emission have related to
the central engine of the burst. The four phases of the afterglow light curves are clearly
captured with swift. Finally we have understand that the flux decay of afterglow light
curves are governed with standard law of decay, i.e f, (tops) oc t~*v % where o = 24 3.

This is a theoretical understanding for the afterglow era. Let we introduce the
methodology of analyzing the temporal and spectral analysis of the afterglow in the

next section.
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Chapter 3

Methodology

Introduction

In this section, we have described the method that were used in this thesis. The
afterglow light curves were analyzed by different researcher in different times in the
swift era. So that in this thesis, to understand the temporal and spectral decay

indices, the following directive methods are used.

3.1 Model

We have assumed the fireball model. In standard fireball model, the behavior of X-ray

light curves is assumed to be a single power law decay where flux goes as:
fo(t) oct™ (3.1.1)

where « is the temporal index/decay slope and o = 1,2,3,4 for early steep decay
slope, shallow decay slope, normal decay slope and late decay slope respectively.
This model also indicated the closure relation of temporal and spectral indices.

As we have discussed in section (2.4), in standard fireball model, we have o = 2 + (3.
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3.2 Sample selection

In our synthesis of swift XRT light curves, GRBs have been selected in which they
have more than two light curve breaks and specific or known redshift. From the
Evans et al online repository, we have considered GRB data taken over the period of
six month in this work, which were triggered from January 2005 - July 2005. Among
40 GRBs that were triggered during this period, we have chosen a representative
sample of 4 GRBs for our analysis. The selection criterions were number of light

curve breaks and known redshift.

3.3 Data analysis

The graphical relation between afterglow flux and time has been shown by using
MATLAB programming for the selected data. Hereafter considering high latitude
radiation and the flux decay closure relations, we made a numerical determinations
of temporal and spectral indices of the afterglow decay for early steep decay and
temporal index for the rest phases. In our numerical calculations, from F,(t) o
vt~ the flux density or flux per unit frequency was approximated to F,(t) ~ t~°.

Finally, we have found the values of temporal flux decay « as:

logfs — log f1

~— 3.3.1
logty — logty ( )

and the corresponding spectral index from a = 2 4 3.
In general, we have discussed our results whether they confirm to the earlier values

by taking different approximations.
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Chapter 4

Analysis of GRBs’ afterglow light
curves

Introduction

In this chapter we discussed the characteristics of temporal parameter of sample GRBs
in four phase. The X-ray light curves are typically composed of several components
in which the canonical shape has four power law segments expressed in section (2.3).

The temporal parameters or the decay slope of each four phases are discussed bellow.

4.1 Swift/XRT light curve data

For our samples of GRBs on Evans et al online repository [63-64], we have the fol-
lowing swift/XRT data of selected GRBs. In table (4.1) and (4.2) bellow, time since
BAT triggers (s) and flux through energy band (0.3 - 10 KeV)(ergem=2s7!) have been
taken randomly from the respective phases in each GRBs. These flux and time values

have been selected in each phase to find the respective temporal index.
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GRBs

phase I [t(s), f(ergem™2s71)]

phase I [t(s), f(ergem™2s71)]

050315 t; = 85.867271
fi=867x1024+1.1x107°
ty = 95.9712¢
f>=6.01x1074+8.9 x 1071
050505

t; = 11568.3+36:¢4
fi=T789x 10712+ 1.78 x 10712

ty = 12697.85757:2

fo=T75x10"124+1.68 x 10712

ty = 3498.967 735

050724

t; = 2886.95+4129
fi=257x1071 +£57 x 10712

fo=16x10""14+3.4 x 10712

t, = 8680.7312647
fi=15x10""+£34x 10712

ty = 15333.3315512
fo=9.67x10712+£22 x 10712

t = 79.56153,

ty = 84.14104%

050730

f1=836x10"?+1.04 x 107?

—0.24
fo=594x1072 £ 7.8 x 10719

t; = 131.85+04!
fi=434%x1079 £ 5.34 x 10710
ty = 135.52703]

fo=43%x10"2+6.2 x 10710

t; = 140.2475:59

ty = 198.3971-67

fi =166 x 1079 +2.49 x 10710

fo=6.13x 10719 +£9.15 x 1071

t; = 261.797166
f1 =9.3x1071041.39 x 1010
ty = 770457190
f2=555x 10710+ 83 x 107!

Table 4.1: Data from Evans et al 2009 online repository for phase I and II
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GRBs | phase III [t(s), f(ergem™2s71)] phase IV [t(s),f(ergem™2s71]
050315 t; = 168320.291223.78 -
fi=139x107"2+£3.64 x 10713 -
ty = 888451.76139569.16 -
fo=6.45x 10714 £2.01 x 1074 -
050505 t; = 44079.52F110:35 -
fi1 =287 x10712+748 x 10713 -
ty = 91151.33F19329
fo=5.02x10"13 +£1.06 x 10713 -
050724 t; = 300.07727, t; = 103776.117258133
f1=286x10710£522x 1071 | f; =2.46 x 10713 £ 6.58 x 10714
ty = 316.067%9 to = 106925.0117282449
fo=265x10710£49x 107" | f,=91x10"*£1.89 x 10~
050730 t; = 6501.971347 t; = 10382.1511238

fi=132x10710+£297 x 1071
ty = 9954.967235
fo=75x10""4+1.7x 10

fi=134x107104£292 x 10711
ty = 142736.21777899-3
fo=14x10"2 4313 x 1071

Table 4.2: Data from Evans et al 2009 online repository for phase III and IV

The time since BAT triggers with their respective light breaks and the flux in the

Result and discussion

for each GRBs.
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swift XRT during their burst is also presented below (Fig. 4.1 - Fig. 4.4).

As we have described in section (3.2), all the necessary data were from Evans et al
online repository. The afterglow flux for each GRBs in the energy band 0.3 - 10 keV

has been triggered in different time interval. The swift/XRT has shown all parameters




For GRB050315, the swift/XRT has shown two breaking time in the decaying
processes. This GRB has also three phases such as early steep decay, shallow decay
and late steep decay. The values of the breaking times were Ty, eqr1 = 5420i§3§3 s and
Toreak2 = 168003?88 s. Based on the data extracted from the online repository, the

graphical representation of flux in the given energy band against the time of burst is

drawn using MATLAB programming and presented in Fig. (4.1).
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-14
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Times since burst(s)

Figure 4.1: The X-ray flux (0.3 - 10 keV in the observer frame) as a function of the
observed time

The data of GRB050505 was also similar to GRB050315 in case of breaking points.
GRBO050505 has two break times. These were the indicators for the three phases.
These breaking times were Tprear1 = 706377550 s and Tyrear2 = 4390071250°. Using
the same programme, we got flux against time diagram as shown in Fig. (4.2).

However, GRB050724 and GRB050630 had three breaking time. This indicated
that they had four phases of afterglow light curves. The breaking times of GRB050724
were Toreara = 13275 ) Torearz = 2977105 s and Tpeqrs = 472753 5. The phases of

GRB050724 were indicated using the Evans et al data and MATLAB programming
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Figure 4.2: The X-ray flux (0.3 - 10 keV in the observer frame) as a function of the
observed time

and and presented in Fig. (4.3).

o |
o[ ]
10"l \Tb,a 1

10'7 L MR | L M| L Lol L M| L
10’ 10° 10° Times since burst (s)10° 10° 10°

=)
T

F, 0.3-10) (ergem’s™'

Figure 4.3: The X-ray flux (0.3 - 10 keV in the observer frame) as a function of the
observed time

And finally the break time for GRB050730 has been given as Tyreqr,1 = 259ﬁ%
S, Toreak2 = 18321’33; s and Tpyreqr,3 = 10400f§88 s. The decay that represents the
afterglow light curves has been drawn using the MATLAB program and presented in

Fig. (4.4).
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Figure 4.4: The X-ray flux (0.3 - 10 keV in the observer frame) as a function of the
observed time

4.2.1 Numerical analysis of temporal indices in phase I

Based on the data in table (4.2), the temporal index early steep decay slope of each
GRB was calculated. Since that data have positive and negative error measurement,
the decay slope also has the error reading. As we have discussed in section (2.4), the
flux decay with time for the observed light curves were summarized as: f, (t) oc v=9¢=%.
From this expression, we get v°F, oc t=®. Then the afterglow light curves at every
segment decayed as ~ t~¢.

The slope of the decay for the afterglow light curves can be calculated by taking

points from the flux and time reading of the swift/XRT.

o~ logfo—logfi logfi —logfr

~ 4.2.1
logty — logty logty, — logty ( )

Using Equ. (4.2.1), the numerical value of temporal decay index of each GRBs are
calculated in the first phase or early steep decay phase as:

ar = a . log(8.67x10~9£1.1x10~%)~log(6.01x 10— ?+8.9x10~'%)
b TOR0sI log(95.97757) ~log(85.8675 %))

The slope without error is calculated by taking the value of flux and time reading
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without positive and negative error reading.

a1 = Q50315 ~ 3.3

The positive error of the slope is calculated from the positive errors of the flux
and time errors of swift/XRT. Then by taking the positive values of flux and time,
we got

a1 = ps0315 ~ 3.22

The negative error of the slope is calculated also using negative errors of the data.

a1 = Q50315 ~ 3.94

Finally the slope of the early steep decay slope or the temporal decay index for
GRB050315 become

a1 = Qos0315 ~ 337008 (4.2.2)

Similarly, the decay slope of GRB050505 is also analysed using

_ log fo—log f1

Q1 = Q050505 = Y051, log 1y

log(2.57x10"11+5.7x10712) —log(1.6x 10~ 11 4+3.4x 10~ 12)

o= ~
1 050505 10g(3498.96 113 00) —log (2886.95 7 12 27)

The value of agso505 is found by using the same procedure with agsp315.

a1 = agsos05 ~ 2.67005 (4.2.3)
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And the next two decay slope of the GRBs are also calculated with the same method
and given as

a1 = Qgsor2a ~ 5.8700° (4.2.4)

a1 = agsorso ~ 2.87T001 (4.2.5)

Considering high latitude emission i.e in early steep decay phase curvature effect
is assumed. Then we found the value of spectral index by using § = o — 2. The
spectral values of early steep decay for our samples of GRBs are given bellow:

The numerical values of spectral index for GRB050315, GRB050505, GRB050724 and

GRBO050730 are calculated from their respective temporal index approximation.

N ~ 2 2+0.24
Bos031s ~ Qos0315 — 2 & 3.3 508 — 2

Finally we get, the value of spectral index GRB050315 as
Bososis =~ 1.37022 (4.2.6)

Using similar procedure,we have the values of GRB050505, GRB050724 and GRB050730

as
Bososos = 0.650 05 (4.2.7)
Bosoras =~ 3.8709° (4.2.8)
Bosorso ~ 0.8710-51 (4.2.9)

According to the above results, when we compared the values of each GRBs, the

numerical value of temporal decay index is nearly consistent to the theoretical value
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of the afterglow light curves. The value of GRB050315 is exactly consistent with
the value of 3 < a3 < 5. The numerical value of GRB050724 become largest. This
value indicated that it decayed early from a high altitude. In this phase, GRB050724
declined rapidly comparing to the others. However, GRB050505 has slow decaying
afterglow light curve segment in phase I.

In this phase, the spectral index is also assumed and calculated with respect to
each GRBs. The values of spectral index is the only indicators on this phase. As a
light curves’ slope increased with time, the flux from higher latitude is took over. For
higher latitude the kinetic energy is gradually converted to heat and the afterglow
gradually fades and rapidly decayed.

As the temporal decay slope increased, the luminosity of each burst decreased.
As we discussed in section (2.5), the luminosity of each burst is ~ t7*1. As the a3
increased, the the luminosity of afterglow light curves have been died out rapidly.
In the early steep decay phase, the isotropic kinetic energy decreased rapidly. Then
GRB050724 has been decreased energy rapidly in the early steep decay stage from
our samples. Finally, the high kinetic energy in prompt phase is rapidly decreased as

the time increased in the early steep decay.

4.2.2 Numerical analysis of temporal indices in phase 11

As we have discussed in section (2.4) of this thesis, the numerical value of temporal
decay index of shallow decay or plateau phase is ~ 0.5 — 1.0. We have used the

relation of flux and time for our samples

_ log fo—log f1

~
o= logta—logty

to find the value of oy for each GRBs.
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We have found the slope without error by taking the value of flux and time reading

without positive and negative error reading as:

Qi = Qs0315 ~ 0.54

The positive error’s of the decay is

Qi = ps0315 ~ 0.65

And the negative error of the decay is =~ 0.51. The value of the slope of the decay

with error measurement is
_ +0.11
Qg = Qos0315 ~ 0.547( 3 (4.2.10)

Using the same numerical analysis for GRB050505, GRB050724 and GRB050730,

we provide the following decaying slope of these phase.

ay = agsos05 ~ 0.797003 (4.2.11)
ay = Qpsorae ~ 0.66709° (4.2.12)
= Qpsorzo ~ 0.4870 2% (4.2.13)

Theoretically in canonical light curves, the slope of the decay in shallow phase
is larger than 0.5 and less than 1.0. This indicated that the value of the temporal
decay index in phase II is 0.5 < ay < 1.0. For our samples, the temporal decay slope
is consistent with the theoretical value of decay slope of the GRBs afterglow light

curves. But the temporal decay index of GRB050730 showed that this high plateau
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because the slope is smaller when we compared from others. For these GRBs, there
is no spectral evolution across each breaks.

In this phase, energy declines slowly. This indicated that the energy has been
transferred slowly from ejecta to the ambient medium [65]. The energy delayed may
be due to the reverse shocks. The energy injection from the ejecta was with wide I"
distribution. Generally in this phase, the energy is decayed slowly with a very small

decay slope.

4.2.3 Numerical analysis of temporal indices in phase III

The numerical values of the above GRB samples in normal and late steep decay phase

were calculated using

o ~ —logfo—log fi
logta—logt1

. The values of the temporal indices in each GRBs are calculated by substituting

all the data from table (4.2.). The values provided for each GRBs have been listed

below.
a3 = Q50315 ~ 1.870:92 (4.2.14)
a3 = Qs0s05 ~ 2.470 5 (4.2.15)
a3 = Qgsoraa ~ 1.5707% (4.2.16)
a3 = agsorso ~ 1.37005 (4.2.17)

This phase, as we have discussed in section (2.4), is called the late steep decay

for GRBs which have two breaks. GRB050515 and GRB050505 have two breaks and
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they have late steep decay slope. As we have shown on the above Fig. (4.1) and
Fig. (4.2), the slopes of the GRBs have been greater than the shallow decay which
it indicated high energy decreasing process. The luminosity of the GRBs have been
reduced rapidly. For the two GRBs, this phase was the final decay that the energy
died out throughout.

So that when we compared the temporal decay index, the first two GRBs were
nearly consistent to the theoretical prediction of 3. In late steep decay, the afterglow
light curves decayed greater than ~ t=2. The late steep decay slope what have found
was a3 = Q5315 ~ 1.8f8:g§ and a3 = apso505 ~ 2.41“8:2; This indicated that the
numerical value of late steep decay slope was nearly a3 > 2. The results of this
thesis showed that GRB050315 and GRB050505 nearly confirmed to the prediction.
GRB050505 declined rapidly and GRB050315 was slowed relative to GRB050505.

However, GRB050724 and GRB050730 have three breaks. For the two GRBs this
phase is called normal decay phase. For a normal decay phase in standard forward
shock, the temporal decay slope is 1.0 < ag < 1.5. In this phase, the luminosity of
of the GRBs was decreased with the ~ t7* in which the values of decay slope was
a3 = qpsoras ~ 1.5703% and a3 = agsorso ~ 1.37505. The energy decaying was rapid
comparing to the shallow decay in bath of the GRBs. GRB050724 and GRB050730
showed normal decay relatively near to 1.0 < a3 < 1.5. Here, GRB050724 declined

early since the slope was greater than GRB050730.

4.2.4 Numerical analysis of temporal indices in phase IV

This phase is the late steep phase in which jet become declined. The GRBs that have
late steep decay phase from my samples were GRB050724 and GRB050730. These

GRBs were steep decayed means they have temporal decay index of greater than 2.
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The numerical value of temporal decay slope provided to the two GRBs were analyzed

as follow by using

_ log fo—log f1

a = logtao—logt1

ay = qpsoraa ~ 3.1705s (4.2.18)
ay = agsorzo ~ 2.67055 (4.2.19)

From our data only GRB050724 and GRB050730 have three breaking time. The
numerical value which is provided was consistent to the theoretical numerical value.
This means they decayed rapidly after normal emission. The luminosity of the two
GRBs has a decay power law ~ t~** with the value of ay = agsp704 ~ 3.1Jj8:§5 and

_ +0.35
Q4 = Qo50730 2‘670.23~

The energy has been died out as the time increased and the
energy totally have decreased in related to the respective decay slope.
In summary, the numerically calculated values of the sampled data were nearly

consistent to their respective theoretical values in each phase and the energy decaying

has been occurred in each phase. The above result can be summarized as

slope | theoretical value | GRB050315 | GRB050505 | GRB050724 | GRB050730
o 3-5 ~ 3300 | ~ 267005 | ~5.8%09% | ~ 2877040
y 0.5- 1.0 ~0.54%06s | ~0.79%008 | ~0.6670%° | ~ 0.4870
as 1.0-15 ~ 18708 | ~24700 | ~ 15703 | ~ 13700
s >2 - : ~310L |~ 26108

Table 4.3: Result summary of temporal decay index
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Chapter 5

Conclusion

In this thesis, swift afterglow light curves have been analyzed. The concept of after-
glow light curves were very difficult to understand before swift. However, the long
lived afterglows observed at low energies are believed to be produced by photon elec-
trons excited in the external shock arising from the interaction between the relativistic
outflows and the surrounding at r ~ 101® — 10'® cm from the source. In afterglow
theory, the light curves represented the way of energy dissipation in different stages
of emission.

We have presented X-ray light curves for four GRB; monitored by swift from
January 2005 - July 2005. These light curves mostly started decaying as early as
< 10?% s after the GRB trigger. The most striking result we obtained is that the decay
slope for the early steep decay X-ray light curves nearly in 3 < ay < 5 and the energy
decaying process has been decreased rapidly. All the values of temporal index in our
sample were nearly consistent with the basic temporal approximation of canonical
light curves of initial steep decay. The temporal and spectral indices are the main
important factors for light curves in afterglow physics.

In afterglow physics, the canonical x-ray afterglow pictures represent the initial
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steep decay F, ~ t~* with a temporal index 3 < o < 5 and an energy spectrum
F, ~ v~ with an energy spectral index 1 < 3; < 2 in the time interval bellow the
break time. Then afterglow light curves rapidly decayed and an important values
were in the region of theoretical predicted numerical values. Since the flux decay and
the time reading in the X-ray were error oriented, except GRB050315, the rest of
GRBs weren’t exactly fit to the actual value.

All GRBs in our sample were consistent to the numerical value of the slope of
canonical light curves in plateau phase. Since the temporal decay index in the shallow
phase is between 0.5 and 1.0, our result for all samples were between this boundary.
When the energy is terminated, the decay of light curves become slow down and the
transition to phase three (normal decay) is occurred. Generally in this phase all the
GRBs slowed down.

When we considered phase three of afterglow light curves of our samples, they
are grouped into two. For GRB050315 and GRB050505, this stage were their late
steep decay phase. Then, the numerical values of temporal decay index were near to
above two i.e consistent to the accepted values of the canonical afterglow light curves.
However, GRB050724 and GRB050730 had three break points of time and then they
were in normal decay phase in which their decay slope have been valid.

The last phase were late steep decay phase. GRB050724 and GRB050730 showed
the situation fading in this light curve segment. GRB050724 decayed more rapidly
than GRB050730 that means the energy become slow down quickly.

Generally in this thesis, we have calculated numerical value of the temporal decay
index of the the four phases of afterglow light curves. And our results of four GRBs'

indices were nearly consistent with the expected value.
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At last, it is possible to estimate the temporal decay slope from random data of
energy flux and time on each segments of afterglow light curves and the accuracy of

the values are the problem to be studied for researchers.
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