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Abstract

The long-lasting afterglow emissions, which shift from a higher energy X-ray band

to a lower energy radio band, are produced by the interaction between the relativistic

jet and the surrounding medium. Our understanding of afterglow, both theoretically

and observationally, was fundamentally altered with the launch of the Swift satellite.

One of Swift’s observational findings was the identification of an X-ray afterglow’s

canonical behavior, in which the light curves generally comprise four different

power law segments: initial steep decay, followed by a very shallow decay, a normal

decay followed by late steep decay. Here we aimed to verify the consistency of

our sampled Swift / XRT data with theoretically proposed canonical X -ray model.

For this purpose, a sample of nine afterglow data randomly identified from Swift

/ XRT data catalogues that detected over the past ten to fifteen years. The data

analysed using jupyter lab software, and various fitting parameters are generated

and interpreted to justify our objectives. The results of temporal analysis show

that, the dominant fraction (67%) of sampled data consistent with the shallow

phase [0.5 < α2 < -1] and normal phase [1 < α3 < 1.5]. On the other hand, the

analysis of data tells us, the majority of long afterglow GRBs (80 %) characterized

by larger amplitudes, that indicates long afterglows associated with higher energy

than short afterglows. Results of analysis also show, 67% of the sampled has

R2 value nearly closer to 1, which implies the data distributed about best fitting

line. Similarly, correlation coefficients of all the sampled range between -0.98 and -

1.00, which indicates there is a strong negative relationship between the variables,

and agreed with power law decay. Error bars on the top of histograms tell the

fluctuation of photons count about mean value. On our histograms, fluctuation of

photons in short GRBs afterglow higher than that of long GRBs, that ensures both

classes from different sources.

Key words: Gamma-ray burst, Prompt and Afterglow emission, Fireball shock

internal - external shocks, synchrotron and inverse compton scattering.
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CHAPTER 1
physics of gamma-ray burst

1.1 Introduction

what is gamma-ray burst?
GRBs are the brightest explosion in the Universe, arguably represent the most

significant astrophysical phenomenon since the Big Bang. They detected as brief,

intense and totally unpredictable flashes of high-energy gamma-rays, thought to

be happened during the core collapse of super massive stars or the merger of two

compact objects such as binary neutron stars or a neutron star and a stellar mass

black hole [1].

The fastest extended objects in nature are known as GRBs. They can travel from

a very small, compact region in a few tens of milliseconds to several minutes at

cosmological distance, injecting a larger amount of energy of order 1054 ergs or 1047

joules—much more energy than the Sun will emit in its entire life of 10 billion

years. The total measured fluence varies between 10−4 and 10−7 ergs / cm 2, which

corresponds to an isotropic equivalent luminosity of between 1048 and 1054 erg s−1.

[1, 2].

Because they are relativistic events associated to the final stages of massive stars,

they give insight on the properties of the host galaxy and the surrounding medium,

and they emit electromagnetic radiation ranging from radio wavelengths to gamma

rays, as well as potentially non-electromagnetic signals like neutrinos, cosmic rays,

and gravitational waves. These attributes put GRBs at the intersection of many

different fields within astrophysics. They can be identified even when they occur

at great distances because of their tremendous luminosity. During explosions,

ultra relativistic jets are produced accompanied by an intense gamma-ray flashes

called prompt emissions that outshine all the sky at very high red shifts. Prompt

1
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emissions often followed by afterglow signals of electromagnetic spectrum from X-

ray to radio wavelengths covering time scales from tenth of seconds up to several

months or more. Hence they are great interest to study cosmology [2].

As mentioned above, GRBs are characterized by radiating huge energies. A common

metric for determining these energies is the isotropic equivalent energy release

(Eiso); which is the energy that the burst would have if it emitted the energy

observed by us to observers in all directions. It can be calculated from the measured

fluence (Sγ ) as,

Eiso =
4πd2

L

1 + z
Sγ, (1.1)

where, dL is luminosity distance and z is red shift. Because of this, they are

highly powerful cosmological tools that are complementary to other probes like

galaxy clusters, stellar evolution, and supernovae (SN-Ia), which are typically

characterized by the presence of a distinct (Si II) absorption line around 6150A. As

a result, they can be observed up to red shift z∼ 10. The most intriguing and robust

property of GRBs in this regard is the correlation between intensity, isotropic

equivalent energy, and spectral photon peak energy (Epeak). This correlation is a

promising tool for measuring cosmological parameters. [2, 3].

1.2 Historical overviews of gamma-ray burst

The historical discovery and GRB research from early time to the current stages of

its development classified in to five eras.

1.2.1 Early era (1960 - 1973)

Vela was USA Military satellite that was initially designed to monitor (test ban

treaty) signed between countries man made radiations (explosions of atomic bombs

or nuclear weapons) on earth surface, space and water body during the cold war.

Series of Vela were successfully launched from 1963-1967 during the cold War to

detect the hazardous events, however, July 2, 1967 unique and unusual events in

signature to that of man made radiations were detected unexpectedly. Since then,

this new event (GRB light curve) of astrophysical origin known as gamma-ray flash

or GRB, and it was named as GRB670702 using the format GRBYYMMDD from

left to right, where the first two digits represent burst year, the middle and the

last two digits represent the month and the date of burst, respectively. This new

event was announced to scientific community in 1973 after clearly verified that it
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was not of man made radiations [4, 5].

Figure 1.1 below illustrates, the first GRB670702 light curve detected by Vela

satellites with its two separate peaks identified over a duration of less than 10

seconds.

Figure 1.1: Light curve of the first GRB that Vela has ever detected. In less than ten
seconds, two distinct pulses can be detected[4].

1.2.2 Dark era (1974 - 1990)

It was the era with poor detecting instruments. As a result, pace of understanding

observational and theoretical properties of GRBs were slow. The three fundamental

questions raised during dark era were: Where are GRBs come from? What are the

source of such flashes of light? By what mechanisms do they appear in our Milky

way galaxy? To answer such burning questions, series of vela launched, more

than 500 GRBs data were detected. However, only a few models were proposed

to explain the origin of GRBs outside the solar system, production mechanisms of

GRBs, and tentative evidences showing the bimodal distribution of durations and

classes of GRBs were collected as well. Furthermore, GRBs as new field of science

GAMMA-RAY ASTRONOMY was opened in this era [2, 6].

1.2.3 BATSE era (1991-2000)

BATSE was the early advanced space detecting instruments that carried on CGRO,

that capable to catch Gamma-ray sources from almost the entire sky in energy

range of (20keV - 2MeV). In its nine years of operation more than 2704 GRBs data

were collected and analysed. The Observational results of showed that, GRBs are

isotropically (uniformly) distributed over the entire sky. This implies that GRBs

originate at cosmological distances or from a large halo around our galaxy [6].
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Figure 1.2 below, illustrates the random isotropic distribution of 2704 GRBs
in entire sky detected by BATSE over its observation period.

It was explained that, Long duration GRBs appear in red bright bursts, while

Figure 1.2: The distribution of all 2704 GRBs detected by BATSE satellite: they are
clearly isotropic distribution [7].

short duration GRBs, appear in purple weak bursts, and in the bursts the grey

color are those for which the fluence could not be calculated, because of incomplete

data. In X- ray astronomy, fluence indicates the energy passing through a unit area

[7].

The major contributions of BATSE in its nine years successful operations were:

• The apparent isotropic spatial distributions of 2704 GRBs were confirmed.

• The cosmological origin of GRBs was accepted, however debate between galactic

and cosmological origin of event continued until April, 1996 [5, 7].

• Fireball model as the theoretical tool used to explain the huge amount of energy

derived from observed flux and fast time variability.

• Confirm the classification of GRBs into two: (short and long GRBs) according to

bimodal distribution of duration parameter T90, where T90 is defined as the time

interval over which 90% of the burst fluence is detected.

• provides clue that GRBs do not originate in our Galaxy.

• Provides database of GRBs, their spectral and temporal properties.

• The fireball model as best tool to explain the huge energy of GRBs was proposed

and accepted by astronomers during BATSE era.

• BATSE observational results also revealed that gamma ray light curves are very
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difficult to classify because of their diversity: (single spiky pulse, smooth with

single or multiple peaks, very erratic ,chaotic and spiky). However, in the BATSE

era, observations of GRBs remained limited to gamma-rays alone, since no follow-

up observations at other wavelengths were possible. GRBs locations by BATSE had

error-boxes of a few degrees across and thus contained a large number of possible

counterparts [6, 7].

Limitation of BATSE
• Unable to classify diversities of light curves (i.e single spiky pulses, smooth with

single or multiple peaks, very erratic, chaotic and spiky).

• Its observation was limited to gamma-rays alone, no other follow-up at other

longer wavelengths [7].

1.2.4 BeppoSAX era (1997-2004)

BeppoSAX was an Italian - Dutch satellite next to BATSE, and launched in 1997

devoted to explore long-living afterglows from X-ray to radio wavelength. It was

opened a new era for the current understanding of the mystery of GRBs. In its

period of operation, the main contributions of Bepposax were:

• The existence of GRBs afterglow predicted in longer energy bands (optical-radio

wave length) after prompt phase of GRBs.

• Clues of possible connection between the GRB-SN provided, and latter confirmed

by HETE-2 and Swift that supporting collapser model and explosion of massive

star of wolf-Rayet (WR), leaving behind BH.

• provide crucial informations on the progenitors of GRBs.

• Discovered cosmological distances of host galaxies [4, 7].

1.2.5 Swift era (2004-now)

SSOM was the third milestone satellite that opened a new era for the current

development of GRB research. Nowdays, SSOM re-named as Neil Gehrels Space

Observatory, after Neil Gehrels, who was high influential Principal Investigator.

Swift launched November 20, 2004 and fully operational in 2005, equipped with

three sensitive instruments. SSOM was dedicated to study:

• properties of prompt and afterglow phases

• progenitors (sources) of GRBs

• physical processes underlying prompt and afterglow emissions

• early evolution of universe via GRBs (the Big Bang theory), and

• non-electromagnetic phenomena, such as neutrinos, cosmic rays and GWs [4, 6].
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Swift has three sensitive instruments:

• X-Ray Telescope,

• Burst Alert Telescope, and

• Ultra-Violet and Optical Telescope.

Although each of them designed for specific purpose, they are working together

and enabled to study the prompt and afterglow emissions over a broad range of

wavelengths [8, 9].

Figure 1.3 below, shows Swift′s three sensitive instruments.

The specific function of each instrument in detecting events described below.

Figure 1.3: Swift Instrumentation and Swift′s three scientific instruments: BAT, XRT
and UVOT. Figure taken from: NASA/Goddard Space Flight Centre. The
size of Mask of BAT is 2.7 m2 [7].

BAT
BAT detects GRB events and computes its coordinates in the sky and It locates the

position of each events with an accuracy of 1 - 4 arc minutes with in 15 seconds.

This position immediately relayed to the ground and rapid slew-ground based

telescope catches the information.

XRT
It takes image and perform spectral analysis of the GRB afterglow. This provides

more precise position of GRB with a typical error circle of approximation 2 arc

seconds radius. The XRT also used to perform long term monitoring of GRB afterglow

light curves and operated in energy range of 0.2 keV - 10 keV .

UVOT
UVOT used to detect optical afterglow and provide a sub-arc seconds position. It

also used to provide longer wave length follow ups of GRB afterglow light curves.
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Swift has achieved remarkable success in observing that it:

•Revealed unusual behavior in the afterglow phase of the canonical X-ray afterglow

and X-ray flaring activity.

• The ability to observe the shift from prompt to afterglow emissions and detect

high red shift GRBs, or the farthest distant cosmic explosions, like 050904, 080913,

and 090423, was made possible.

[5, 7].

1.2.6 Fermi era (2008-now)

Compared to Swift (15keV–150keV), Fermi was designed to focus on the prompt

emissions phase of GRBs by using much higher energy ranges (8keV–300keV). It

is equipped with two different kinds of detectors, GRBM and LAT, on board. They

offer unparalleled spectral coverage ranging seven orders of magnitudes in energy

from 8 keV to 300 GeV. Significant advancements in our current understanding of

the origin of GRBs were made by Fermi.

Since its launch, Fermi has made the following contributions:

• It was verified that the GRB spectra contained three elemental spectral components:

a thermal component, an extra non-thermal power-law component, and a band

function-like component.

• asserted that a Poynting flux-dominated flow was represented by the featureless

Band function spectra that extended from keV to Gev band.

• provided an explanation for the presence of thermal components in some GRBs

(such as GRB 5090902B) because of a hot fireball lacking a strong magnetization.

• The delayed onset of GeV emission in some LAT GRBs implies that during the

early prompt emission epoch, there was probably a change in either the fireball’s

opacity or the particle acceleration condition.

• Verified that GeV emission during the prompt phase is most likely internal in

origin, whereas long-lived GeV emission is most likely external. [10, 11].

1.3 Classification of Gamma-Ray Burst

Two categories of GRBs have been identified: short/hard and long/soft, based on

bimodal distributions of duration T90 or T50 of prompt phase or hardness ratio. The

time span during which 90% (5% - 95%) or 50% (25% - 75%) of the burst fluence

or radiation is emitted in the prompt emission is known as the GRB duration, also

known as T90 or T50. A GRB typically lasts between 20 and 30 seconds for long
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bursts and between 0.2 and 1.3 seconds for short bursts. [1, 3].

According to observational results, the duration of GRBs can vary over five orders

of magnitude, or from approximately ∼10−2 s to approximately ∼103 s. The two

classes of GRBs—long or soft (T90 & 2 s) and short or hard (T90 . 2 s)—have been

distinguished by the bimodal distribution of T90. In terms of instrumentation, T90

or T50 depend solely on the energy band and the detector’s sensitivity limit. [3].

Two figures 1.4 (a) and (b) below, illustrate bimodal durations (T90 ) distribution

and the hardness ratio (HR) of two populations (long and short GRBs) that were

detected by BATSE, respectively.

There are three main time scales that could be connected to the observed GRB

(a) T90 of both classes of prompt emissions (b) HR of short to long GRBs

Figure 1.4: The bimodal duration (T90 ) distributions of both classes are shown
in Figure.1.4(a), and the T90 - HR diagram (Hardness ratio of short -
long GRBs) obtained by BATSE for the events listed in the BATSE 4B
Catalogue is shown in Figure (b). The two populations have a duration
that peaks at approximately 0.3 seconds and lasts for approximately 30
seconds.The dividing line between them is approximately 2 seconds. [10].

duration, theoretically:

(1) Time scale for central engine activity teng in sec.

(2) Time scale for relativistic jet launching tjet in sec.

(3) Time scale for energy dissipation tdis in sec.

The observed GRB duration T90 should, in general, satisfy the equation:

T90 6 tdis 6 tjet 6 teng (1.2)
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1.3.1 short or hard gamma-ray bursts

Prolonged T90 events, also known as hard or short GRBs, are events that last less

than two seconds and make up roughly 30% of all gamma ray bursts. These types of

outbursts are so powerful that they cause gravitational waves, which are rippling

effects in space-time.

Short GRBs were likely caused when two ultra dense stellar masses known as

neutron stars collided and formed a black hole, or when a black hole ate a neutron

star. They are highly energetic and hard when compared with their long burst

counter parts. For many years short-hard GRBs were not deeply researched as long

GRBs. As a result, the study of short-hard GRBs was limited. However, one year

after Swift launch, in 2005 a breakthrough occurred following the first detections

of short hard burst (SHB) afterglows [5, 6].

The Swift observations established that SHBs are cosmological relativistic sources

that, unlike long GRBs, do not originate from the collapse of massive stars, and

therefore constitute a distinct physical phenomenon. One viable model for SHB

origin is the coalescence or merger of compact binary systems, in which case SHBs

are electromagnetic counterparts of strong gravitational-wave sources.

In this burst, the conversion of energy into gamma-rays decreases as the burst

progresses. There is no radio, optical, or X-ray counterpart has found for any short

burst. Short GRBs are associated with regions of little or no star formation, such as

large elliptical old galaxies and located at central regions of large galaxy clusters.

This rules out a link to massive stars, confirming that short events are physically

differ from long events. Furthermore, they have no association with supernova [5].

1.3.2 long or soft gamma-ray bursts

Long or soft GRBs account for 70% of total observed events and have a duration of

greater than 2 seconds. All long bursts display X-ray afterglow and about one-half

as radio or optical afterglows. In long duration bursts energy conversion appears

to remain constant through burst. Their creation linked to a young galaxies with

rapid star formation and to a core collapse of powerful supernova (hyper-nova)

occurred when massive stars collapsed to black hole. This realized that GRBs

unambiguously associating with the death of massive stars at high red shift and

originated in star-forming regions. Hyper-novas are 100 times brighter than typical

supernovas and are thought to be generated by stars that are spinning particularly
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fast or have an especially strong magnetic field, imparting extra energy to their

combustions [6].

1.4 Global properties of gamma ray burst

Two specific global characteristics of classical GRBs began to emerge: their intensity

or brightness and their angular or locational distributions. These have important

implications for the origin of GRBs as well as the distance scale.

1.4.1 Intensity distribution

The brightness distribution of GRBs seemed to indicate that we were looking beyond

the edge of the GRB populations; that is, there were fewer faint GRBs than would

be predicted if GRBs were evenly or homogeneously distributed throughout space.

The most straightforward way to measure brightness was to look at the peak flux

(F, with units of [erg s−1 cm−2 ]) in the GRB light curve. The brightness distribution

is commonly expressed as the number of GRBs brighter than a certain peak flux F

per year, denoted by N (>F). In the event that the peak luminosity (L, expressed

in [erg s−1 ]) for every GRB is identical, we could observe every GRB within a

maximum distance defined by the 1/r2 law for a given flux F. [7, 12].

dmax =

√
L

4ΠF
∝ F−1/2, (1.3)

where the maximum distance, peak flux, and luminosity of the GRB source are

denoted by dmax, F, and L, respectively. By construction, all of the GRBs at that

distance would be brighter than F. The volume multiplied by the intrinsic rate

(R, in units of [event yr−1 per volume element]) would be the number of GRBs

we would detect to that brightness (or brighter) in a year: V × R ∝ R × dmax; N

(> F ) ∝ R × F−3/2. Therefore, given a homogeneous distribution, we anticipate

that the number of faint GRBs, N, will increase as a power law proportional to

F−3/2, where the proportionality constant scales in a manner directly related to

the intrinsic rate, R: that is, for every ten times fainter in flux, we observe, on

average, approximately thirty-two times more GRBs.There was a flattening at the

faint end of the brightness distribution, even though this was observed for the

brightest events.

This flattening strongly suggested that we were witnessing the outer edge of the

GRB distribution in space, which is a crucial hint for comprehending the distance
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scale. However, without understanding the intrinsic luminosity L, we were only

able to deduce the distribution’s shape rather than the distance scale. It was

similar to looking at a building’s picture and not being able to tell if it was the

life-sized building or a miniature found in a snow globe. [12].

1.4.2 Distribution in angles

There was no indication that any one direction in the sky was particularly more

likely to produce GRBs than any other. Instead, the locations of GRBs appeared

to be random or isotropic distribution. In the event that GRBs originated from

neutron stars scattered throughout the Galaxy’s disk, for example, GRB locations

on the sky ought to be preferentially located on the Galactic plane (as is observed

with SGRs). GRBs would have been more preferentially directed toward the Galactic

center and less so toward the opposite direction if they had been associated to

older stars in the Milky Way’s roughly spherical bulge. Although casting doubt

on some models, the inference that the Sun was roughly at the center of the GRB

distribution in space allowed for a range of distance scales, from a fraction of a

light year to billions of light years. [7].

1.5 Statements of the problem

Gamma-ray afterglow was discovered three decades after prompt phase. However,

it has been a well studied phase than prompt phase. Especially after the launch

of Swift satellite, the observational and theoretical understanding of physics of

gamma-ray afterglows radically changed. Swift missions, from the very beginning

aimed to detect and explain phenomenology of prompt and afterglow phase. In

this regard, one of the amazing result of Swift mission was the identification of

unanticipated behaviour of early X-ray afterglow- called canonical X-ray afterglow.

The canonical of X-ray light curve has shown four (4) phases or segments, among

which the first two phases (I and II with X-ray flares) were identified by Swift

mission. The phases may have different physical origins. The temporal, spectral

properties of X-ray light curves as well as its origin and the linkage with prompt

phase were intensively studied by several researchers. However, there is a method

and explanation gaps in analysing data and interpreting results obtained. To verify

the validity of previous works that related to my work and explain unclear issues,

I forward the following possible solutions.

• Do all our Swift / XRT sampled data fit with the theoretically proposed model to
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describe X-rays afterglow?

• what fraction of the sampled data agreed with the model?

• Is there a causal relationships between parameters (variables) that observed?

• Are they a positive or negative correlation between parameters that generated

during analysis?

1.6 Objectives of the study

General objective
The general objective of thesis is to study light curve characteristics of gamma-ray

burst, there by to achieve new insight in the field.

Specific objectives
• To verify the validity of the previous work, that all X-ray afterglows did not show

all their canonical behaviour.

• To calculate the fractions of our sampled Swift / XRT data that consistent with

the proposed model.

• To test a causal relationships between various variables that generated during

analysis of the data.

• To describe the features and implications of various parameters such as: temporal

(α), amplitudes (A), standard errors and correlation coefficients (r) of analysed

data.

1.7 Structure of the thesis

I’ll now draw attention to the thesis’s organization. The introduction included brief

discussions of the background, classification (as long and short GRBs), historical

discoveries, and the history of the field. In chapter 2, the emission mechanisms

of the prompt and afterglow phases, as well as the theoretical and observational

characteristics of both phases and their sources, would be explained by standard

models. In chapter 3, the procedures, models, tools, and techniques used to collect

and analyze the data will be briefly discussed. To support consistency, Chapter 4

compares the analysis results with the suggested models and explains relationships

between the calculated results and the plots of the data under discussion. The

last chapter will conclude with a concise summary of the work’s illumination and

suggestions for additional field research.



CHAPTER 2
Emission mechanism and Observational

properties of GRBs

This section covered the phenomenology of GRBs, including the prompt and afterglow

phases’ characteristics, the progenitors of GRBs, the connection between supernovae

and GRBs, and the emission mechanisms connected to each. Finally, a brief review

of the power law model’s canonical behavior and how it describes the X-ray afterglow’s

decaying mechanism.

2.1 Emission mechanism of GRBs : Fireball

models

The theories or models known as the "emission mechanism" describe how the

bulk kinetic energy of GRB progenitors is transformed into radiations, which in

turn causes the production of new GRBs through the use of fireball models. In

the early nineties, over a hundred possible models were established to explain

the phenomenon of GRBs. But over time, more limited observations have led

to the creation of a standard model known as the fireball shock model, which is

able to accurately describe the properties of progenitors as well as the emission

mechanisms of GRBs and afterglow. The standard theoretical model was well-

organized and attempted to provide an explanation for the enigmatic GRB events

over an extended period of time. [13].

2.1.1 Fireball shock model

The fireball shock model is the most effective at explaining the emission mechanism,

as well as the temporal and spectral characteristics of both phases, out of all the

models. A dynamic object called fireball shock makes an effort to explain the

time scales that control the phenomenology of the prompt and afterglow phases.

Powerful energy from over 9000 supernovae can be impressively ejected during

13
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GRBs. The creation of this enormous amount of energy is not possible through

thermal processes. What is the source of these extremely high energies? One of

the few theories to have been proposed to explain why GRBs typically have such

high energy levels is the fireball shock model. [13, 14].

The variability of light curves is directly related to the high energy levels because

it shows that the emission of GRB energy occurs over a very small region and is in

the order of 1052 ergs. This indicates that the emission is coming from a very small

volume of space with a highly concentrated amount of radiation energy. It is then

theorized that a Lorentz factor of Γ ∼ 100 be associated with the GRB. To put it

briefly, a fireball model that can account for all of these variables would be able to

apply to all GRBs and, as a result, be a realistic model to research the physics of

GRBs [14].

According to the fireball model, baryons and ultra-relativistic energy make up the

optically thin fireball that contains GRB emission mechanisms. Essentially, the

optical thickness and thermal profile known as the compactness problem prevent

the inner engine from being detected during the GRB event. This compactness

issue is resolved by the highly relativistic expansion of the fireball or (its dynamic

property), which can result in a variety of shocks that produce detectable GRB and

gradually fade to produce afterglows. [15].

It was Paczynske and Goodman who first proposed the relativistic fireball model

in 1986. They had demonstrated that the production of electron-positron pairs

e−e+ by the abrupt release of a significant amount of gamma-ray photons into a

compact region can result in an opaque photon-lepton fireball. The fireball’s initial

energy, E0, can be used to describe its most fundamental characteristic. Baryons

M0 (electrons with negligible mass) and M0 � E0/C
2 are present in the fireball,

along with its mean energy per baryon, η = E0/M0C
2. [14, 15].

When the expanding plasma becomes optically thin, as predicted by the fireball

model, radiation is released and escapes within the burst. Instead of the observed

power-law (non-thermal) spectra, this mechanism would produce a quasi-thermal

spectrum. It is challenging to explain the duration of GRBs with such a short time

scale in such a model. Furthermore, another model called the fireball baryon load

transforms all of its energy into kinetic energy rather than luminosity, resulting
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in a quasi-thermal spectrum that is unable to account for the radiation emissions’

efficient nature. Specifically, the emission origin associated with the two phases

is produced by two different mechanisms: one is matter-dominated or particle-

dominated, while the other is radiation-dominated or magnetic-dominated. The

elements of the fireball model are produced when massive stars collapse or when

binary neutron stars merge, and they are baryons, electrons, positrons, and photons.

[10, 15, 16].

The progenitors of GRBs and the procedures for generating prompt and afterglow

emissions using internal shock (IS) and external shock (ES) models, respectively,

are indicated in Figure 2.1 below. When baryon acceleated within an expanding

fireball of higher Lorentz factor Γ, the energy released is greater than the baryon

Figure 2.1: An illustration of the basic standard model’s steps, complete with internal
and external shocks and radiations, is provided by the fireball model
visualization. Both of the primary scenarios (merger and collapser) on
the left suggested that they would result in a central black hole encircled
by a disk. [13].

mass in the rest frame by a factor of ∼ 100. Two main results of this process

are visible: at the photosphere, a portion of the thermal energy is radiated away,

and the accelerated electrons create a non-thermal gamma-ray spectrum through

inverse compton scattering (IC) or synchrotron processes in the internal shock at

large jet radius, which results in a non-thermal gamma-ray spectrum. Rather,

Poynting flux is thought to be the dominant force in the outflows that emerged



16

from the central engine. [10, 15, 16].

The particles involved in the fireball model experience collisionless shocks, which

are caused by their acceleration and scattering as they cross the shock interaction

within the Fermi process. The energy distribution that arises from this could be

the kind that a power law (α∼ 2 - 3) describes. Under such circumstances, electrons

radiate non-thermally as photons through two distinct mechanisms: inverse compton

scattering and synchrotron, which both reach extremely high energies (GeV bands).

[16, 17].

2.2 Energy conversion processes

During GRBs emission processes in the fireball, energies can be converted from

thermal form to non-thermal radiation through two different mechanisms:

1. Dissipative process
2. Radiative process
As mentioned above, both mechanisms responsible to convert bulk kinetic energy

(thermal energy) in to non-thermal radiations (GRBs and its counterparts) via

either synchrotron or inverse compton scattering (ICS) processes.

Dissipative process
It is the matter dominated outflows of shock waves (ejecta) from central engine that

interact with itself and interstellar medium (ISM) to explain emission mechanisms

of prompt and afterglow phases, respectively. There are two main dissipative shock

models: (internal and external shocks) that interpret successfully the origin of

emissions associated with both phases [8, 17].

A. Internal shock model
The internal shock model describes how relativistic outflows, or ejecta, from the

central engine interact to create flashes of extremely energetic gamma rays. Shock

waves emerge from the inner engine immediately following the first GRB event

at a relativistic speed of 99.995%C, where C is the speed of light, with a value of

3 × 108 m/s, and the Lorentz factor is Γ ∼ 100. As was previously mentioned, a

fireball is a dynamic object made up of a mixture of charged particles (protons and

electrons), photons, and magnetic fields known as plasma, in which the particles

move quickly and randomly. [8].

Within the early stages of a GRB’s evolution, the fireball expands radially outward
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after absorbing energy left behind by the collapse or merger of compact objects close

to the central engine. A number of shock waves are coming from the compact source

during expansion, and they are moving at various relativistic speeds. Therefore,

interaction between various shock wave fronts results in energetic emissions of

gamma rays. [17, 18].

The fireball models’ emission mechanism is depicted in Figure 2.2 below: There are

internal and external shocks located at different points from the central engine to

produce the prompt and afterglow phases, respectively. Only by means of internal

shocks moving at relativistic speeds can bulk kinetic energy be converted into

gamma-ray photons, which are the only known source of high energy gamma-

rays. The production of inverse Compton and synchrontron emissions occurs when

internal shocks interact with one another while traveling at relativistic speeds [18]

Because the shells are emitting through inverse Compton, the shock front is being

slowed down, which lengthens the amount of time that multiple shock waves interact

with one another. It is possible that the earlier shock waves will be released

Figure 2.2: Standard fireball model [4]

more slowly than the later shock waves, which would also increase the amount

of interaction between the various shock waves. [16, 18].

B. External shock model
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When we talk about the external shock model, we’re really talking about the internal

shock waves that eventually cooled down and kept coming from the source. The

length of time and wavelength of afterglow that are detected from soft X-rays

using radio cannot be explained by internal shock waves. However, the emission

mechanism of the afterglow, which was first observed by BeppoSAX on April 28,

1997, can be explained by external shock waves. After continuing their journey,

the external shock waves will eventually come into contact with an impedance,

such as a molecular cloud, within the (ISM). The phenomenon of afterglow may

arise from the interaction of shock waves with either gas or dust. [19, 20].

The ISM receives the energy from the internal shock waves, which are then deposited

there. This material can then become entangled in the shock front and release

radiation. Since there is a lot of energy that can be deposited into the ISM due to

the high energy of the shock waves at the beginning, this is what can cause the

afterglow to last for so long and why it covers the entire energy spectrum. [19, 20].

Figure 2.3 below, shows different phases and associated structures that observed

during collision less interaction with in ejecta (internal shock waves) and interaction

of blast waves with surrounding medium (Forward and reverse shocks), respectively.

A relativistic materials or jets running into external ambient medium or stellar

Every time, the ejecta entered a high-density environment, producing an external

shock peak in the mission. The jets may be shocked in reverse or forward direction

during the external shocks. Forward shocks are produced as the material in the

jet accelerates, compresses, and expands the interstellar medium. Forward shocks

slow down when the rest mass energy of the swept particles equals the energy that

is ejected. Deceleration length scale is set at (∼ 1016 cm from central engine) by

this. The deceleration of the material jet creates the reverse shock, which then

returns to the relativistic flow. When the ejected energy is greater than the rest

mass energy of the swept particles, this phenomenon occurs. [20, 21].

Radiative process
The two primary radiative models that successfully interpret the source of emission

linked to both phases are inverse compton scattering and synchrotron radiation..

A. Synchrotron Radiation
When relativistic electrons spin or gyrate in a uniform magnetic field, they produce

synchrotron radiation, which is an effective model for explaining the emission
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Figure 2.3: Figure illustrating the various stages or components of the conventional
fireball model with both internal and external shocks. The internal
shock that causes immediate emissions to continue for the duration of
the central engine’s operation. This is the phase that saw the formation of
rapidly changing optical, X-ray, and gamma radiation. The impact of the
jet with the progenitor’s stellar wind, which is characterized by a smooth
(but non-monotonic) light curve variation, generates the external shock
that is responsible for the observed afterglow phase in radio, optical, X-
rays, and γ-rays. [21].

mechanism of non-thermal radiations. It is believed to be one of the most important

mechanisms behind several distinct astrophysical phenomena. Since synchrotron

shock mechanism is produced by optically thin plasma (τγγ ≤ 1) in a weak magnetic

field, it can be used to predict the shape of the observed (non-thermal) spectra.

[1, 15, 18].

This same two regimes of synchrotron emission are the fast-cooling phase and the

slow-cooling phase. former describes the time scale for the electrons’ cooling, which

is shorter than the dynamical lifetime of the source, leading to an electron that

cools more quickly than when energy is injected at a low level. The latter happens

when the electron cooling process takes longer to complete than the source’s dynamic

lifetime. There are variations between these two regimes that are related to the

radiative emission time scale. [9, 10].

The set of characteristic break frequencies in synchrotron spectra is made up of

the peak (νm), the cooling (νc), and the self-absorption frequencies (νa). These
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frequencies change over time, and their evolution is reflected in the intricacies

seen in the forms of the light curves at particular energy bands. Additionally, this

model is capable of accurately describing the afterglow phase. For the majority of

GRBs, the optimal spectral fitting model currently thought to exist is an optically

thin synchrotron spectrum. Applications of the first synchrotron model were made

to the spectral fitting of GRBs [15, 22].

B. Inverse Compton scattering (IC)
Inverse Compton scattering (IC) is the result of an inelastic collision between ultra-

relativistic electrons and low-energy photons. Each and every astrophysical source

has a synchrotron radiation-activated SSC scattering component that allows photons

from the source to be scattered to high energies and over a large frequency range.

Therefore, it is acknowledged that the SSC mechanism is the phenomenon that

generates high-energy emissions from GRBs and other astrophysical sources. The

SSC mechanism explains the injected electron spectrum with a straightforward

power-law function, despite its complexity. The SSC spectrum can be precisely

described by performing an analysis of the seed photon spectrum and a complex

electron energy distribution. In some cases, modeling ≈ 10 MeV can be used to

represent the GRB spectrum as an extremely high energy SSC component. [11, 16].

2.3 Progenitors of GRBs: collapser and merger

models

There are numerous ways to generate a lot of energy in the natural world. Coal

power, gravitational, and rotational are a few of them. The efficiency of the nuclear

model is insufficient to power a GRB. Nonetheless, the energy release of GRBs is

being driven more by the later of the two progenitor models. The collapsar and

merger models are shown as the primary progenitors of long and short GRBs,

respectively, in Figure 2.4 below. The two models originated from the remnants

of massive stars known as black holes. Direct observation is not possible due to the

central engine E0, which generates initial energy. Nonetheless, it is believed that

the afterglow phase of the observed temporal structure represents the activity of

the central engine, which satisfies the following features: [23].

• Able to generate a highly relativistic energy flow with ≈ 1051 to 1055 erg.

• Hugely variable flow leading to extremely variable light curves.
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Figure 2.4: Schematic scenarios for plausible progenitors of long and short GRBs.
Long GRBs come from the collapse of massive, rapidly rotating stars,
while short GRBs come from the merger of compact objects [23]

• Its duration can range from a few hours to a fraction of a second.

• The potential for late-time activity to result in X-ray flares.

• Observed GRB rates suggest that this was a relatively rare event.

2.4 Supernova

Supernovae (SNe), which are incredibly powerful explosions, end the lives of some

stars. Supernovae (SNe) were first studied in the early 1930s, and the first bright

supernova (SN 1987A) was found in 1987. One theory explains the massive amount

of energy released in supernovae ("SNe") as a result of neutron star’s gravitational

collapse into another star. A portion of the solar masses with kinetic energy of the

order of 1051 ergs are expelled into interstellar space during an explosion. Heavy

elements found in the ejecta are crucial for understanding the chemical evolution

of galaxies, stars, and planets. Supernovae (SNe) have the potential to be sources

of cosmic rays and compact remnants like black holes or neutron stars. [24].

Based on observational characteristics, supernova explosions are classified as Type

I or Type II. The light curves for type I and type II supernovae are shown in Figure
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2.5 below; type I supernovae are identified by the lack of a hydrogen line, while

type II supernovae have a hydrogen line. Each type of supernova has its own

unique light curve, but there are many variations from the general shape that

are observed. These variations are caused by the unique characteristics of Type I

supernovae, which arise when white dwarfs collapse and reach the Chandrasekhar

limiting mass through accertion, as opposed to Type II supernovae, which are

linked to the collapse of iron cores of massive stars. The evidence of hydrogen in

the spectrum is a result of the large, hydrogen-rich envelopes these stars have.

A supernova is categorized as Type II if its spectrum shows hydrogen lines; if

not, it is classified as Type I. The Type II supernova stage has been surpassed by

ancient stellar populations where no star formation takes place because massive

stars evolve far more quickly than low mass stars. [24, 25]. Type I supernovae

Figure 2.5: Supernova light curves of type I and type II [15].

are further classified into Type Ia, Type Ib, and Type Ic based on features seen

during the early spectral explosion. The Type Ia supernovae are identified by

the presence of a distinct (Si II) absorption line around 6150 A, and their late

spectra display numerous lines linked to Fe emission. In contrast, the Type Ib and

Type Ic supernovae lack this ionized silicon (Si II) absorption line, and they are

differentiated by the presence or absence of moderately strong He I lines around

5876 A. [26].

The spectra of Type II Supernovae (SNe) can also be used to further subdivide

them; these features show very broad emission lines, indicating expansion velocities

of many thousands of kilometres per second, with relatively narrow features in

their spectra. These are referred to as Type IIn, where "n" stands for "narrow."

These could be generated by a variety of core collapse scenarios in distinct progenitor
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stars, including type Ia white dwarf ignitions. However, it appears that the majority

will result from iron core collapse in bright supergiants or hypergiants. The supernova

is expanding into a small, dense cloud of circumstellar material, which is why the

narrow spectral lines for which they are named occur. [27].

2.4.1 GRB-SN association

In the late 1990s, it was found that there were more massive supernovae that could

occur (5 - 50 × 1044), with energy outputs of order 1045 J, i.e., at least ten times

larger than a common supernova, is produced at a higher rate than in typical

core collapses and thermonuclear explosions. These are now often called broad

lined supernovae or hyper-novae (HNe) due to their extraordinarily broad lines.

Supernova 1998bw marked the first time that a GRB and SN were identified

together when it was discovered to be an LGRB. The death of a massive star caused

this to happen. [27, 28].

Furthermore, a lot of GRB afterglows exhibit light curve bumps that are consistent

with underlying events resembling hypernovas. It’s interesting to note that all

GRB-SNe are currently categorized as SN Ic, meaning they have lost their envelopes

covering both helium and hydrogen. A variety of events can result in the production

of hyper-novae:

• While material fell back onto the neutron star core during the formation of a

black hole,

• In the collapsar model, or

• In the final stages of the binary neutron star coalescence process.

All of these catastrophic events are believed to be present at the highly energetic

gamma-ray burst’s central engine. [27, 29].

Initially, stars with masses ranging from 25M� to 90M� grow to such a size that

their cores become large enough to form a black hole following the formation of a

neutron star from a supernova explosion, and some material will fall back onto it.

This, however, diminishes the supernova’s luminosity. In contrast, massive stars

above 90M�collapse straight into a black hole without exploding into a supernova.

That being said, if the progenitor is spinning fast enough, the material that is

falling produces relativistic jets, which release more energy than the initial explosion

did. Not all GRBs are produced by supernovae, but in certain circumstances, these

can produce them. There seems to be a connection between some binary BH and

the HNe thought to power GRBs. when there is no collapse and the amount of
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material is falling back smaller [29].

2.5 Observational properties of gamma-ray burst

The prompt and afterglow phases are the two primary radiative phases that make

up GRBs. The former is usually observed in soft gamma-ray (10 keV to 10 MeV)

radiation and lasts approximately between ∼ 100 ms and ∼ 1000 s. However, a

wide range of different temporal behaviors, from single pulses to complex temporal

evolution, are observed. The non-thermal emission spectrum of this prompt emission

is commonly represented by a Band function, where the typical peak is located

approximately at 200 keV. Alternatively, the afterglow emission is most frequently

found in radio waves and X-rays and gradually disappears over time. The optical

system experiences temporal fading that generally follows the form t−1; however,

the wavelength and burst have an impact on the fading’s slope. This implies that

an afterglow seen in the optical will often disappear within a week, out of the

reach of the majority of ground-based telescopes. Nonetheless, there is evidence of

emission in radio waves that extends from the afterglow to several months or even

years following the explosion. [18].

2.5.1 Prompt phase

"Prompt emission of GRBs" refers to emission detected during the hard X-ray/gamma-

ray phase, whose photons are initiating the space instrumentation and leading

to multi-wavelength follow-up observations. According to the fireball model, it is

thought to be the direct outflow from the central engine that deposits its gravitational

energy into a thermal explosion. Put another way, prompt emission happens when

kinetic energy from a catastrophic explosion event, like the merger of two compact

stars or the core collapse of a massive star, is transformed into electromagnetic

radiation by internal shocks that resulted from collisions between ejecta shells.

[23].

That is to say, internal shocks of magnetic dissipation within the fireball effectively

cause prompt emission above the pair production (photosphere at 1012 cm to 1014

cm). Either by the merger of binary neutron stars (BNS) or by the unstable accretion

of matter onto a black hole, mini-shells within a jet are the source of the shocks. γ

∝ Γ, where Γ is the bulk Lorentz factor, is where the distribution of shells is found.

[22, 23].
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In more detail, the expansion of fireball and the evolution of Lorentz factor

(a) Collapser model (b) Evolution of Lorentz factors

Figure 2.6: (Left: illustrates, the Collapser model responsible to produce prompt
and afterglow phases through internal and external shocks, respectively.
Similarly, the Right: shows the schematic evolution of Lorentz factor at
symbolic locations of various radii.[15, 22].

explained as:

1. rs = η r0 = 109 - 1010 cm - is saturated radius, whereΓ = Γmax ≥ 100 and after

which it is coasting.

2. rph = 1011 - 1012 cm, where τγγ = 1, and γth spectra formed.

3. ris = 1014 - 1016 cm, where non-thermal GRB formed, and τγγ < 1.

4. res = 1016 - 1018 cm, where afterglow GRBs (from X-ray to radio bands formed),

and Lorentz factor Γ decreasing [15, 22].

The prompt emission, which typically lasts a minute or less, may arise as a result of

interaction within the jets and gas near the new born black hole and from collisions

between shells of fast-moving gas within the jet (internal shock waves), where as

afterglow emission occurs as the leading edge of jet sweeps up its surroundings

(creating an external shock waves) and emits radiation across the spectrum for

days, months to years, in the radio and visible light, and many hours at the highest

gamma-ray energies yet observed [15].

In the region around 1012 cm to 1014 cm, 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 with out deceleration.

Once shell became above photosphere, the heated and accelerated electrons cool
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by synchrotron emission then radiation observed in γ-ray band. Each collision

that occurs above pair photosphere produces a pulse in the GRB’s light curves.

The count rates and photon counts that the high energy detectors recorded as a

function of time are represented by the GRB light curves. [22].

Every event that has been recorded exhibits a distinct variability pattern, which

indicates that every light curve is unique from the others. The diversities of the

light curves that the BATSE instruments detected for the prompt phase of both

long and short gamma-ray bursts are shown in Figure 2.7 below. There are four

distinct categories into which the light curves can be categorized:

• Single-peak events (like GRB 910711)

• A light curve that has been smoothed and is made up of multiple peaks (like GRB

920221).

• Separated multi-collisions (like GRB 930131A), and

•irregular peaks (like GRB 991216) are examples of this.

Thermal energy was eventually released at the photosphere in the form of photons

as a result of the fireball expanding because of the effects of thermal pressure and

then accelerating to relativistic speeds. According to the internal shock model,

the dissipation occurs inside the ejecta, where the ejecta is decelerated by the

surrounding medium and continues to decelerate after the internal shock phase

has ceased. [6, 23].

2.5.2 Afterglow phase

Due to luck of advanced instruments, early searches were unsuccessful largely

to observe the bursts position at a longer wavelength immediately after the initial

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 optical afterglow. Afterglow gamma-

ray burst studied extensively since the launch of Swift. It is the emission formed

by interaction between ejected bursts and circum burst medium or interstellar

gas or dust, then fading slowly at longer wavelength. Once GRB disappears, it

leaves behind a counterpart at a longer wavelengths from X-ray to radio bands.

Then, they are remain detectable for day or longer. As we have mentioned earlier,

afterglow emissions are dominated by external shocks model [15, 22, 23].
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Figure 2.7: Shows the four categories of light curve diversities : (single-peak, smooth
with several peaks, separated-collisions, and irregular peaks) in prompt
emissions that were detected by BATSE instruments, which includes both
short and long phases [28].

2.6 Theory of late time afterglows

Before Swift, late time (t > ∼ 10 hours) afterglow data had been collected for a

moderate sample of GRBs, and observational results were generally consistent

with expectations of external forward shocks and synchrotron emission models.

Observational properties of late time afterglow radiations were :

• Optical afterglow, with a decay index of α ∼ 1, that exhibits a power law decay

behavior of Fν ∝ t−α. This is in line with what the conventional external shock

afterglow model predicted.

• In the case of bright GRBs, a temporal break in the optical afterglow light curve

is typically observed. The break time is usually approximately one day, after which

there is a steeper decay with a slope of α ∼ 2. This finds resonance with the

theoretical forecast of a jet break.

• The initial rise in the radio afterglow host light curve reaches a peak approximately

10 days later, after which it begins to decline. Usually, the peak indicates the

passage of either the synchrotron injection frequency νm or the synchrotron self-

absorption frequency νa through the radio band.

• As one would anticipate for the synchrotron afterglow model, the broad-band

afterglow spectrum can be fitted with a broken power law at a fixed observer time.
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• Richer features in the optical light curves have been found for bursts with high-

quality data; these features include bumps and wiggles that deviate from the

simple afterglow model predictions. Sharper features in light curves may be the

result of energy injection from the central engine and angular fluctuations of energy

per unit solid angle, while smooth bumps in afterglow light curves with duration

δtobs ∼ tobs can be interpreted as being caused by density bumps in the external

medium. [18, 24, 25].

2.7 Theory of early X-ray afterglow

The canonical behavior of X-rays (which have different shapes) in the first few

hours after a prompt phase (GRB), which the Italian Beppo-SAX missed, was one

of the amazing discoveries made by Swift. Several remarkable features of the

early X-ray light curves were discovered through quick observation. The canonical

behavior of many early X-ray light curves is actually as shown in Figure 2.8 below,

in which there are three distinct power-law segments (marked I, II, and III) and,

in some cases, a jet break at a later time (IV). Long after the prompt phase (102

- 104 s) has ended, about half of the GRBs exhibit bright flares in the X-ray light

curves. Under certain extreme circumstances, the integrated energy of these flares

can complement or exceed the initial burst of gamma-rays, posing a severe risk

to the suitability of current theoretical models. [26]. Following the end of GRB,

the afterglow phase was seen at all wavelengths, including radio, optical, infrared,

and X-ray. The shortest signal among these is the X-ray afterglow, which emerged

first and is the strongest (having the highest frequency next to the γ − ray). In

actuality, it appears to have started while the GRB is in progress. An X-ray light

curve that is observed a few hours following the burst can typically be extrapolated

to the later stages of the prompt emission. Owing to its minimal fluctuation and

extended recorded duration (ranging from minutes to weeks or longer following the

GRB event), an official X-ray light-curve for the afterglow was established using

the data from the Swift / BAT-XRT instruments. [27].

The four segments are associated two by two as: phases (I, II) and phase (III,

IV), with their corresponding temporal indices, are identified as early afterglow

and late time afterglows, respectively. Segment I and II with x-ray flares phase

(V), were identified by Swift, while the other two phases were identified in pre-

Swift era. The canonical X-ray afterglow phases are I, II, III, and IV, which are
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(a) GRB and X-ray light curves (b) Canonical Segments of X-ray light
curves

Figure 2.8: Left: Canonical GRB light curve, illustrating the prompt phase and
afterglow phases. Right: Canonical X-ray light curves show the following
components: a standard afterglow phase (pre-jet break phase), a jet break
and post-jet break phase, and a steep decay phase (typical index of 3) that
can break to a shallower decline. Occasionally, an X-ray flare is observed.
[18, 23].
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also referred to as early steep decay, shallow decay or plateau phase, normal decay

phase, and late steep decay phase, respectively. This is represented in Figure 2.8

above. The first and most frequently observed component is an early steep decay

indicated by solid lines; the other two components, indicated by dashed lines, are

only occasionally observed in a fraction of bursts. The portion that I believed to be

connected to the prompt phase occurs while the central engine is still running; the

remaining afterglows are caused by the dynamics of the interaction between the

jet and the surrounding medium. [30, 31, 32].

2.7.1 Early steep decay of X-ray afterglow light curves

Early afterglow GRBs were found in the swift mission less than a hundred seconds

after the trigger. The early steep decay phase is the tail of prompt emission that is

governed by the curvature effect, whereby light propagation effects cause emission

from various viewing angles to reach the observer with varying delays [33]. The

correlation between the spectral index β and temporal index α of higher latitude

emission is described as follows:

α = 2 + β (2.1)

It is independent of any of the environmental or other parameters such as peak

frequency and cooling frequency that influence the closure relations for the external

shocks [34]

Swift answer the debate of separation between prompt emission and afterglow

regarding to internal and external origin of the prompt emission i.e internal shocks

are the origin of prompt emission, where as external shocks of afterglow. [33, 34].

Figure (2.8) above illustrates the early steep decay’s slope, which is approximately

3 < α1 < 5. It is the phase that could be associated with high latitude emission

linked to the prompt gamma-ray sources at R & 1015 cm. When the central engine

shuts off before the X-ray light curves start to decline, it is observed. Conversely,

in the event that the emission region, or CE, is located at a radius significantly

smaller than the rapidly declining X-ray light curve, the central engine becomes

active and dependent on time. A thorough analysis of a sample of GRBs indicates

that the early steep decay phase can be explained by the high latitude curvature

effect model. [35, 36, 37].
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The achromatic change in phase for the sample GRBs, as shown in figure (2.8),

signifies the transition in the light curves. The power law decay relation Fν ∝ t−α

was followed by these GRBs, where α1 = 2 + β for the curvature effect model. In

general, this phase has already remained within the time intervals shown previously

in figures (2.8) (a) and (b) of 10−2 - 102 seconds and 102 - 103 seconds.

2.7.2 Plateau/shallow decay and X-ray light curve

The shallow phase, also known as the plateau phase, is distinguished by a very

small decay with a decay index value of [0.5 < α2 < 1.0]. When the energy is

released to the external shock that has slowed down, it rises. Nevertheless, the

transition to phase III (normal decay) occurs when the energy is terminated, causing

the light curves to decay more slowly. During this stage, the X-ray and optical

bands’ light curve shapes should resemble each other, with breaks occurring in

both bands at the same moment. [38, 39].

Two plausible theories can be offered for the shallow/plateau phase:(1) The decrease

of the Lorentz factor Γ at the end of prompt emission results in a smooth and

gradual injection of energy into the forward shock. Based on the energy injected

and Lorentz factor, the mass injected to the forward shock is determined. Consequently,

the Lorentz factor Γ rises monotonically with radius, where the flux decays according

to a power law and is dependent on the injected mass and energy. [40, 41].

(2) The source’s central engine continues to run for hours following the explosion,

injecting smooth and continuous energy at later times, multiple times following

the explosion. The X-ray plateau was caused by the prompt X-ray emission that

was dispersed throughout the host galaxy by dust. [41, 42].

2.7.3 X-ray light curve normal decay

The canonical X-ray afterglow decays normally, with a decay index of approximately

[1.0 < α3 < 1.5], as predicted prior to Swift and in line with the standard fireball

afterglow model in the ISM. The conclusion of the energy injection at the external

forward shocks is relevant to its explanation. This circumstance arose when: (1)

The Lorentz factor is decreasing to the point of minimality, which carries a sizable

initial energy in forward external shock waves. (2) There must be no movement

from the central engine. Generally speaking, the conventional forward shock model

predicts a normal decay. [43].
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2.7.4 X-ray light curves: late steep decay after the plateau

Figure 2.8 illustrates the late steep decay phase, with the decay slope of index

∼ -2 and the decay represented at the left side. Following the standard decay, a

continuous jet from a long-lasting central engine powers the X-ray emission. Then,

beneath emission, there is X-ray flux from the external shock. In fact, the accretion

history of the collapsar model can be matched with the canonical X-ray light curve.

The relationship between the X-ray luminosity and the central engine’s accretion

power. The late steep decay observed by Swift is indicative of an achromatic

steepening resulting from jet breaks. The ejecta are collimated into a jet break

when their Lorentz factor increases above θ−1
0 in relation to the jet opening angle

θ0. Ultimately, a jet break is anticipated during this phase in the forward shock

model. One theory regarding jet breaks is that they result from GRB emission

beaming. There are two jet breaks in this phase: pre-jet and post-jet. (see Figure

2.8) [44, 45]

2.7.5 Time breaks in swift X-ray afterglow

There are three break points and the time at that points are called breaking time

of afterglow light curves. They are the first break time (tbreak,1 ), the second break

time (tbreak,2 ), and the third jet break time (tbreak,3 ) [45].

Each time break shows when the phase of light curves changes from one phase to

the next phase. As illustrated in figure 2.8 (a) and (b), they can be defined as:

∗ tbreak,1 is around tbreak,1 (102 - 103) s < t1 < tbreak,2 (103 - 104) seconds.

∗ tbreak,2 is around tbreak,2 (103 − 104) s< t2 < tbreak,3 (104 - 105 ) seconds.

∗ tbreak,3 is around tbreak,3 (104 - 105 ) s < t3 seconds.

The time at which the slowly decaying emission from the forward shock becomes

dominant over the rapidly decaying flux from the prompt emission at a large angle

is also indicated by the first break time (tbreak,1). At t > tbreak,1, the prompt emission

initially predominates over the external shocks in a sharply decaying flux. [45].

2.8 Flux decay of X-ray light curves

The fluence (Sγ ) is the total radiant energy collected from the GRBs per unit area

over the duration of the event (i.e, T90). It is computed by integrating its energy

flux over time and the energy range of the detector (i.e, the total energy collected
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per unit time and per unit area). The fluence measured between energiesEmin and

Emax is given by[28]

S = T90

∫ max

min

E
dN

dE
dE, (2.2)

and the energy flux of a burst is also defined as,

F =

∫ max

min

E
dN

dE
dE. (2.3)

The flux decreases quickly with time when a relativistic, conical, and optically thin

source moving with a Lorentz factor Γ abruptly turns off [47]. When a source

of this kind with a spherical coordinate (r, θ, ϕ) is specified, the source turns off

at r = R0. as shown in figure 2.9 below, where r is the radius of the photons or

jets, R0 is the observer’s radius, and θ is the angle measured with respect to the

observer’s line of sight. The time dependence of observed flux follows from the

Figure 2.9: A sketch of the various angles and distances for the large angle (or high
latitude) emission when the γ -ray source turns off suddenly [18]

Lorentz transformation of specific intensity. With respect to the relativistic source

of the moving object with specific intensity Iν′ and spectrum frequency f ∝ ν ′−β, the

specific flux in the observer frame is,

fν(tobs) =

∫
dΩobsIνcosθobs. (2.4)

where Iν is the specific intensity of the source photon at constant frequency and

dΩobs is the source’s solid angle. In order to determine the standard flux decay of

GRBs, we must first define Iν and dΩobs in the relativistic beaming. The transverse

component of momentum in a relativistic photon beam remains constant under

Lorentz transformation, meaning that its comoving and lab frame values remain

unchanged. [18, 30]. Thus,

νsinθ = ν ′sinθ′, (2.5)

or

sinθ =
ν ′

ν
sinθ′. (2.6)
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Since the photon frequency on the observer frame, ν, can be expressed using the

standard Lorentz transformation of photon as, in terms of the comoving frequency,

ν ′

ν =
ν ′

Γ(1− υcosθ
c

)
= ν ′D, (2.7)

where D is standard Doppler effect which is expressed as [Γ(1− υcosθ
c

)]−1 . The ratio

and substituting this ratio in to Equation (2.6), we obtain,

sinθ =
sinθ′

D
(2.8)

For large Γ, θ ≈ θ′

Γ
. The angular size of the photon beam in the lab frame is smaller

than it is in the co moving frame by a factor of ∼ Γ, indicating that photons are

focused in a forward direction. Additionally, there is a Γ2 factor difference in the

solid angle for a canonical photon beam in the lab frame compared to the comoving

frame. This suggests that the solid angle’s Lorentz transformation, which is defined

by [18].

dΩ = sinθdθdφ =
sinθ′dθ′dφ′

D2
=
dΩ′

D2
(2.9)

The particular intensity (Iν) is the other parameter in the Lorentz transformation.

It is described as the flux per unit frequency and the solid angle carried by the

photons that are traveling in a narrow conical beam that has its axis perpendicular

to the surface dA. Thus,

Iν =
dE

dνdtobsdAdΩ
. (2.10)

Given that dν ′dt′obsdA′ = dνdtobsdA is Lorentz invariant, equation (2.9) and E = ΓE ′

can be reduced to equation (2.10).

Iν = D3I ′ν′ . (2.11)

Since for intrinsic spectrum , I ′ν = I ′ν ′−β , where β is spectral index, then the

specific intensity is summarized as,

Iν = D3ν ′−βI ′. (2.12)

This equation, can be simplified by substituting the value of ν ′from equation (2.7),

Iν = D3+βν−βI.′ (2.13)

Finally, substituting equation (2.9) and equation (2.13) in to equation (2.4) and

integrating over dφ in the interval 0− 2Π, the observed flux becomes,

fν(tobs) = 2Π

∫
dθobs

I ′νν0sin2θ[(1 + z)Γ]−(3+β)

2νβ(1− υcos(θ + θobs)/c)3+β
, (2.14)
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where the frequency that falls on the power law spectrum segment for I ′ν′ is denoted

by ν ′0. The diagram in Figure (2.8) allows us to apply the sine law to determine

that sinθ
dA

= sinθobs
R0

. This implies that sinθobs = R0sinθ

dA
, and when we substitute this into

Equation (2.13), in the case θobs � θ, yields [13, 18].

fν(tobs) = 2ΠI ′0ν
′
0ν
−β[(1 + z)]3+β(

R0

dA
)2

∫ Π/2

θt

dθ
sinθcosθ

(1− υcosθ/c)3+β
. (2.15)

Using substitution methods of integrating , the equation can be simplified as,

fν(tobs) ∝ [(1− υcosθ

c
)]−(2+β)ν−β . (2.16)

A photon emitted at r = 0, is delayed in arriving at the observer frame compared to

photons released at (r = υt, θ, and ϕ).

tobs = t− υcosθ

c
= t(1− υcosθ

c
) = t/ΓD. (2.17)

From this equation , the relation between tobs and D is tobs ∝ D−1. Then the flux

decay with time of observed light curves from equation (2.16) is summarized as,

fν(tobs) ∝ t−(2+β)ν−β. (2.18)

The standard convection of flux decay is,

fν(tobs) ∝ t−αν−β, (2.19)

where α = 2 + β

2.9 Calculating luminosity of X-ray afterglow

Luminosity is the total amount of electromagnetic energy radiated (out put) by an

object per unit of time. The observed isotropic-equivalent luminosity in the X-ray

afterglow, Lx can generally be expressed as,

Lx =

∫ ν2

ν1

Lν(t)dν, (2.20)

where Lν(t) = 4Πd2LF

(1+z)
, substituting Lν(t) into equation (2.20) reveals:

Lx(t) =
4Πd2

L

(1 + z)

∫ ν2

ν1

Fν
(1 + z)[(1 + z)t]dν

, (2.21)

The luminosity distance is denoted by dL. The spectral frequencies in the energy

band are ν1 and ν2, the red shift is denoted by z, and the spectral luminosity at the

source’s cosmological frame, Lν(t), is measured in the frame. [46, 47]

Lx(t) = 4Πd2
L

∫ ν2/(1+z)

ν1/(1+z)

Fν [(1 + z)t]dν, (2.22)
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Because Fν(t) is assumed in standard form and measured in the observer frame,

Equation (2.22) can be simplified to:

Lx(t) = 4Πd2
L(1 + z)(β−α−1)Fx(t), (2.23)

where Fx(t) =
∫ ν2

ν1
Fν(t). Here, we have understood that the flux decay of afterglow

light curves are governed by standard power law of model, i.e fν(tobs)∝ tαν−β, where

α = 2 + β. This is a theoretical understanding for the afterglow era. Therefore,

swift observation have led to the better understanding of x-ray afterglow light

curves for the initial few hours. The two mechanisms of emission have related

to the behaviour of central engine of the burst. Now let us introduce the method

and material used to analyse the temporal and spectral indices of canonical X-ray

afterglow light curve in the next chapter.



CHAPTER 3
Research Methodology

3.1 Research designs and methods

In this section, the approach, methods and model used to perform our thesis,

data collection techniques and analysing processes using python 3 programming

language will be discussed briefly.

3.1.1 Models

To address our objectives mentioned earlier, confirmatory and explanatory research

approach followed. Methods and models as well as statistical tool that agreed with

our sampled data applied.

Power law Model.
The conventional fireball model defines the canonical behavior of X-ray light curves

as being characterized by a straightforward power law model.

fν(t) = At−α, (3.1)

where α, the temporal indices (slopes) and subscripted by numbers 1, 2, 3, and 4

for early steep decay, shallow or plateau decay, normal decay, and late steep decay,

respectively, that were captured by the Swift / XRT, and fν , the X-ray flux (light

curves) decay, as a function of time.

3.1.2 Numerical models

R-squared, Covariance, and correlation coefficients.

R-squared (R2) - is the "percent of variance explained" by the model. By the same

token, it is the fraction by which the variance of the errors is less than variance.

The values of (R2) ranges from 0 to 1 and typically expressed in percentage, and

37
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defined by the equation:

R2 =
SSR

SST
=

∑
(ŷi − ȳ)2∑
(yi − ȳ)2

, (3.2)

where SSR - is the sum of square regression or the sum of square residuals.

SST - is the total sum square / sum square total.

ŷ - is the prediction or points on the fitting line.

ȳ - mean of all the values.

yi - is the actual values / points.

R - squared can also be defined as,

R2 = 1−
∑

(ŷi − yi)2∑
(yi − ȳ)2

. (3.3)

The characteristic of light curves of X -ray afterglows determined by dispersion of

variables (numbers of bursts versus time in space). In particular, the directional

and degree of relationship between two dimensional data can be explained by

statistical tools: covariance and correlation coefficients, respectively.

The covariance of sampled data defined by,

C(x, y) =
1

n− 1

n∑
i=1

(xi − x̄)(yi − ȳ) (3.4)

If covariance of the sampled data known, then correlation coefficient rxy can be

calculated as,

rxy =
C(x, y)√
v(x)v(y)

=
1

n− 1

n∑
i=1

(xi − x̄)(yi − ȳ)

sd(x)sd(y)
, (3.5)

where cov(x,y) is covariance, sd(x) and sd(y) are standard deviation of x-data and

y-data and they are square root of variance v(x) and v(y), respectively. The values

of covariance lies between the range +∞ and -∞, where as the value of correlation

coefficient rxy limited between range -1.00 and +1.00. where, x-data and y-data

represent time in seconds and X-ray flux in erg / cm2), respectively.

3.2 Data sources and sampling methods

Data sources
For our work, we used the existing primary data source from Unite Kingdom Swift

Science Data Centre (UKSSDC), that was detected by Swift / XRT over the past

10 to 15 years ago. In our sample, both the classes (short and long) of gamma-ray

bursts are included.

Data sampling technique and size
Three Criterion were designed to select the required sample: i.e class of GRB



39

afterglow, the number of light curve breaks and well defined red shifts (z) are

used to select the samples. Accordingly, nine (9) GRBs afterglows are selected

using simple random probability sampling method. The sampled GRBs afterglow

tabulated below.

Table 3.1: shows Swift / XRT sampled X-ray afterglow data.

Table 3.1: Shows sampled data that taken from Swift / XRT data catalogue.

Type of GRBs One LC break two LC breaks total
Short 3 1 4
Long 3 2 5

3.3 Data analysis

In order to extract relevant parameters that used to describe our work, we use

Jupyter lab and python 3 programming language to analyse our sampled data. The

results of analysis summarized in next section using tables and plots to discuss.



CHAPTER 4
Results and discussion

4.1 Results and discussion of fitting parameters

Analysing our sampled data, the values of various fitting parameters extracted to

compare and interpret the obtained results with the theoretical model. In table 4.1

below, the results of temporal indices and amplitudes are summarized to discuss.

I. Temporal indices (slope)

Table 4.1: Shows the results of data analysis: to extract fitting parameters, temporal
indices (α) and amplitudes (A) for both phases of the sampled.

GRBYYMMDD Class T90(s) z Lcbreak(s) α A×10−8

GRB140614A long 233.90 4.23 2 -1.78+0.09
−0.09 (4.81+2.27

−2.27)
GRB130701A long 4.38 1.16 1 -1.55+0.64

−0.64 (1.87+0.55
−0.55)

GRB121128A long 23.30 2.20 2 -1.50+0.09
−0.09 (1.69+0.73

−0.73)
GRB150314A long 14.79 1.76 1 - 1.19+0.03

−0.03 (1.43+0.18
−0.18)

GRB051221A short 1.40 0.55 2 -1.17+0.07
−0.07 (5.10+0.17

−0.17)
GRB130418A long >300 1.22 1 -0.78+0.05

−0.05 (0.01+0.01
−0.01)

GRB140903A short 0.30 0.35 1 -0.67+0.06
−0.06 (0.15+0.05

−0.05)
GRB190627A short 1.60 1.94 1 -0.63+0.04

−0.04 (0.55+0.12
−0.12)

GRB090510 short 0.30 0.90 1 -0.33+0.05
−0.05 (0.02+0.01

−0.01)

As mentioned in table 4.1 above, the majority of long GRBs, except LGRB130418A

with T90 > 300 sec associated with greater temporal indices, indicating that long

GRBs originated from death of massive stars or collapsers. The magnitudes of

temporal indices (α) related to the activities and life time of central engines. The

steeper the fitting curves, the greater magnitude of temporal indices (α), then the

faster X-ray flux decaying. On the other hand, the flatter the fitting curves, the

smaller temporal indices, then the slower X- ray flux decaying. In our case, X-

ray flux produced by long GRBs sources (supper massive stars) fading quickly,

where as those produced by short GRBs sources (less massive stars) fading slowly.

This really, consistent with fact that supper massive stars burn their fuels (nuclear
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reactions) very quickly than less massive stars.

The negative signs of temporal indices (α) characterize all afterglow GRBs decaying

following power law model as indicated in figures 4.1 from (a) to (i). Except short

GRB090510 with index [(α) = 0.33+0.05
−0.05], the results of analysis show that, the

dominant fraction of sampled data consistent with the canonical behaviours: to

shallow, normal, and late steep decay phases with temporal indices of [0.5 < α2 <

1], [1 < α3 < 1.5], and [(α4 ∼ 2)], respectively. Thus among our sampled data:

� There are three GRB afterglows: LGRB 130418A, SGRB140903A, and SGRB190627A.

They all have temporal indices of (α): 79.+0.05
−0.05, (0.67+0.06

−0.06), and (0.63+0.04
−0.04) are in

line with the shallow decay phase, respectively, as a result of the central engine’s

continuous energy injection model to a slowed external shock.

� Similarly, three GRBs : (LGRB121128A, LGRB150314A and SGRB051221A)

each with temporal indices of : (1.5+0.09
−0.09), (1.19+0.03

−0.03), and (1.17+0.07
−0.07) are consistent

with normal decay phase, respectively, as a result of decrease in the Lorentz factor

Γ in forward shock and inactive central engine.

� The rest two GRBs afterglows: LGRB140614A and LGRB130701A with respective,

temporal indices: 1.78+0.09
−0.09 and 1.55+0.64

−0.64, are nearly consistent with late steep decay

phase (α4 ∼ 2) due to jet breaks and Lorentz factor of the ejecta become larger than

θ−1
0 compared to the jet opening angle θ0. In general, ≈ 89% of our sampled data fit

with the predicted model, except with the early steep decay phase.

Figures 4.1 show, the patterns of each plot is unique, indicating that GRBs are

non-repeatable and characterized by diversified light curves. The decaying rate of

each X-ray flux aligned with results obtained by calculations.

II. Amplitude (intercept)
� Amplitude - the parameter that characterizes X-ray afterglow light curves, and

related to the quantity of energy carried by X-ray afterglow, and equivalent to the

intensity or the brightness of light curves. It related to energy observed during

phase changes. The maximum value of amplitudes, the higher energy observed

during initial stage of phase changes from prompt to afterglow.

• In our case, the results of analysis in table 4.1 above, show that ≈ 44.4% of the

sampled data (almost all LGRBs) have relatively higher amplitude than SGRBs,

revealing that, the collapser models emit grater energy than merger models, this

is in fact supports the theoretical facts.
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(a) α150314A = 1.19+0.03
−0.03 (b) α140614A = 1.78+0.09

−0.09 (c) α121128A = 1.50+0.09
−0.09

(d) α130418A = 0.78+0.05
−0.05 (e) α130701A = 1.55+0.64

−0.64 (f) α051221A = 1.17+0.07
−0.07

(g) α190627A = 0.63+0.04
−0.04 (h) α140903A = 0.67+0.06

−0.06 (i) α090510 = 0.33+0.05
−0.05

Figure 4.1: plots of sampled afterglow GRBs to extract both fitting parameters :
indices (α) and amplitudes (A) using jupyter lab programming language.

4.2 Statistical results : R2, Cov(x,y) and

correlation coefficients

Table 4.2 below, comprises the results of statistical analysis : R2, Cov(x,y) and

rxy coefficients that used to explain the distribution of observed points, directional

relationship of the variables, and degree of relationship among the sampled data,

respectively

. I. R-squared (R2 ) values
� The results of analysis in table 2 above, showed that:

• 67% of the sampled afterglow data, have (R2) values between 86% - 95%, which

is nearest to 1. This result characterizes that, observed points are closer to best

fitting line (regression line), which ensured that dependent variable (X-ray flux)

completely explained by independent variable, because of continuous energy injection
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Table 4.2: Shows various statistical results of data analysed to provide parameters:
R2, Cov( x,y), and correlation coefficients of the sampled data.

GRBYYMMDD T90(s) z Lcbreak(s) cov(x, y)× 10−8 R2 correl.rxy
GRB140614A 233.90 4.23 2 -20.9 0.95 -1.00
GRB121128A 23.30 2.20 2 -7.06 0.86 -0.99
GRB130418A >300 1.22 1 -6.18 0.91 -0.99
GRB130701A 4.38 1.16 1 -3.56 0.93 -1.00
GRB150314A 14.79 1.76 1 -0.47 0.83 -0.99
GRB051221A 1.40 0.55 2 -0.12 0.95 -1.00
GRB190627A 1.60 1.94 1 -0.05 0.87 -0.99
GRB090510 0.30 0.90 1 -0.04 0.65 -0.99

GRB140903A 0.30 0.35 1 -0.03 0.81 -0.98

by central engine.

• On the other hand, the rest (33%) of the sampled GRBs afterglow data have R2

values below 85% (i.e <1), realise that, the observed points are relatively spread

away from the best fitting line (red line). This scenario occurred as a result of

interaction of ejecta with ISM and time varying of central engine.

II. Covariance C(x,y) and correlation coefficients (rxy).
• The C(x,y) explain the direction movement of the two dimensional data, and helps

us to calculate correlation coefficients as well. In table 4.2 below, the value of C(x,y)

of all sampled data is negative, revealed that X-ray flux (f) and the emission time

(tobs) are moving opposite direction which supports observational and theoretical

fact. On the other hand, the results of correlation coefficients rxy showed that:

• 33.3% of the sampled data has rxy = -1.00, indicating that there is perfect negative

relationship between the dependent and independent variables, where as,

• 66.7% of the sampled data has rxy ∼ -0.98 to∼ -0.99, indicates that there is strong

negative relationship between dependent and independent variables.

4.3 Histograms and error bars

Histograms with vertical lines / error bars shown in figures (a) to (i) below, reveal

the uncertainty of data point spread about the mean values. From the histogram

(f) to (i) above, most of short afterglow samples characterized by long error bars

indicate that the observed points are more spread out and thus less reliable, while

long afterglow histograms relatively show shorter error bars indicate that the

observed points concentrated about the mean , signalling that highly reliable.

These phenomena ensure that both events originated from different sources.
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(a) shorter error bars and
highly reliable

(b) moderately reliable (c) moderately reliable

(d) shorter error bars and
highly reliable

(e) shorter error bars and
highly reliable

(f) longer error bars and less
reliable

(g) longer error bars and
less reliable

(h) longer error bars and
less reliable

(i) longer error bars and less
reliable

Figure 4.2: Histograms with the vertical lines / error bars on each, show uncertainty
or standard deviations of observed points about the mean value, This is,
the results of analysis showing that, short afterglow characterized by long
error bars indicates the data spread out the mean value and less reliable.
as compared to long afterglows.



CHAPTER 5
Conclusion

Prompt and afterglow are the two stages of gamma-ray bursts. The afterglow

phase was anticipated prior to Swift. Nevertheless, until the release of swift,

its theoretical and observational understanding was lacking. It was thought to

have been produced by photon electrons excited in the external shock arising from

the interaction between the relativistic outflows and the surrounding medium at

a distance of r ≈ 1016 - 1018 cm from the source. It was distinguished by its multi-

wavelength/broken segments and was easily detectable at low energies. According

to the theory of afterglow, light curves illustrate how energy dissipates at various

emission stages.

In afterglow physics, the canonical X-ray afterglow pictures the initial steep decay

Fx ∼ t−α with a temporal index [3 < α1 < 5] and an energy spectrum Fν ∼ ν−β

with an energy spectral index [1 < β1 < 2] in time interval below the break time.

The afterglow light curves rapidly decayed and an important values were in the

region of theoretically predicted numerical values. Since the flux decay and the

time reading in the X-ray were error oriented, except a few the rest of GRBs were

nearly fit to the actual value.

This thesis aims to investigate the phenomenology of GRBs with a particular focus

on the canonical behavior of X-ray afterglow light curves. In order to achieve this,

nine Swift / XRT data samples with well-defined red shifts (z) and T90 were chosen

at random. Confirmatory and explanatory research methodologies, pertinent models,

and basic statistical tools were all used in our work to analyze the sampled data.

As was previously mentioned, the light curves of the majority of canonical X-

ray afterglow began to decay as early as 102 s after the GRB trigger, with the

decaying rate being controlled by a straightforward power law model: fν ∝ t−α.

Each sample’s data was analyzed using the Jupyter Lab programming language,

and the results were given for interpretation.

• Based on the results of analysis, we have drawn the conclusions, containing five

core points:
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1) 89% of sampled data consistent with canonical X-ray afterglows of shallow,

normal, and late steep decay phases with indices: [ 0.5 < α2 < 1.0 ], [1.0 < α3

< 1.5], and [α4 ∼ 2], respectively. The former scenario occurred due to continuous

energy injection to a decelerated external shocks and a decrease in Lorentz factor

Γ in forward shock, while in the second, X-ray flux decaying quickly as a result of

active central engine and the last scenario is due to jet breaks.

2) Amplitude - is one of fitting parameter that characterizes X-ray light curves,

and related to quantity of energy carried by X-ray. It equivalent to the intensity

/ brightness of the light curves. The maximum amplitude observed during phase

change from prompt to afterglow, that associated with greater energy. In our case,

the results of analysis in table 4.1, indicates that ≈ 44.4% of the sampled data

(almost all LGRBs except one with T90 > 300s) have relatively greater amplitude,

showing that, LGRBs early afterglows associated with higher energy than SGRBs.

Hence, this supports theoretical model.

3) From statistical analysis, the dominant fraction (67%) of sampled data has

R2 values in (%) (86% - 95%), which is nearest to 1, revealing that (X-ray flux)

completely explained by the life time of central engine activity. On the other hand,

the rest (33%) of the sampled data has R2 values below 85% (i.e <1), showing that

observed points are relatively spread away from the best fitting line. The earlier

scenarios were brought about by the central engine’s constant energy injection,

whereas the later ones were brought about by the interaction between the slowing

fireball and the ISM and the Lorentz factor Γ.

4) Covariance C(x,y) and correlation coefficients (rxy) of sampled data. In table 4.2,

value of C(x,y) of all sampled data is negative, revealed that, X-ray flux (f) and

emission time (t) are moving in opposite directions, that supporting observational

and theoretical fact. Furthermore, the results of rxy showed that, rxy of 33.3% of

sampled data is exactly -1.00, indicating that there is perfect negative relationship

between the variables where as, rxy ∼ of 66.7% sample ranges from ∼ -0.98 to ∼
-0.99, indicating that there is strong negative relationship b/n variables.

5) The longer the lines, the greater spread of observed points around the mean

values. As illustrated in histograms, SGRBs afterglow relatively characterized by

larger error bars than LGRBs, ensures the two events originated from different

progenitor and mechanism as well.

Open problems and potential opportunities
Following the Swift Space Observatory Satellite’s launch, the observational and

theoretical understanding of the afterglow phase in the historical development of
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GRB physics underwent a rapid change. Nonetheless, there are still unanswered

questions about the prompt phase’s emission mechanism, the engine’s lifespan,

and how the central engine behaves. In conclusion, I would like to point out the

limitations of this thesis work, namely that the obtained findings were limited in

their ability to generalize the characteristic of GRB populations due to the smaller

sample size of data. This would be resolved in upcoming field research studies.
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