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ABSTRACT

THE RELATIONS BETWEEN THE X-RAY SPECTRAL
PARAMETERS OF GAMMA-RAY BURSTS

Gamma-Ray Bursts (GRBs) are the most energetic explosions in the universe.
They are thought to arise from massive stellar explosions or mergers of compact ob-
jects. As a result of these processes a black hole and an acretion disk is formed and
their interaction produces a relativistic jet in which gamma-rays are generated. GRB
afterglows in X-rays, optics, radio bands are thought to be produced by the interaction
between the relativistic jet and the interstellar medium (ISM). X-ray afterglow spectra
are generally fit by a photoelectrically absorbed simple power law model (ASPL) that
can be modeled using three parameters. These parameters are the Galactic neutral
Hydrogen column density (Ny), the intrinsic Hydrogen column density (Ng;,;)and the
power law photon index (I') (apart from the normalization). In this thesis the X-ray
spectral parameters evolution in time and their relations in the ASPL model are stud-
ied for a selection of 28 GRBs observed by Swift XRT up to May 2008. In this way
we test the efficiency of the ASPL model to adequately fit the GRB X-ray afterglow
spectra. In 17 bursts the fits show variations that includes a increasing Ng;,; with time
which is nonphysical. For two burst we found a very significant correlation between the
Nyint and the I', while for 9 bursts we found a hint for a correlation between the Np,.:
and the I'. Finally, for 2 burst we found a hint for anti-correlation between the Ny,
and the I'. We conclude that the increasing Ny;,; variation is due to a non-physical
effect induced by the fitting procedure. We stress that an ASPL model, while able to
adequately fit the vast majority of X-ray spectra, induces a spurious relation between
the Ngin: and the photon index. This is partially due to the limited energy range of
the XRT (0.3-10 keV). We remark that the anti-correlation relations are interesting

and the possible physical effect during the early phase should be investigated.



OZET

GAMA ISIN PATLAMALARININ X ISIN TAYFLARI
PARAMETRELERI ARASINDAKI ILISKILER

Gama 1gin patlamalar1 (GIP) evrendeki en yiiksek enerjili patlamalardir. GIP'nin
biiyiik kiitleli yildizlarin patlamalar: veya kompakt nesnelerin birlesmelerinden olustuklar:
diigiiniilmektedir. Bu siireclerin sonucunda bir karadelik ve etrafinda yigilma diski
olusmaktadir ve bunlarin etkilesmesi gama 1ginlarin iireten relativistik jeti meydana
getirmektedir. GIP X-1g1n1, optik, radyo bolgelerindeki ardil iggmalar1 yildizlararasi or-
tam ve relativistik jetin etkilesmesiyle olugurlar. X-1gin ardil 1g1ma spektrumlar: diigiik
X-1g1n enerjilerinde fotoelektriksel sogurmanin oldugu, ii¢ parametresi olan sogurmali
basit gii¢ kanunu (SBGK) ile fit edilir. Bu parametreler, Galaktik Hidrojen kolon
yogunlugu, kaynagin kendi galaksisindeki Hidrojen kolon yogunlugu (Npgesas) ve giig
kanununun indeksidir (I') (normalizasyon diginda). Bu tezde Swift uydusunun XRT
dedektorii ile Mayis 2008 ayina kadar gozlenmis, secilen 28 GIP i¢in SBGK modelin-
deki X-191n spektral parametrelerinin zamanla degigimi ve bu parametreler arasindaki
iligski incelenmigtir. Bu yol ile SBGK modelinin GIP X-1g1m ardil igtmalari igin yeterliligi
test edilmistir. 17 GIP i¢in Npyesqs degerinde fiziksel olmayan bir artig gozlenmigtir.
Dokuz GIP igin Npyeses ve I' arasinda korelasyona dair ipucu, iki GIP igin Nyeges ve I’
arasinda cok giiclii bir korelasyon ve iki GIP icin Ny, ve [ arasinda anti-korelasyona
dair ipucu bulunmustur. Bu tezin sonucunda, artan Npg.s.s degisimlerinin spektral
fit siireciyle ortaya gikan fiziksel olmayan bir etki oldugu goriilmitstiir. SBGK GIP
X-1gin ardil 1gima spektrumlarin biiyiik olclide yeterli olarak ifade etsede, Ngesas Ve
I' arasinda fiziksel olmayan bir korelasyon ortaya cikardigin1 vurgulamaktayiz. Bunun
nedenlerinden biri XRT dedektoriintin (0.3-10 keV) simurh enerji araligidir. Bulunan
anti-korelasyon iligkilerinin ilging oldugunu ve erken evrede olusan bir fiziksel etkiyle

iligkisinin arastirilmasi gerektigini belirtmekteyiz.
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1. INTRODUCTION

Gamma-ray bursts (GRBs) are bursts of gamma-rays from the distant galaxies.
GRBs emit huge amounts of energy (between 10°% — 105 erg) in very short times
(0.1 - 100s). Their energy is equivalent to the total energy that 1.000 sun-like stars
produce during their life time. They are seen in random directions, this is related
to their extra-galactic nature. Their prompt light curve is quite irregular, different
bursts having completely different light curves. Some of them show a unique smooth,
fast-rise and exponential decay while others are characterized by different peaks [1].
GRB spectra are non-thermal and well described by a smoothly joint broken power
law called as Band function [2]. GRBs have counter part emissions in radio, optic and
X-ray band; this is the afterglow emission. Gamma-ray bursts happen at cosmological
distances. The highest measured GRB redshift is 8.2. This is the most distant object

observed in the universe.

GRBs are believed to be formed either from the collapse of a super massive star or
from the merging of compact object binaries. The observed gamma-rays are thought
to be formed by shocks inside a highly relativistic jet created by a black hole torus
system which is formed by the collapse of the progenitor. The afterglow emission is
explained as a result of the interaction between the relativistic shock and the ISM when
the relativistic shock enters the surrounding medium. The X-ray emission produced
during the interaction with the ISM has a non-thermal spectrum which is generally
fit by a power law model which has two absorption contributions, the Galactic and
the intrinsic absorption at the sources redshift. When there are enough photons, the
time-resolved spectral analysis is a great tool to see the behaviour of these sources. The
GRB is expected to ionize the ISM; the neutral Ny is therefore expected to decrease
with time. The time scales of this process are very short. From the theoretical point
of view the Ny must decrease in a very short time and should be constant later [3].
Nevertheless claims of a decreasing Ny at t ~ 1000s (in the rest frame) can be found
in the literature [4]. It is interesting to note that claims of an increasing Ny can also

be found [5]. We consider such a behaviour nonphysical.



In this work, we investigate the evolution of the best fit X-ray spectral parameters
(N and I') of GRB X-ray afterglows observed by Swift using time-resolved spectral
analysis. We show that the spectral fitting procedure induces a spurious positive cor-
relation between two parameters: the Ny and the I' (Figure 2.30). Since we have a
physical constraint on Ny, we look for a correlation between the Ny and the I' to
explain the Ny increase as a spurious effect. We choose 28 (Table 3.3) GRBs detected
by Swift with XRT observations and with known redshifts. We require these bursts to

have at least five spectra.

In the first chapter, the historical, observational and theoretical background of
GRBs are presented. The second chapter is devoted to the physical background of the
X-ray spectral parameters (Ny and I'). In the third chapter, we presented the Swift
satellite, together with the methodology to deal with the data and properties of GRBs
in our sample. The fourth chapter contains the results of our analysis on Ny variation,

I' variation and Ny and I" correlation. In the last chapter, the results are discussed.



1.1. Historical Background

1.1.1. Discovery: 1967-1990

GRBs were discovered in the 1960s, when gamma-ray detecting satellites were
flown to watch out the Partial Test Ban Treaty by the world superpowers. Treaty
was signed to guarantee that nuclear weapons would not be tested in underwater,
atmosphere, or outer space. The US Air Force sent into orbit the first of a series of
satellites called Vela. Vela had X-ray, Gamma-ray, and neutron detectors on-board. In
1967 Vela discovered unknown Gamma-rays from the outer space (Figure 1.1). In 1973
these unknown signals were announced as Gamma-ray bursts [6]. This announcement
is verified by other satellites and GRBs took their place in the astronomy literature.
GRBs are named as year-month-day like GRB050904 and for more than one GRBs in
a day, a, b, ¢ letter are added to the end, such as GRB080319B.
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Figure 1.1. The first GRB detected in 1967 [6]

By mid 1990s hundreds of different theories offered to explain this mysteries
Gamma-ray emission [7]. Although the number of models were more than the number

of detected GRBs during this period GRBs could not be understood in any aspect.



1.1.2. CRGO Era: 1991 - 1996

The BATSE component of the CGRO [8] made crucial observations that showed
that the distribution of 2,700 GRBs in the sky was isotropic; they were not simply
coming from a specific region (Figure 1.2) [9]. The frequency of BATSE GRBs was
roughly two per day [8].

The isotropic distribution of the GRBs in the sky showed that, probably they
were not coming from Milky Way or nearby [10]. If they were coming from our own
galaxy, they would be expected to be seen in the disk of Milky Way which has the

highest stellar population.
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Figure 1.2. BATSE GRB distribution on the sky (left) and the Milky Way (right) [9]

At that time there were debates on distances of GRBs. Since the luminosity
depends on the distance, the observed GRB luminosity would be ~ 10%*(erg/sec) if
they were galactic sources and ~ 10°!(erg/sec) if they were at cosmological distances
[11]. When BATSE showed the first clue for cosmological distance, GRBs become the

candidate to be the most luminous object in the universe.

The second major observational result of the CGRO was the bimodal distribution
of GRBs in terms of duration (Figure 1.3) and hardness (see section 2.3.1 ) (Figure
1.4). BATSE team technically defined Ty as the time interval within which (90%) of



burst fluence is detected [12] and GRBs are classified as long/soft bursts if they have
Too > 2sec and as short/hard bursts if they have Toy < 2sec [1, 13].
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Figure 1.3. Ty distribution of 222 GRBs in the first BATSE catalog [13]

:| TTT [T T[T ET i [ T PPt |:'_ LES 2 BERLL | LR RLLL | LU RLL | LA AL | LI | I”E 10.0

i i g i

T I ———. S, ol _ _ 0% o _ %9 B o
= - —H1.0 &
C = I
- I -

L1 a1 I L1 11 | | I i1 11 I L1 &3 lell 11 |||lll| i1 I||)II| 1l Illll.ll Al L LLLLL 0.1
« & 2 2 ' o001 010 1.00 10.00 100.00 1000.00
Number of Bursts Too(s)

Figure 1.4. Hardness versus duration of BATSE GRBs [13]

At that time only the short domain temporal behavior of GRBs was known. The

long term behavior after the Gamma-ray radiation was a big mystery.



1.1.3. BeppoSAX - HETE Era: 1997 - 2003

BeppoSAX satellite [14] was composed of Gamma-ray burst monitor and X-ray
cameras that were able to give the first fast and precise position of GRBs. The most
important discovery of BeppoSAX is the X-ray (Figure 1.5) [15], optical [16] (Figure
1.6) and radio [17]afterglows of long GRBs which were detected after several hours.
The observed afterglows were predicted by the fireball model before their discovery
[18-21].

Figure 1.5. Beppo-SAX satellite discovery of the first GRB X-Ray afterglow emission
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WITT JKENT : W T ol F i
" . - o~ s
ol oy y ' o -
. g ‘-. . . " \ ) .

Figure 1.6. First optical afterglow detected by William Herschel Telescope [16]

In the generic fireball shock model, regardless the central engine or the progenitor,
a relativistic jet is produced. In this relativistic flow internal shocks produce Gamma-

rays while the afterglow is produced by external shocks as the jet enters the interstellar



medium (ISM) [18-21]. In this model synchrotron radiation is the main emission
mechanism that produces both Gamma-rays and X-rays [22]. A typical X-ray and
optical light curve of a GRB in this era is given in figure 1.7, the afterglows are typically
characterized by a power law behavior in time and in frequency, i.e. the observed flux

is F' ~ t*1” [23]. Through the spectroscopy of the optical afterglows GRB host galaxy
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Figure 1.7. The X-ray and optical light curves of GRB 000926 afterglow [23]

detection and redshift measurements (Figure 1.8) became available [24]. The redshift
measurement from the host galaxy spectral lines proved that GRBs are at cosmological
distances and this pointed out that they are the most violent luminous explosions in
the universe after Big Bang. The supernova association seen in optical light curves
with some long GRBs is the second major discovery of this period. The first supernova
association is seen between GRB980425 and SN1998w [26, 27]. This association is
confirmed by the light curve and the spectrum (Figure 1.9) [26]. The feature of the

supernova is seen as a bump in the optical afterglow which is called as red supernova
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Figure 1.9. Light curve and spectrum of SN 1998bw defines a type Ic supernova [26]

bump (Figure 1.10) and it is used in other GRB optical afterglow light curves to find
out the possible supernova connection [28-30]. Supernova association with long GRBs
is interpreted as a proof that long duration GRBs are connected to collapses of massive
stars [31, 32]. Collapsar model (Figure 1.11) proposed that supernovae are generic to

all long GRBs [33, 34]. The third major discovery in the BeppoSAX - HETE era is
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Figure 1.10. GRB 980326 Light curve [28]
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Figure 1.11. Simulation of Collapsar model [34]

the collimation of jet structure in the afterglows [35]. In most of the optical and X-ray
afterglow light curves a break or a steepening is seen (Figure 1.12). This feature is

explained as being due to a jet-like relativistic outflow with respect to Lorentz factor



10

(Figure 1.13) [36]. As the outflow slows down the edge of the jet becomes visible

and this is seen as a jet break in the light curve [37, 38]. More complex jet models

3.5h 8h ld Sd
- hlﬁ i T I T T T Il I T T ] l; T LI
S .5
20 |-} Mg g : -
= [ By
| GRE 890510 - ;
N Foi : Vg dw
g . i by |
= i i [, NTT
Ve {
foowdh
oWy
|os
24 - LS
; 1 1 IlI 1 1 1 l; ] L 1 L 1 ] l L L L
a 4.5 5 8.5 &

Log Time {sec)

Figure 1.12. Jet break in GRB 990510 optical afterglow [39]
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Figure 1.13. Jet break explanation for the light curve [40]

are also discussed which are not completely uniform and have a energy distribution
with respect to jet opening angle [41, 42]. During the BeppoSAX-HETE era, the GRB
observations became much wider. Both in the spectral and long term temporal domain
a very broad band data starting from X-rays to optical and radio became available.

In the BeppoSAX-HETE era there was a couple of hours of gap at the starting of
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afterglow observations. Confronting data with theory this period was very successful
in terms of the light curves. The generic fireball model [18-21] explained the data well.
The remaining mysteries were the prompt emission explanation and the properties of
the early afterglow phase which starts just a few minutes after the prompt Gamma-ray

emission.

1.1.4. SWIFT Era: 2004 -

Swift [43] is a great observatory with major advantages such as sensitivity of
the Burst Alert Detector (BAT) [78] and the fast slew capability in less than 100
seconds towards the GRB direction. One of the most important Swift discoveries is

the detection of the short GRB X-ray [47] and optical [45, 46] afterglows.
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Figure 1.14. The first X-ray afterglow light curve for a short bursts [47]

Short GRBs optical afterglows provided short GRB host galaxies for several
bursts (Figure 1.15) (Figure 1.16) [45, 48]. In figure 1.15 on the left, the bright point
source in the boxed region is the X-ray afterglow of GRB050709. On the right, red
circle is the optical afterglow and the irregular galaxy to its west is the host galaxy. In
figure 1.16 host galaxy of GRB050724 is an elliptical galaxy with ellipticity is about
0.17, indicating an E2 Hubble classification [48].
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Figure 1.15. Hubble Space Telescope (HTS) and Chandra X-ray Observatory images
of the afterglow of GRB050709 [45]
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2005 July 25.01

/‘

2005 July 27.15

Figure 1.16. Host galaxy of GRB050724 [48]

The short GRB host galaxies mostly defined as elliptical or star forming galaxies

[48, 49]. This supported the idea that the origins of short GRBs is different from
those of long GRBs [47, 50, 51]. The leading model for short GRBs origin involves two

compact objects mergers such a neutron star/neutron star or a black hole/ neutron

star binary [52-55]. Although the general properties of short GRB observations were

consistent with compact object mergers model, some bursts such as GRB050724 showed

different X-ray afterglow features (Figure 1.17) that were challenges to merger model

[44].
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Figure 1.17. Prompt emission and X-ray afterglow light curve of GRB050724 [44]

With the Swift, for the first time, very early afterglow data starting from tens of
seconds can be obtained. The second major discovery of the Swift is the early X-ray
afterglow that shows new unexpected properties such as a canonical X-ray light curve
(Figure 1.18) [56, 57]. The canonical X-ray light curve with several components [57, 58]
reveals a more complex afterglow emission with new additions to the standard fireball

model [57, 59].

The third important result of the Swift observations is the diversity of GRBs. The
previous classification of GRBs was deficient to explain new observations of Swift [61,
62]. One of these observations was the nearby (redshift of 0.125) long burst GRB 060614
that was detected without supernova association [61, 63, 64, 65], while associated
supernova had been seen in all other nearby long GRBs [61]. The host galaxy of GRB
060614 has a relatively low star forming rate according to general long GRB hosts
[63—65]. This burst has Ty ~ 100s and it is defined as a long burst; but GRB 060614
showed some characteristic properties of the short GRBs [61, 66]. The optical, UV
and X-ray afterglows of GR060614 agree with standard jetted fireball models [67]. The
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Figure 1.18. Schematic view of typical Swift X-ray light curve [60]

whole observational properties of GRB060614 are not consistent with neither collapsar
nor NS-NS merger model but might be consistent with NS-BH merger model; thats
why GRB 060614 challenges current progenitor models [62].

GRB 060505 which is nearby (redshift of 0.089) [68] with a duration of 4 sec-
onds without supernova association [64] and also caused a long/short division problem

[68-70].

An other important Swift [43] burst is the GRB 080913 which is one of the most
distant GRBs with redsifht of 6.7 [71]. GRB 080913 has a 2 seconds of duration and
looks like a short/hard GRB [71]. The possible progenitor system of this burst is a

question mark [71, 72].

With new observations, it is understood that duration and hardness were no
longer enough to understand the physical nature of GRBs [73]. In the Swift era,
one of the leading problems is how to understand physical origin of GRBs from the
observational properties. To deal with this problem several methods are offered [59,

74, 75, 76]. Instead of long and short classification, Type I and Type II denote the two
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physically distinct class of GRBs [75]. The properties of Type I and Type II GRBs
depend on multiple observational criteria (Figure 1.19) [73]. GRB observations has

Yes

;gsl Ellipticaliearty ype HG?

?
- 7w No
e Yes
[o]
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7N

Y
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7 | No

Type | Type Il
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Figure 1.19. GRB classification table for multiple observational criteria [73]

entered a new era with Swift. The early afterglow properties are seen with details and
they raised new questions on their physical origins. The classification schema changed
with new observations. The very high energy component of the prompt emission and

the physics of the prompt emission are the remaining problems to solve.
1.1.5. FERMI Era: 2008 -

The Fermi Gamma-ray Space Telescope (FGST) is launched on 11 June 2008. It’s
major task is to observe the Gamma-ray universe, including GRBs. The Large Area
Telescope (LAT) onboard of the Fermi observatory can measure the energy, direction,
and arrival time of Gamma-rays from 20 MeV to more than 300 GeV [77]. The Gamma-
ray Burst Monitor (GBM) covers the energy range 10 keV to 30 MeV [77]. The major
goal of the Fermi is to solve prompt emission and GRB composition by observing
the very high energy emission. Fermi is hoped to improve the knowledge about the
energetics and energy mechanisms of GRBs. In the following years GRBs will be one

of the most important targets for the upcoming satellites such as SWOM.
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1.2. Observational Properties of GRBs

Swift [43] was launched on November 24th 2004. It detects GRBs by the BAT
(Burst Alert Telescope) [78]. The X-ray Telescope is able to repoint the source in a
few tens of seconds. Swift [43] is detecting nearly 100 bursts per year. In this section,
the observational properties of GRBs are described in two sections: the first is denoted
to the prompt emission while the second to the afterglow emission. A general view of

the phenomenon is offered, following the current leading model of explanation.
1.2.1. Prompt Emission

Prompt emission is the emission detected in Gamma-rays and any lower-energy
emission that occurs simultaneously, namely the GRB itself. From the operational

point of view the prompt emission is defined as the time period when the Gamma-ray

detector detects a signal above the background.

1.2.1.1. Temporal Structure. The duration of the prompt Gamma-ray emission can be

very short (like 0.01sec) or it can be long (up to 100sec). Prompt emission light curves
are irregular: they do not have exactly common features to be generalized (Figure
1.20). In some prompt emission light curves, at the beginning a small pulse (Figure
1.21) before the main GRB with a lower peak flux is seen and it is called precursor [79].
Among Swift bursts up to March 2008, 15 GRBs have a precursor [79]. In the case of
GRB 050820A [80], GRB 060124 [81] and GRB 061121 [82] their precursors triggered
BAT and caused BAT to look the real GRB event before it happened. One possible
interpretation of GRB precursors, related them to the initially trapped fireball emission
in the fireball model [83-86]. Another possibility is that precursors are associated with
the relativistic jet interaction with the stellar envelope in the collapsar model of the
progenitor [87, 88]. Thirdly, the precursors are thought to be formed by the neutron
star that is created by the collapse of the progenitor, afterwards the neutron stars
collapse onto a black hole and generates the GRB [89]. The physical origin of the

precursors and the relation of the precursor with the GRB event are still not known.
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Figure 1.20. Prompt emission light curves. [1]

The light curves of the prompt emission show the change of the flux in time, namely

the behavior of the mechanism that produces the gamma-rays.

Figure 1.21. GRB 061121 prompt emission lightcurve [90]
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1.2.1.2. Spectrum. The GRB Gamma-ray spectra are non-thermal. They are well

described by two power laws joined smoothly at a break energy (o — 3)Ep, known
as a Band-function (equation 1.1) [2]. Band model represents both the GRB prompt

emission and the afterglow emission.

E (0%
N (~E/Eo) _B)E, > E
<100keV) ‘ (@ =B)E
N(E) = (0~ BEN 5o £ \? (1.1)
o= 0b)E ga _B)E, < E
A( 100keV ) ‘ <100keV) la=h)k <

Here « is the low energy photon index, 3 is the high energy photon index and FEj is
the transition energy of the spectrum (Figure 1.22). An important parameter is the

Epear, peak energy of the vF), spectrum. Swift BAT observations, showed that most of
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Figure 1.22. GRB spectrum fit Band function [91]

the Gamma-ray spectra can be fit by a simple power-law (PL) (see equation 1.2) and
by a cutoff power-law (CPL) (see equation 1.3 ) model [92]. This is due to the pretty
limited energy range (15 - 150 keV) of the BAT. A cutoff power law model is necessary
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when the fit is not able to constrain the higher energy index of Band spectrum.

PL

1) = k8 () 12)

In equation (1.2) a”* is the power-law photon index and KX is the normalization at

50 keV in units of photons em™2s tkeV 1,

CPL

E \* —E(24 afPL
E KC’PL -
1(E) 50 (SOkeV ) &P ( Fooak ) (1.3)

p

In equation (1.3) a“P is the power-law photon index, Ej.. is the peak energy in
the vF, spectrum and K$PL is the normalization at 50 keV in units of photons

em~2s ' keV L
1.2.2. Afterglows

The afterglow emissions of GRBs were first discovered in 1997 by BeppoSAX.
It turned out that GRBs have counterpart emissions in radio, optic and X-ray band.
However until Swift [43], these afterglow emissions could be observed only after several
hours from the trigger; Swift can re-point the source in less than 100s. Swift [43]
ushered in a new era, discovering the early properties of GRB afterglows: the steep
decay [93] and flares [94]. A brief description of the properties of GRBs afterglow

emission is given below: both temporal and spectral characteristic will be discussed.

1.2.2.1. X-Ray Afterglows. The most important Swift discovery in X-ray afterglows

is the early X-ray emission and unexpected behaviors [57]. The generic behavior of
the light curve (Figure 1.23) is composed of five different power-law segments (with
“0”indicates the prompt emission [59]). Most of the afterglows show a steep decay phase
(“I”in figure 1.23) around 100-1000 seconds after the burst trigger [44, 93, 95, 96]. This
phase is interpreted as the tail of the prompt emission [44, 58, 97] since it smoothly
connects to the prompt emission light curve extrapolated to the X-rays. The time-

averaged spectral index of this phase is different from that of the later phases and this
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Figure 1.23. X-ray lightcurve based on the Swift XRT observations [59]

is explained as a distinct new component which is not related to the afterglow [59, 98|.
The decay slope is given as between 3 - 5 if the GRB trigger time is taken as the zero
time point [57, 59, 93]. The characteristic features of the steep decay phase suggest
that it is important for the connection between differently originated prompt emission
and the afterglow emission. Generally a strong spectral evolution feature is observed

in the X-ray tails [5, 99].

The steep decay phase is generally followed by a flatter component called shallow
decay phase (“II”in Figure 1.23). The shallow decay phase can also be seen directly
after the prompt emission [58, 100]. During this phase generally the spectral index
does not change [57], but there some cases spectral evolution has been detected [100].
The X-ray afterglow shows sudden re-brightening called X-ray flares ( Figure 1.24 ) at
random times between a few hundred seconds up to thousands of seconds [94, 101, 102].
There can be multiple flares in the light curves [103]. Flares have fast rise and decay
times [104]. Spectral evolution is always observed during the flares. In some cases
X-ray flare fluence is comparable to that of the prompt emission [101]. Flares are seen
in both long and short bursts. The normal decay phase (“III”in Figure 1.23) usually
has a decay slope of about -1.2. This phase follows the theoretical predictions from the
pre-Swift era. After normal decay phase, in some rare cases [105] the post-jet break

phase is seen (“IV”in 1.23) which is again a prediction from the pre-Swift era.
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Figure 1.24. X-ray Flares in GRB 050502B light curve [101]

The Band model [2] is thought to represent also the X-ray afterglow spectra but
because of the narrow energy range of the (0.3 - 10 keV) XRT we are not able to see
the whole Band spectrum. The majority of Swift X-ray afterglows spectra are well
modeled by simple power laws in energy, partially absorbed below ~ 1 keV by gas and
dust along the line of sight as a contribution from the interaction of X-rays with the
matter. A simple absorbed power law model is the general model that gives a good fit
to the data and indicates a non-thermal emission mechanism. It is also showed that
some spectra can be fitted better with a blackbody model or with emission lines in

addition to the absorbed power law model [106].

In the X-ray light curves we see different phases and the spectral properties of
these phases are different. When the steep decay phase is fit with a simple power law
model, it is seen that the power law photon index tends to increase and gets softer
[5, 99]. From the observational point of view this is related to the Ej.q; of the Band
model. In this phase as the E,..; enters the X-ray range, but in the majority of cases
the limited energy range of the XRT does not allow us to determine the E,..; and all we
see is a part of the Band model in the form of a simple power law model whose power
law index increases [5, 107]. In the literature it is mentioned that the early emission in
the X-ray afterglows needs a special treatment. Other models apart from the simple

power law have been used. For example, in [5], the BAT and the early XRT spectra are
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Figure 1.25. A schematic picture showing spectral softening due to the narrow energy

band [108]

fit together and from the best-fit model it is seen that the early X-ray spectra look like
the GRB spectra which has a characteristic spectral energy E,..; in the X-ray band.
The same GRB model has proven to be necessary the X-ray flares modelling [5]. X-ray
flares spectra are generally fit by a cutt off power-law model or Band model [101, 102].
The exact beginning of the afterglow is one of the major issues at present. Studies
in the time and spectral domain propose that up to 1,000 seconds the X-ray emission
is related to the main GRB event [104]. After the steep decay phase, if there are no
flares in the light curve, then the spectra for the remaining light curve is expected not
to evolve. X-Ray afterglow spectra are able to give properties of emission mechanism
and absorbing material in line-of-sight. If the absorbed power law model is used to fit
the spectra, then the 2 parameters are the power law photon index and the absorbing
material in the form of the neutral Hydrogen Column Density. Since the GRBs are
extragalactic sources the galactic column density for the given GRB coordinate is
known and the redshift also can be obtained from the optical afterglow observations.
The excess of the column density seen in the GRB X-ray afterglow spectra is called the
intrinsic column density of the GRB. X-ray absorption excess is seen for many bursts

in the literature [109, 110].
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1.2.2.2. Optical Afterglows. Optical afterglow light curves are generally described

with a simple power law (Figure 1.26) or with a multiple power law behavior (Fig-
ure 1.27). One of the most important optical light curve feature is the supernova
bump (Figure 1.28), seen in almost near GRBs (a very interesting exception is GRB

060614 [65]. The spectral properties of the optical afterglow provides a test of the

15

Mlagminde

M-

H

ba
It

GRB 05031 :
| ) 2 T
Log {Time since tngger (53)

{l

Figure 1.26. GRB050319 optical afterglow [111]

@ Flux

L Relativi

ViWhite)

v

Figure 1.27. Optical and X-ray afterglow light curve [112]
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Figure 1.28. GRB 011121 optical light curve [28]

physics that forms the GRBs and the nature of their environment. The most efficient
way to obtain the GRB redshift is the optical spectra. GRB-supernova connection is
proved in optical afterglow spectra. The GRB related supernovae are in a special class

of Type Ic, they are broad-lined with a smooth spectra and very large explosion energy

(E =~ 10%3).
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1.3. GRB Theoretical Models

After the discovery of GRBs in 1967, they remained as mystery for the following
next 25 years. Until the launch of the Compton Gamma-Ray Observatory the num-
ber of GRB theories was more than the detected GRBs [114]. After the launch of
Swift satellite [43], the theory of the GRBs in all aspects improved but they are not
completely understood yet. In this section main theoretical issues are divided in to
four parts: GRB prompt emission, GRB afterglows, GRB central engine and the GRB

progenitors.

1.3.1. GRB Prompt Emission Model

1.3.1.1. Fireball Model For The Prompt Emission. The Gamma-ray emission seen in

the prompt phase should be connected to the progenitor and the central engine, but the
theoretical models try to explain how to convert rotational gravitational energy into
Gamma-rays regardless the progenitor or the central engine. When the first fireball
theory was offered to explain the Gamma-ray emission of GRBs their real distances
were unknown. If they were assumed to be at cosmological distances (as we now know
they are), their energy could be up to 10°! ergs [52]. The problem was to find out
the mechanism that produces such amount of energy within a few seconds. The first
solutions offered in 1986 by Paczynski and Goodman, related the GRB to a relativistic
fireball. A relativistic outflow of electron-positron plasma and photons expands freely
and produces Gamma-rays when it becomes transparent [52]. The resultant Gamma-
rays of this fireball would form a thermal black body spectrum [52]. At the same
time Goodman also discussed the properties of an optically thick relativistic outflow
considered of pure radiation that produces Gamma-rays as a thermal spectrum [115].
Then in 1990 Shemi and Piran showed that when some baryonic materials added to the
relativistic fireball, most of the radiation energy of the fireball is converted to kinetic
energy of the matter and Gamma-rays would be redshifted into the X-ray range or

below [116].

The main problem was to generate Gamma-rays from the energy with a non-
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thermal spectrum, since the observed Gamma-ray spectra were non-thermal as seen
from BATSE observations [2]. In 1993, Paczynski and Xu produced a model that
consider a series of shells ejected with different Lorentz factors [117]. The shells with
different speeds collide with each other at later times and produces other fireballs
that generates Gamma-rays and neutrinos accounting for (2%) of the total energy
[117]. This model is not successful to explain the Gamma-ray emission, but it is the
first model that uses the idea of the collision between different relativistic shells with
different Lorentz factors. In 1994 Rees and Meszaros used the idea of collision between
relativistic shells and proposed that an internal shock would be formed when a shell of
ejected matter catches up with other material ejected earlier at a lower Lorentz factor in
the fireball [18]. According to the internal shock model, the speed of the jet varies with
time, and this cause the faster portions of the jet to catch up with slower ones [18]. The
collisions between the shells cause an internal shock and as a result, a fraction of the
kinetic energy of the jet is converted to thermal energy and into relativistic electrons
which produce the Gamma-rays [18]. Before the internal shock model the Gamma-ray
producing mechanism the synchrotron emission [118, 119]. In the internal shock model
the observed radiation is produced via synchrotron and inverse-Compton processes.
For a while, the leading radiation mechanism to generate the prompt emission was
believed to be the synchrotron emission [18, 120, 121]. Observed GRB spectra were
consistent with the synchrotron emission interpretation [122, 123] although it was not
enough to explain several observational facts [124, 125]. The simple synchrotron model
improved by some additions [85, 125, 126]. One of these additions was the photospheric
emission which is blackbody emission formed when the fireball shell expands to the
photospheric radius (Figure 1.30) [85]. The observed Gamma-ray emission is thought
to be superposition of the photospheric emission and the internal shock emission [127].
Such a thermal component in the prompt emission is seen and discussed in BATSE
observations [128]. We caution the reader that it is still matter of debate, if this
component is actually present or not in the GRB spectra. In figure (1.30) the different
radii refer to: r,, photospheric radius; ;5 internal shock radius; ry central engine radius.
In the standard fireball models the magnetic field does not have any dynamical role
[130, 131]. The internal shock model able to explain the Gamma-ray light curves and

the spectra. In the previous works the internal shock model thought to be consistent
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with the GRB light curves [132, 133], although it has several disadvantages such as
the low efficiency to convert the jet energy to the radiation energy [134-136]. Also the
emission mechanisms of the prompt Gamma-rays pose some problems as described in
[137]. With recent Swift observations it is showed that the internal shock model can

be ruled for some cases and the alternative models are more consistent with the data

[138].

1.3.1.2. Magnetic Field Dominated Prompt Emission Models. The effects of the mag-

netic fields in GRBs is one of the recent questions. The models containing strong mag-
netic field are the alternative ways to generate prompt emission [84, 139, 140, 141, 142].
In 1992 Usov presented a new model for GRBs assuming that they were at cosmolog-
ical distances [139]. This model was based on the formation of a rapidly rotating
neutron star with strong surface magnetic field that loses its rotational kinetic energy
on a timescale of seconds by a relativistic electron-positron plasma that emits X-rays
and Gamma-rays at the photosphere [139]. The source of the non-thermal radiation
for GRBs were considered as relativistic electron-positron winds and strong magnetic
fields and the Gamma-ray emission mechanism was synchrotron-Compton radiation
[140]. In 1994, Thompson introduced a Poynting-flux-dominated, relativistic, Magneto
Hydro Dynamic (MHD) wind model to reproduce the basic spectral properties of GRBs
[141]. In this model Gamma-rays are produced by Compton scattering by mildly Alfven
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turbulence [141]. In 2003, Lyutikov and Blandford introduced the electromagnetic out-
flow model (Figure 1.31) [84]. In this model as a rotating, relativistic, progenitor loses
its rotational energy in the form of a Poynting flux, a electromagnetically-dominated
bubble that expands non-relativistically inside the progenitor and becomes highly rel-
ativistic after breaking the progenitor surface [84]. Then the electromagnetic energy
is concentrated in a thin shell that creates Gamma-rays by accelerated pairs in the

magnetic field [84].

ISM/CSM

massive
progenitor

shell
instability ‘F_.J____I.,‘_.r-._J'-"""

magrnetic
Afterglow

X-0-R emission
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Figure 1.31. Overall view of the electromagnetic outflow model [84]

1.3.1.3. Turbulent and Sub-Jet Model. In recent years the alternative models to the
internal shock model is offered to explain the GRBs variable light curves [142, 143]. In
the turbulence model, the radiating fluid in the GRB shell is relativistically turbulent
[142]. The relativistic turbulence considers a shell that contains randomly distributed
emitters that change their direction of motion rapidly and radiate as the shell moves
(Figure 1.32) [143]. In the sub-jet model (Figure 1.32), within a highly magnetized
relativistically expanding shell relativistic sub-jets are formed that have a constant
direction and opening angle [143]. The efficiency of these models to produce the GRB
light curves seems highly with proper conditions [143]. For example, a recently work
showed that for GRB 080319B can be well explained by the turbulent model of Narayan

and Kumar and the internal shock model is ruled out for this burst [142].
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There has been a big effort to explain the Gamma-ray production and the energy
transport mechanism that can be via magnetic field, kinetic energy of protons-neutrons
or electron-positron pairs. Possible ways to generate the observed Gamma-rays are

mentioned above. The Prompt emission theory is a developing topic of the GRB field.
1.3.2. GRB Afterglow Emission Models

1.3.2.1. Fireball External Shock Model. The delayed emission in X-ray, optical and

radio wavelengths seen in GRBs is called the afterglow emission. Afterglow emission
was predicted theoretically before its discovery [22, 121, 145, 146]. In 1993 Rhoads and
Paczynski estimated that the Gamma-ray bursts may be followed by radio transients,
as a result of the synchrotron radio [147] emission that is generated when the relativistic
ejecta interact with the interstellar matter [145]. Later in 1997 Rees and Meszaros,
discussed the evolution of the fireball after the Gamma-ray emission with any swept-
up surrounding matter and they predicted an afterglow at X-ray, optical and radio
wavelengths whose flux decays as a power of time [22]. This predicted flux decay
could show breaks that connects different slopes [22]. The fireball model is confirmed
(148, 149] with the detection of X-ray and optical afterglows [16] and the afterglow
is described well as synchrotron emission from accelerated electrons when a spherical

relativistic shell collides with ISM [149, 150, 151]. To be able to compare the observed



30

Fireball Model: long GRBs

External Shock

The Flow decelerating into
Internal Shock e T L S

Collisions betw. diff. 1
parts of theflow

Figure 1.33. Fireball model [144]

afterglow data with the theoretical models, broad-band spectra and the light curves
of synchrotron radiation from a power-law distribution of electrons in an expanding
relativistic shock are calculated [20]. The spectrum and the light curve is composed of
several power-law segments (Figure 1.34) containing a wide range of frequency and time
[20]. In this calculation, the theoretical synchrotron radiation spectrum is improved
considering the cooling by synchrotron radiation, when the relativistic electron lose
a fraction of their energy in radiation [20]. Different electron energies define four
important frequencies: the injection frequency, the cooling frequency, the maximum
synchrotron frequency and the self-absorption frequency [152]. There are two types
of spectra described by the order between the injection frequency and the cooling
frequency: slow cooling case if v,, < v, and fast cooling case if v,, > v, [20]. The
theoretical light curve (Figure 1.35) is constructed according to the hydrodynamical

evolution of the shock [20].

The simplest theoretical GRB afterglow models have major assumptions [129]. At

the relativistic shocks the electrons are assumed to be Fermi accelerated (see ref. [153])
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Figure 1.34. Theoretical afterglow synchrotron spectra [20]

and to have a power-law distribution with a power-law index p: N(E)dE x E~PdE,.
It is also assumed that a fraction &, of the total electrons associated with the baryons
in the ISM are accelerated and the total electron energy is a fraction €. of the total
internal energy in the shocked region. Although the strength of the magnetic field
is unknown, magnetic energy density is assumed to be a fraction eg of the internal
energy. The model has four basic parameters [129]: the local medium density (n),
total energy of burst (Ey), energy portion distributed to the electrons (e.) and the
energy portion distributed to the magnetic fields (ep). In the standard afterglow model
[22], the afterglow flux density changes by a power in time once the synchrotron peak
has moved through the bandpass and the relation between the temporal decay index
a and the photon spectral energy index (3 is given as F), ~ t*” where a = (3/2)3
[152]. According to current observations the frequency and time dependence of the
afterglow spectral energy flux density is consistent only with late time X-ray afterglow

phase. For the normal decay phase the theoretical expected spectral energy index is
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in the range between 0.7-1.0 and temporal decay index is in the range of 1.1-1.5 [49].
Before the launch of Swift, the simplest version of the fireball model was enough to
explain the data although there were some exceptions that displayed optical variability
such as bumps, wiggles and smooth power-law decay []154-156. These variations are
discussed theoretically in the literature with different suggestions. These include the
inhomogeneities in the surrounding medium [155, 157, 158], refreshed shocks with the
surrounding medium [159], angular dependence of the fireball energy [133] and the
gravitational lensing [160, 161]. Recent observational properties in X-ray afterglows
such as flares, steep decay phase, shallow decay phase [58, 162, 163] challenge fireball
shock model [18, 20, 21, 164].

1.3.3. Recent Models For X-Ray Afterglows

1.3.3.1. X-Ray Afterglow Steep Decay Phase. The steep decay phase seen in the most

of the Swift [43] X-ray afterglows is a phase between prompt emission and afterglow
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emission. This phase is supposed to be dominated by the curvature effect (that is the
delayed photon emission from high latitudes with respect to the line of sight) [107, 165,
166, 167, 168]. It is proposed that the curvature effect model of a cutoff power-law
spectrum is used to model the some X-Ray steep decay phases [59, 97, 108, 169, 170].
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Figure 1.36. Curvature effect [171]

1.3.3.2. X-Ray Flares. X-ray flares [94, 101, 102] seen in the Swift [43] afterglows

as sudden re-brightening, were a total surprise. They were first interpreted as late-
time energy injection into the external shock or a continued internal shocks [101]. Tt
is showed that external shock related processes would produce flares with long time
scales [155, 172] which is not always the case in observations [94, 104]. The timescales
of flares mainly relate them to a long lasting central engine activity [172]. The internal
dissipation model [59, 169, 173] which requires long-lasting central engine activity is

the current favorable explanation for the X-ray flares, agrees with the data [97, 174].

1.3.3.3. Shallow Decay Phase. The shallow decay phase can be seen immediately af-

ter the prompt emission or after the steep decay phase [58, 163]. This phase is in-
terpreted as energy injection into the fireball [59]. Other models [175, 176] such as
dust-scattering-driven emission that offers X-ray scattering by dust can cause shallow

decay phase under certain conditions [176, 177].
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1.3.4. GRB Progenitors

When GRBs were first discovered, the most popular scenarios for their origins
involved galactic nuclei [178] or merging of massive binaries [55]. As the observational
progress improved, the afterglows provided the information about the redshift, position
of burst and the surrounding environment of the GRBs. GRBs were classified as
long-soft and short-hard. Long GRBs are believed to be related with the death of
a massive star and the connected creation of a black hole [26, 32, 179, 180, 181].
Several models were proposed to contain massive stars, such as the hypernova [182, 183]
that predicts a simultaneous Type Ic supernova with the GRB. Another model is
the Supranova [31]: it predicts a two-step explosion, were the burst onset follows a
supernova after a few months. Optical rebrightening observations [28] supported the
hypernova scenario while the detected iron emission and absorption features in the

X-ray afterglows suggested the supranova model.

The most favored massive star model for the long GRBs is the collapsar [33]
[184]: A massive star [33] collapses and forms a black hole after losing its Hydrogen rich
envelope. This enables to the jet to go out, while the angular momentum is necessary
for the formation of a disk around the black hole [185, 186]. Such a star would have been
a Wolf-Rayet star [187] before collapse and its resultant supernova explosion should
have matched Type-Ib/c supernovae. These stars have very strong winds, which cause
the stars to lose their entire hydrogen envelope [188]. The test of the models depends
on mass and the metallicity of the stars [189]. There is also an alternative massive
single star model that a rapidly rotating core can develop extensive mixing and burns
nearly the entire hydrogen envelope into helium [190, 191]. The link to massive stars
is supported by the supernova association [32, 181] and the relations of long GRBs
with star-forming galaxies and star-forming regions in galaxies [192]. The supernova
association of long GRBs and the Type-Ic supernova progenitors mass knowledge [193]
showed that the progenitors of long GRBs should be massive stars. There is strong
support for the collapsar model, however; the progenitor of long GRBs is not definitively
known and the list of possible progenitors is large and the single massive star is just

one of the candidates [189]. Short GRBs are believed to have different progenitors
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Figure 1.37. Simulation shows GRB jet formed from Wolf-Rayet star. [180]

than long GRBs. The collapsar model don’t explain the short GRBs since they are too
short. The short GRBs are widely suspected of being two merging compact objects.
Two compact objects can be two neutron stars or a neutron star (NS) and a black hole
(BH) [52, 54, 194] or a white dwarf (WD) and another compact object [195]. Helium
merger progenitor [196] model is one of the favorable models. In this model, in a binary
system the more massive star collapses to form a neutron star or black hole and provides
a kick to its binary. When the companion star evolves off the main sequence it causes
the system to merge and produce a burst. Several observations gradually shows the
association of compact-object mergers with short bursts [45, 50, 197]. Binary systems
loose angular momentum by gravitational waves and then they merge. As a result, a
black hole and a torus around (that carries the angular momentum) can be formed.
Observation of gravitational waves from a merger system would be a direct evidence
for this model. Alternative models based on a black hole as a central engine have
proposed [199, 200]. There are also alternative models without black hole [139, 195].

Consequently, a well explained and tested progenitor scenario is not available yet.

1.3.5. GRB Central Engine Theory

GRB central engine is the mechanism that produce a relativistic outflow with

high Lorentz factors in terms of beamed jets [201]. The first idea about the energy



36
o~
ST
e 4
]
NSBH .__
P
.u
NSBH __ >

T

- @
o
NS/BH He

"X

SN/GRB

Figure 1.38. An evolutionary pathway to create the NS/BH and He core [198]

source for GRBs was the rotation of a neutron star [203-205]. In such a model GRBs
are related to birth of a magnetar [205, 206]. The other possibility for the GRB central
engine is an accretion disk which can be formed by collapsar model or by binary merger
model. According to collapsar model [34, 182], the acretion disk is formed by the fall
back matter from the collapsing envelope of the star and the accretion duration which
is on the order of several tens of seconds depends on the dynamical timescale of the
collapsing envelope of the star. In the binary merger model [54], the accretion material
is formed by the debris of the neutron star which is tidally disrupted. In this case
the accretion timescale which is a fraction of seconds, depends disk properties. The
accretion timescales make the distinction between the long duration and short duration
bursts. The accretion timescale in the binary merger model gives the short duration
GRB timescales while the collapsar model accounts for the long GRB timescales. If
a black hole and an acretion disk is considered as the central engine, then the next
question is how to produce a relativistic outflow from this system. One of the possible
mechanisms is the neutrino pairs that are formed in the disk and collide each other

along the rotational disk [179, 207, 208, 209]. Other possible mechanisms are magnetic
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Figure 1.39. Simulation for black hole forming from the core collapse of a Wolf-Rayet
star [180]

instabilities in the disk [210, 211] and the MHD extraction of the rotational energy of
the black hole [213-215].

1.4. Effects Of GRBs On The Surrounding Medium

GRBs are energetic Gamma-ray, X-ray, optical-UV and radio sources. It is very
natural that their surrounding medium is affected by them as they occur. In general
the surrounding interstellar medium is composed of gas and dust. However, the X-ray
and UV counterpart of the GRBs affect the gas in the ISM by ionizing, heating it
and affect the dust grains by vaporizing them. When X-ray afterglow is considered,
there is an amount of time dependent X-ray luminosity that ionize the surrounding
medium if it is a gas-rich environment that is not ionized initially. The UV afterglow
also ionize the gas in such an environment. When the GRB blast wave effects on the
ISM (Figure 1.40) are considered, the absorption lines properties are calculated by the

bound-free and bound-bound transitions and it is seen that the strength of absorption
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lines (in optical band) declines with time [215]. Bé&ttcher et al 1999 focused on time

dependent ionization and photoelectric absorption effects mainly in the X-ray regime

and they showed the Fe K edge absorption feature temporal evolution [216]. Time
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Figure 1.40. Radiation shell and its effect on the ambient absorbing medium [215]

variability of ionization edges depending on the different environments considering the
radial profile densities is discussed by [217] and they showed that the required time
resolved spectroscopic observations can be done by Swift. The effects of UV flash of the
GRB on the surrounding dust [218] and the effects of the X-rays on the dust particles
have been discussed [219]. Lazzati and Perna (2002) showed that the time-dependent
X-ray extinction is sensitive to the density profile in the close environment of the bursts
[3]. They derived the temporal evolution (Figure 1.41) of the measured column density
as a function of the density of the medium and the size of the absorbing medium [3]. In
figure 1.41 the evolution of the column density is shown for a uniform cloud and a shell.
Since in the shell environment case all the material is located at a large distance from
the source ionization time is longer. Consequently if we concentrate on the evolution
the column density effect of the GRB because of the ionizing, if a first measurement
of the intrinsic column density is obtained, the next measurements are expected to be
always equal or below this value depending on the distance to the absorbing material.

This is due to the fact that there is no physical way to create some matter to increase
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Figure 1.41. Column Density variability density in time according to simulations [3]

column density (since the recombination timescale is much larger than the observing
times) [215]. A lower intrinsic column density can be measured since the photons of
the GRB can ionize the metals, thus reducing the number of absorbing atoms. In this
work, the possible evolution of the neutral Hydrogen column density with time will be

analyzed on a sample 28 GRBs.
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2. COLUMN DENSITY AND POWER LAW PHOTON
INDEX

X-Ray spectral parameters, such as hydrogen column density and power law pho-
ton index, are the main focus of this work. The physics behind X-ray spectrum would
be introduced in this chapter. After the radiation processes, synchrotron radiation
which is related to GRB spectra by the photon index- that produce X-rays would be
explained briefly, X-ray absorption processes is summarized to understand the effect
of ISM in the observed spectra. A brief introduction to X-ray absorption including
the hydrogen column density definition and the photoelectric absorption model that
forms the absorption curves would also be given. Consequently, power law model with
photoelectric absorption which brings the two parameters, hydrogen column density

and the power law photon index, together will be discussed with the illustrated graphs.

2.1. X-Rays

X-rays are form of high energy electromagnetic radiation. They are part of the
electromagnetic spectrum. The energy of an X-ray photon is times that of a photon
of visible light. X-rays have very short wavelengths, very high frequencies and high
energies. X-rays are in the range of 0.1keV — 120keV = 30 x 10"°Hz — 30 x 10 Hz =

10 — 0.001 nanometers.

The Electromagnetic Spectrum

VISIBLE
INFRARED LIGHT w

MICROWAVE XRAY

ENERGY ___0.000000248 014245 4% pLE

1em = 10,000,000 nanometers
e

SOURGE: CHANDRA X-RAY CENTER / Harvard. ian Center for.

Figure 2.1. Electromagnetic spectrum [220]
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2.1.1. Generation Of X-Rays

Radiation processes are divided in two categories which are thermal and non-
thermal. In thermal radiation, Maxwell-Boltzmann thermo-dynamic equilibrium [221]
conditions relate particle velocities to the temperature of the emitting gas. Conven-
tionally, non-thermal radiation means the continuum radiation from particles whose
movement and radiation does not depend on Maxwell-Boltzmann statistics [153]. X-
ray producing mechanisms are: bremsstrahlung, black body radiation, synchrotron

radiation and inverse Compton.

2.1.1.1. Bremsstrahlung. Radiation due to the acceleration of a charge in the Coulomb

field of another charge is called Bremsstrahlung radiation [222]. Thermal bremsstrahlung
radiation from an ionized medium is one of the X-ray emission mechanisms. When an
electron comes very close to the nucleus and the electromagnetic interaction causes
a deviation of the trajectory where the electron looses energy and an X-ray photon
is emitted. When the emission of a single electron with single electron velocity is
averaged over the Maxwell-Boltzman velocity distributions of electrons the total emis-
sion by all particles in this population is called thermal bremsstrahlung [222]. Thermal
bremsstrahlung occurs in a hot gas, where many electrons are stripped from their nuclei,
leaving a population of electrons and positive ions. If the gas is hot enough (millions

of degrees Kelvin), this kind of radiation will primarily take the form of X-rays.

2.1.1.2. Black Body Radiation. Objects at temperature above absolute zero emit elec-
tromagnetic radiation with a characteristic distribution over energy (spectrum) deter-
mined by their temperature this radiation is called the black body radiation [222]. If
the temperature of the object is extremely high (between 3 x 10 — 3 x 108 K) then
its radiation will be predominantly in X-ray band. Black body radiation spectrum is
represented by Planck Law [222]. The intensity I (A, T) is the energy radiated per unit

area per unit solid angle per unit time per unit wavelength (\) at a given temperature
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(T) is given by the Planck law (equation 2.1).

2hc? 1
I\T) = ( 15 > (exp (,\]L—CT)) — (2.1)

Since the frequency v = ¢/ the intensity I (A, T') is the energy radiated per unit area
per unit solid angle per unit time per unit frequency (v)at a given temperature (T) is

given in equation (2.2)

2hv? 1
I\T) = ( > ) (exp (_V)) — (2.2)

kT

Planck Law can be written in terms of energy using the E = hv = hc/\ relation,where
h is the Planck’s constant (6.6260693 x 10734.J.s = 4.136 x 10~ *®¥keV.s). Since I(E)dE =

I(v)dv then I(F) = 91 (v) = +1(v). Using this Planck Law in terms of energy is given

in equation (2.3).

I(E,T) = <h362> (e:np(é)) — (2.3)

If kT is taken as kT=keV and if the energy is in the unit of keV, then the Planck law

in terms of energy becomes as shown in equation (2.4).

2F3(keV )3 1 3.14 x 10%E3
I(E,T) - 4.1 % 10_18/{3( . 3) 29 —1)2 E(keV) - ><E 1 (24)
(4. ev.s)3(2.9ms™1) <e:cp( Al )) 1 (exzp(&)) -

The spectrum of black body radiation at kT=1 keV is given in Figure (2.2) and the
spectrum of black body radiation at kT=0.1 keV, 1 keV and 2 keV is given in Figure
(2.3).

2.1.1.3. Synchrotron Radiation. The emission of very relativistic electrons gyrating in

a magnetic field is called the synchrotron radiation. This process is responsible for the
non-thermal Gamma-ray emission of the prompt emission and optical, X-ray emission
observed in GRB afterglows. In any radiation process, to obtain the power of the

radiation it is necessary to use the Larmors formula [223] that gives the radiation rate
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Figure 2.2. Log-log plot of blackbody spectrum at k7" = 1keV
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Figure 2.3. Log-log plot of blackbody spectrum for different energies

of an accelerated charged particle. Larmors formula is given by equation (2.5 [222] )
where a is the proper acceleration of the particle, P is the power, q is the charge, and

c is the speed of light.

dE q*a?
p__(9E) _ _aa 2.5
< dt >md 6egc? (2:5)
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The energy loss rate by radiation dE/dt is a Lorents invariant between inertial frames
since both the energy and the time interval transform in the same way between inertial
frames of reference [224]. If the motion of an electron in a uniform, static magnetic

field is considered as a spiral path (Figure 2.4). If we equate the forces on the electron

Vi

Figure 2.4. Motion of an electric field in a uniform magnetic field [153]

~1/2
we obtain equation (2.6) where P is the momentum and the v = (1 — Z—j) is the

Lorentz factor.

, . [dP d dv 0.d
Fy=e(@x B) = (%) _ (%) T PGl (2.6)

Since in a magnetic field the three-acceleration is always perpendicular to velocity, the
(7.@) = 0. So, the equation becomes (7 x B) = mey%. As seen by the figure (2.4)
the particles velocity has two components that are parallel (v, ) and perpendicular

(Uper) to the magnetic field. There is an angle () between velocity and magnetic field

Uper
Upar

vectors which is given by tanf = . Uper = vsind and it can be seen that the v,
is constant since v,q, X B = 0. The acceleration is perpendicular to the magnetic
field direction and to vp,,. So, the motion is composed of a circular motion with
radius r around the magnetic field and a constant velocity along the magnetic field
and can be described as e(U X é) = me’y% = m¢yad. Since only the v,., changes with

time the acceleration is mey% = eUper Blper X ipar) Where i, abd ip are the unit

vectors in velocity and magnetic field directions respectively. So the acceleration is
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B o

a = evv% The angular frequency of the electron that moves through the spiral is
e

. . w . . .

given as Wyyration = ””TT = anBec and the frequency is Vgyration = —Z5=. Since vUpg, is

constant, a,,-=0. If we consider acceleration as @ = aparipar +Aperiper then the radiation

becomes as in equation (2.7).

dE e?~4

% o 67T5(]C3(|aper|2 + Vz‘apm“P) (27)

If the expression for the acceleration of the electron in its orbit is used and inserted
into the expression for the radiation rate of a relativistic electron, the total radiation

loss rate of the electron is given in equation (2.8).

dE  e*y

2yt e2v?B%sin? 6 e?B?  v?
Cdt 67rgoc3’aper

- 3 21,2 - 2 2
6mepc yemz 6megem? c

| 7*sin” 6 (2.8)

2

If we use ¢® = (ggup) " we can rewrite the equation (2.8) as equation (2.9).

dr et v\2 B* ,  ,
9 — (2} ¢=—~%sin%0 2.9
dt 6redctm? <c> CZ,uofy S (2:9)
The quantity in the first set of the round brackets on the right-hand side of equation

4

(2.9) is the Thompson cross-section and it is defined as (o7 = 7). Then we
0 e
can write the total emitted power as equation (2.10) where Upy.y = % is the energy
density of the magnetic field.
dE 2
= 207U g (%) 72 sin’ 0 (2.10)

This result is for electrons with a specific pitch angle theta. For an isotropic distribution
of velocities this formula can be averaged over all angles for a given speed to obtain
the average energy loss. If the pitch angle distribution is P(6)df = %sin 0df then the
average energy loss rate (total emitted power per electron) becomes as in equation

(2.11).

dE

v\2 ,1 [T . 4 v 2
_E = 20'TCUmag (E) 725/0 Sln3 0dt = gO-TCUmag (E) 72 (211)
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Since the velocity and acceleration are perpendicular, the synchrotron radiation is

beamed along the velocity vector with an opening angle Af ~ ! [222]. The ob-

AN

Figure 2.5. Angular distribution of radiation emitted by a particle with perpendicular

velocity and acceleration [222]

server sees radiation for duration smaller than the gyration period, this means that the

spectrum includes higher harmonics of wgyration The maximum harmonic is at a char-

1 ~ ”YQeBper

A —2<t. Because of the aberration effect, the

acteristic frequency which is w, ~
radiation is decomposed by Fourier analysis into a sum of equivalent dipoles radiating
at harmonics of the relativistic gyration frequency. Since the electron is relativistic,
the energy radiated in the higher harmonics contributes to radiation. Electrons energy
is £ = ymc® during its spiral motion the pitch angle will change and the radiation
will be composed different frequencies. The resultant emission is a series of harmon-
ics at well defined frequencies which broadened and forms continuous emission. The
spectrum can be approximated by assuming that all the radiation of an electron of
energy E is radiated at the critical frequency v ~ v. ~ y?v,. The number of radiating
electrons can be assumed as a power law in the form of N(F) = KE™P, that relates
the energy radiated in the frequency range v-dv to electrons with energies in the range
E-E+dE. Each electron will lose energy via synchrotron emission thus, the emissivity
(total emitted power per unit volume) can be written as in equation (2.12).
dE

Jodv = ——N(E)dE (2.12)

1/2
Since E = ym.c? = (%) mec?, dE = %V_l/ZdV and the derivative of energy with

2
. . 2 2 e e . .
respect to time is —4E = i*ch% (B—) ( E ) , SO emissivity can be written as in

dt 3 2410 Mec?
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Figure 2.6. Synchrotron radiation is generated by the total harmonics spectra [153]

equation (2.13).
J(v) = (con:stants)KBPTHV’(p’l)/2 (2.13)

If the electron energy spectrum has power law index p, the spectral index of the syn-
chrotron emission given by j(v) oc v where 3 = 2=1 Spectral index is the negative

slope on a log-log plot of the spectrum.

2.1.1.4. Inverse Compton. Inverse compton scattering is an important radiative pro-

cess to generate high energy photons. In this process, relativistic electrons scatter by
low energy photons and they transfer part of their kinetic energy to low energy photons,
by that means high energy photons are created. This case is treated by assuming that
the energy of photons in the center of the momentum frame of the interaction is much
less than m.c® and the probability of the scattering is given by Thomson scattering
cross-section [153]. In this process the net energy transferred per second from electron
to photon can be derived by using kinematics of electron-photon scattering and the

Lorentz transformation between electron rest frame and the observer’s frame since the
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Figure 2.7. Inverse Compton Process [226]

electrons move relativistically in the observer’s frame. The electron will extract from
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Figure 2.8. Inverse Compton scattering geometry [153]

the incident radiation the amount of power flowing through the area o and radiate

this power. As given by [225], the energy loss rate by the electron is — (‘fi—]f)/ = opclU. .y,
where U,,.q is the energy density of radiation in the rest frame of the electron. The
detailed derivation of the energy density in the electron rest frame and net power lost
by the electron for inverse Compton scattering in the astrophysical regime can be found
in [222] and [225]. The net power lost by the electron which is equal to the radiation
increase is given by equation (2.14).

dE 4

V\2 o
% = ngcUmag (E) Y (214)
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The spectrum of the resultant radiation from inverse Compton process is given in [227]

(Figure 2.9). If the electron energy distribution in the inverse Compton process is a

2k

log,, fiv}
larbitrary units)

1k

D L 1 ' Ll L
oo o1 1 234 10
Frequeney in units of /v’ s,

Figure 2.9. Compton Scattering Spectrum [227]

power law distribution, dN = E~PdFE the scattered spectrum will also be a power law

with I(v) o v="2 [227].
2.1.2. X-Ray Absorption Processes

The main absorption mechanisms of the X-ray absorption seen in the X-ray spec-

tra are, synchrotron self absorption, photo-ionization and Compton scattering.

2.1.2.1. Synchrotron Self Absorption. In the synchrotron discussion it is assumed that

the all the photons that are emitted by the synchrotron mechanism can escape the
system. This is not always the case and some amount of photons will be absorbed by
the system and the normal synchrotron spectrum is modified by the re-absorption of
some of the radiation by the relativistic electrons. The effect is called as synchrotron
self absorption [222]. In the resultant spectrum there is a absorption in the lower

frequency shown in figure (2.10).

2.1.2.2. Photo-lonization. When an incoming photon with enough energy (fw) to take

an electron and lift it out the atom, ionization [228] occurs. The electron that leaves the

atom is called the photoelectron. When the electron is taken out into the continuum
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Figure 2.10. Synchrotron spectrum with self absorption [153]

by the incoming photon, there is a left over kinetic energy. In the figure (2.11) nucleus
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Figure 2.11. Photo-Ionization [228]

of charge +Ze and surrounding it are the principle shells K,,M. For K principle
quantum number n=1, for L n=2 and for M n=3. Corresponding energy diagram for
n=1,2,3,4 level is showed in the figure (2.12), the dashed line is the continuum level.
The energy required to take out the core electron in the n=1 quantum number just to

the continuum is called K-absorption edge.

2.1.2.3. Compton Scattering. Compton scattering process [225] occurs when a photon

collides with a stationary electron. In this process photons scatter from lower to higher
energies or higher to lower energies in interactions with electrons of higher (or lower)

energies. For example, X-ray or Gamma-ray photons decrease in energy when they
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Figure 2.12. Atomic Energy Diagram [228]

interact with electrons.

2.2. Hydrogen Column Density

2.2.1. Interstellar Medium

The interstellar medium is consist of both gas and dust particles. Dust grains
are solid, macroscopic particles composed of dielectric and refractory materials. The
particles are irregularly shaped, and are composed of silicates, carbon, ice, and/or iron

compounds.

The dust tends to scatter and absorb the UV/optical radiation from the source,
the combination of these effects is called as interstellar extinction [229]. Extinction
is more effective in shorter wavelength so the blue light is blocked more than the red
light. As a result if there is extinction, the images appear redder than they should
be, this is called interstellar reddening [230]. Dust grains can also absorb and scatter
X-rays, although to an X-ray photon, a dust grain looks like a dense cloud of atomic

gas, with the energies of the edges modified by being in solid materials rather than in
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the gas phase.

Extinction is quantified as the difference between the observed and the real magni-
tude. It is conventional at ultraviolet wavelengths to express the interstellar extinction
in units of magnitudes, Ay, normalized in terms of a color excess that represents the
selective extinction is E(B —V) = Agp — Ay. Ap and Ay are the absorption in magni-
tudes in the photometric B and V band but, in general they represent any particular

wavelength.

There is a simple relation between the selective extinction, expressed in terms of
color excess, and the total extinction, expressed in terms of the extinction at a specific
wavelength, usually Ay. This is defined by the ratio of total to selective extinction by
Ry = E(g—‘:v)' Observationally, Ry expressed in terms of one of two specific values
Ry = 3.1 [231], which is typical of the Diffuse ISM and Ry = 5 which is typical
of dense clouds. The larger value of Ry is thought to be a consequence of different
distributions of grain sizes in high-density versus low-density environment, in the sense
that larger Ry indicates larger grains on average. In fact, Ry is an empirical factor

introduced to account for observed differences in the universal extinction law seen in

different environments. The physics behind it is not understood fully yet.

Approximately 99 per cent of the interstellar medium is composed of interstellar
gas, and of its mass, about 75 per cent is in the form of hydrogen (either molecular
or atomic), with the remaining 25 per cent as helium. The interstellar gas consists
partly of neutral atoms and molecules, as well as charged particles, such as ions and
electrons. This gas is extremely dilute, with an average density of about 1 atom per
cubic centimeter. The interstellar gas is typically found in two forms: cold clouds
of neutral atomic or molecular hydrogen and hot ionized hydrogen. The neutral and
molecular forms emit radiation in the radio band of the electromagnetic spectrum. The
ionized hydrogen is produced when large amounts of ultraviolet radiation. The atoms
and ions of the different elements that make up the gas in the intervening ISM material
can absorb the background sources radiation at specific wavelengths corresponding to

different electronic transitions in the gas atoms giving interstellar absorption lines
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superimposed on the intrinsic stellar spectrum. X-rays remove electrons from atoms

and ions, and those photoelectrons can provoke secondary ionizations.

2.2.2. X-Ray Absorption

Among X-ray absorption processes, we will deal with photoelectric absorption
[225] since it is dominant at low energies (0—100keV'). Basic features of the absorption
can be derived by considering a beam of light with an initial intensity [y, travelling
in the x direction along our line of sight and passing through an idealized slab of

intergalactic gas of thickness L ( Figure 2.13). Number density of absorbers of element

observer
I+dl

Figure 2.13. Light travelling to the observer passing through a slab of intergalactic

gas

Z (particles per unit volume, m =3 ) is n.(x) and each absorber has cross-sectional area
oy (em?). Cross-section offered by element Z at energy E is 0,(F) (m?). If the beam
travels through dx, total area of absorbers is the fraction of volume dV which is locked
by the presence of element Z is numberofabsorbers x cross — section = n,(x) X o, .
The rate of change of the intensity I(z) along x is negative and is proportional to
both the number density n.(z) of absorbing atoms and the intensity itself is given by

equation (2.15).

dl

- = —n,(z)dxo, = —n,(z)o, \dv = dI\ = —n,(x)o, \[\dr = ayI)(x)dr (2.15)
A

In equation (2.15) a, is the line absorption coefficient of the medium, it represents

then the cross-section of the absorbing atoms and has units of area. To solve I(z), we
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integrate over length from source along x, from 0 to L (equation 2.16 and 2.17).

Lar L L
-2 = / —n.(z)dzo, \ = _O'ZA(E)/ n,(z)dz (2.16)
0 ]>\ 0 7 ’ 0

2~ o \(B) /0 (@) —s () = Iy exp (—aZ,A(E) /0 " nz(x)dx> (2.17)

Iyo

If all elements in the line of sight is included then the intensity is given as in equation

(2.18).

In(z) = Iypexp (- Z%,A(E)/O nz(x)z—zW) (2.18)
o) = Y onaB)" s (2.19)

If we define o.77(E) (equation 2.19) the effective cross-section, weighted over the abun-
dance of hydrogen element with respect to hydrogen, then the intensity is given by

equation (2.20).

I/\(ilf) = [A,O exp(—aeff(E)NH) (220)

When the absorption of the light from a X-ray source by the interstellar medium is
considered, the cross section multiplied by the Hydrogen density Ny defines the optical
depth 7y,to a source at a distance x. It is a dimensionless quantity as 7\ = o.rfNg.
Absorption over the considered path reduces the intensity to e~ relative to the initial
value. Ny is defined as the hydrogen column density which is the integral of the
number density along the line of sight; Ny = [nydx. Ny is the number of H-atoms
per m? column. It is measured from the 2lcm atomic hydrogen line. Ny is the
number of equivalent hydrogen atoms in line o sight. Although Ny is used as the

parameter, virtually none of the absorption is due to hydrogen in soft X-rays region.
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The threshold for hydrogen ionization is 13.6 eV, for any X-ray photon hydrogen is
completely ionized. When dealing with X-ray spectra the hydrogen column density is

used to build absorption curves in photoelectric absorption model.

2.2.2.1. Photoelectric Absorption Model. The radiation observed from a source passes

through the interstellar medium while reaching the observer. When the energy of the
radiation is in X-ray range, the effects of the interstellar gas are seen as an absorption
curve in the soft X-rays. This absorption curve is due to the photo-ionization of the
interstellar gas (C, N, O, Fe-L, Ne, Mg, Si, S, Ar, Ca, Fe, Ni). Hydrogen and Helium
don’t absorb X-ray photons, but all the other elements absorb X-rays. A given pattern
of other abundances for these elements with respect to Hydrogen is assumed. Usually,
the distribution of elements within Sun is used. The photoelectric absorption cross-
section [225] for photons with energy greater than the electron binding energy and
hv < m.c? is given by equation (2.21) where a is the fine structure constant and or is

the Thompson cross section [225].

ok = 4V 2070a* Z° (moc? v)7/? (2.21)

Figure (2.14) shows the absorption cross-section for the interstellar gas assuming typical
abundances. The K-shell absorption edges of the elements forms the discontinuities in
the figure (2.14). One of the most widely used X-ray absorption model is calculated by
the effective absorption cross section given in [233]. They use the element abundances
given in the figure (2.15) and obtain the absorption curve using the analytical fit
coefficients (Figure 2.16) between 0.25 keV and 10 KeV. The photoelectric absorption
cross section per hydrogen atom, o(F), is given by o(E) = (Cy + C1E + CLE?)E~3 x
1072*¢m? where the energy E is in terms of keV [233]. The cross section coefficients
in [233] are obtained for the analytic fit according to given abundances (Figure 2.15)
where all elements are taken as in neutral atomic form in gas phase. We obtain the
same absorption curve (Figure 2.17 ) by evaluating the given cross section coefficients
for the related energy range. In this model, the X-ray absorption is independent of the

physical state of the elements, the optical thickness of the grains and the scattering
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abundances [232]
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Figure 2.15. Element abundances used by Morrison and McCammon (1983) [234]

due to the grains can be neglected [233]. The effect of molecular form of the hydrogen
and the absorption corresponding to UV range is also neglected [235]. Figure (2.17)
shows the photoelectric absorption cross section which is scaled by ( kfv)g just for the
appearance of the plot. A photoelectric absorption model of the radiation for a given
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COEFFICIENTS OF ANALYTIC FIT TOo CROSS SECTION

Energy Range (keV) €y cy 3
0.030-0.100" .......... 17.3 608.1 —2150.
0.100-0284........... 34.6 2679 —476.1
0.284-0400........... 78.1 18.8 4.3
0.400-0.532........... 714 66.8 =514
0.532-0.707 ........... 05.5 145.8 —61.1
0.707-0.867........... 3089 —3B0.6 254.0
0.867-1303 ........... 1206 169.3 —477
1.303-1.840........... 141.3 146.8 —31.5
LB40-2471........... 202.7 104.7 —-17.0
2471-3210........... 3427 18.7 0.0
3210-4038........... 3522 18.7 0.0
4038-7.111........... 4339 -24 (.75
TALI-833Y. i 629.00 30.9 0.0
B.331-10000 ......... 701.2 25.2 0.0

Figure 2.16. Analytic fit coefficients used by Morrison and McCammon (1983) [233]
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Figure 2.17. A log-log plot of the net photoelectric absorption cross section per

hydrogen atom as a function of energy

energy E, is in the form of Photoelectric Absorption(E) = e~*F)Ni (where o(E) does
not include Thomson scattering) [236]. The photoelectric absorption depends on the
low intermediate atomic number (Z) atoms along the line of sight that cause soft X-ray
absorption. This absorption is quantified Ny, the column density of neutral material
with solar metallicity that would cause the absorption. When Ny is obtained from

a given spectra this measurement can be model dependent since it is performed by
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computing the difference of the observed soft X-ray flux with respect to a model in the
same energy range. We illustrated the Ny dependence of the photoelectric absorption
model. Figure (2.18 and 2.19 ) shows the photoelectric absorption for different Ny
values; 0.4 x 1022cm ™2 (pink line), 1 x 10*2¢cm ™2 (blue line), 2 x 10*2cm~2. As a result
we see that as the Ny increases, the corresponding photoelectric absorption tends to

increase.
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Figure 2.18. Photoelectric absorption for Ny = 0.4 x 10*2¢m =2
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Figure 2.19. Photoelectric absorption for different Ny values
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2.2.2.2. Photoelectric Absorption Model for a Specific Redshift. When an extragalac-

tic source is observed, the radiation first passes through the host galaxy interstel-
lar medium of the source, and then it passes through the intergalactic medium and
reaches the Milky Ways interstellar medium. The intergalactic medium does not ab-
sorb unless there are cosmic objects in the line of sight. The interstellar medium
(ISM) of the sources host galaxy causes a photoelectric absorption as Milky Way
does. The host galaxy Hydrogen Column Density which is the intrinsic Hydrogen
Column Density (Nggp) refers to the medium beyond Milky Way on radiations way
through the observer. When a spectrum of a source in a specific redshift is consid-
ered, the redshift affects the energy due to the Doppler Effect. The redshift of the
source cause the observed energy range to be redshifted. The photoelectric absorption
model of the radiation in a given energy E for a specific redshift (z) is in the form of
Photoelectric Absorption(E, z) = e~?(F(+2)Nu [236]. For instance, for an observation
in the 0.3-10 keV energy range if the source is in z = 1, what is observed is not the
true spectrum at this band. The true spectrum of the source is seen between 0.6 20
keV which is redshifted. Figure (2.20) shows the photoelectric absorption for a source

at z = 1. Figure (2.21) shows the photoelectric absorption for a source at z=1 and

(z=1)
N}

Log Photoel ectric absorption

0.5 1 2 5 10 20
Log Photon Energy (keV)

Figure 2.20. Photoelectric absorption for Ny = 1 x 102cm™2 at z = 1

at z=0 for the same Ny = 1 x 10*2cm™2. The absorption at z=1 is lower (green line)

than the absorption at z=0 (blue line) as seen in the figure (2.21).
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Figure 2.21. The photoelectric absorption for different redshifts

2.2.2.3. Photoelectric Absorption Model for Black Body Radiation. In general, X-ray

spectral distributions are modeled with the flux f(E) given as equation (2.22).
f(E) = Ce ?BWNu (S, E)photonsem™2s 'keV —1 (2.22)

In equation (2.22) C is the normalization constant, Ny is the neutral Hydrogen column
density to, o(E) is the photoelectric cross-section per Hydrogen atom for absorption
of photons of energy E by interstellar medium and S is a parameter in the intrinsic
spectral shape. For the black body radiation, parameter in the intrinsic spectral shape
is the temperature (T). The X-ray spectrum for a black body (where Energy E and kT
are in keV) is modeled with equation (2.23).

omyN, 314491 x 10PEP
(eon (H572)) -1

Figure (2.22) shows the black body radiation for kT=1 (red line) and the black body
radiation for kT=1 with the photoelectric absorption with Ny = 0.4 x 10*2cm 2 (black

f(E,T)=Ce (2.23)

line). Figure (2.22) shows log-log plot of the black body radiation with kT=1kev (red
line) and the black body radiation with absorption (black line) kT = 1keV/ .
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Figure 2.22. Photoelectric absorption model for black body radiation

2.3. Power Law Models
2.3.1. Simple Power Law Model

Synchrotron spectra typically have a power law shape. The flux is proportional to
photon energy to some power. The power law photon index is defined as the constant,
', in the expression f(I',E) = NET where N is the normalization and E is the
energy. Power law photon index (I') is the negative slope on a log f(I", F)- log(FE)
spectrum. The relation between the power law photon index and the spectral index
is given as ' = [ + 1. Figure (2.23) shows a log f(I', E)- log(FE) spectrum which is
FEin, Buas) =[5 N (&))" for T = 2. Figure (2.24) shows log f (T, E)- log(E)

spectrum for different power law photon indexes; I' = 1 (green line), I' = 2 (yellow
line), I' = 3 (turquoise line), I' = 4 (pink line). The hardness ratio of the spectrum is
generally defined as equation (2.24).

Fluzin Soft B )
Hardness ratio = uv in Soft Energies

2.24
Fluz in Hard Energies ( )
If the power law photon index increases, namely the slope gets larger, the ratio of the
soft energy flux to the hard energy flux is larger and the spectrum is called to be softer.
If the power law photon index decreases, the ratio of the soft energy flux to the hard

energy flux is lower and the spectrum is called to be harder.
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Figure 2.23. log f(I", E')- log(E) plot for power law model where energy is in terms of

keVand N =1
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Figure 2.24. log f(I", E')- log(E) plot for power law model with different indexes

2.3.1.1. Photoelectric Absorption Model For Simple Power Law Model. For the syn-

chrotron radiation, parameter in the intrinsic spectral shape is the power law pho-
ton index (I'). The X-ray spectrum for a power law is modeled with f(I',E) =
Ce @BINa =T ' is the normalization constant, Ny is the neutral Hydrogen col-
umn density to source, o(FE) is the photoelectric cross-section per Hydrogen atom for

absorption of photons of energy E by interstellar medium and I' is the power law pho-
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ton index. Figure (2.25) shows the photoelectric absorption model (red line) for the
power law index I' = 2, where Ny = 0.4 x 10*22¢m ™2 yellow line represents I' = 2 with
Ny = 0. Figure (2.26) shows the photoelectric absorption model for the simple power
law with different power law photon indexes (I' = 2 red line, I' = 3 blue line, I' = 4
green line) where the Hydrogen column density is the same (Ng = 0.4 x 10?2cm™2).
It can be seen from the figure (2.26) that the power law photon index changes the
shape of the photoelectric absorption curve. Figure (2.27) shows the photoelectric ab-
sorption model for the same power law photon index (I' = 2) with different Hydrogen
column density values (Ng = 0.4 x 1022cm™2 red line, Ny = 1 x 1022cm™2 green line,
Ny = 2 x 10%2cm™2 pink line). Figure (2.27) shows that as the Hydrogen column
density increases, the observed flux is decreases due to the increase of the absorp-
tion. Figure (2.28) shows log f(I', E)- log(F) absorbed power law model with I' = 1,
Ny = 0.4 x 102cm™2 (turquoise line) and T' = 2, Ny = 2 x 10*2cm ™2 (pink line) . It
can be seen from the model that a higher power law photon index corresponds to a

higher column density.
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Figure 2.25. log f(I', E)- log(E) absorbed power law model for I" = 2

2.3.2. Cut Off Power Law Model

Cut of power law model is a power law with high energy exponential roll off. The
model is in the form of f(I', E) = N(E/1keV) e E/Feutors where, I is the power law

photon index. N is the normalization in units of photons/keV/ecm?/s at 1 keV and
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Figure 2.26. log f(I", E') — log(E) photoelectric absorption model for the different

power law photon indexes
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Eecutors s the electron-folding energy of exponential roll off in keV. Figure (2.29) shows
the cut off power law model for I' = 1 and Ecyopp = 3keV

Log Flux (kev?' cm?s?)
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[ N

e
o
=

0.5 1 2 5 10
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Figure 2.29. Cutoftf Power law model

2.4. Hydrogen Column Density and Power Law photon Index Correlation

Hydrogen column density and the power law photon index are the two parameters
of the simple absorbed power law model. To investigate the relation between the
Hydrogen column density and the power law photon index we created fake spectra
in Xspecv.14 [237]. We used fakeit none command and use the instructions in [238].
Those fake spectra represent the simple absorbed power law model (wabs*zwabs*pow)
[236] with a sum of two absorptions, the intrinsic and the Galactic, as in the case
of GRB spectra. Our aim is to show how the power law photon index variations
affect the intrinsic Hydrogen column density during the spectral fitting procedure.
We created 6 different spectra with different power law photon indexes and in each

2

spectra we used the same fixed galactic column density 0,01.10%2cm =2, same fixed

intrinsic column density 0, 1.10%2¢m 2

, same fixed redshift 0.3 and a fixed normalization
that corresponds to 1,000 counts in 0.3-10 keV band. When we fix the normalization
we used the count rate energy relation given in [239] which is lcount/sec = 5.10'1
erg/cm?/count. We fit each fake spectrum with simple absorbed power law model
to obtain the model parameters and see how the real parameters modified with the
spectral fitting procedure. In each fit we fixed redshift and galactic column density

and set Ny, and I as free parameters. We get the parameters from the fits that are

statistically acceptable (null hypothesis probability value > 0.05). To see if there is a
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correlation between the intrinsic column density and power law photon index obtained
from this procedure, we plotted Npg;,; versus I' and performed Pearson’s correlation
test [240]. We obtained the Person index r=0.88 with a chance probability 0.02 that
indicates a possible correlation (since the probability of the correlation is not by chance

by 98 per cent. An other way to see the correlation between the two parameters is
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Figure 2.30. Ng;-I' correlation
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Figure 2.31. Ng;u-I' contour plot
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the contour plot of the confidence contour of the fit. For example for one of the fake
spectra (the one with I' = 2) when we fit the spectra and get the errors for the I' and
Npyint we used steppar command to have the contour plot. The point and the inner
contour are the best fit and each contour represent 1,23, sigma (from inside to outside
respectively) confidence contour of the fit on one spectrum (Figure 2.31). We found
that due to the spectral fitting procedure, there is a positive correlation between the
two parameters. This means that if the spectra are fit by a larger photon index, a
larger column density is obtained in order to hide huge number of photons of lower
energies. In this work since we deal with GRB X-ray afterglows which are generally
fit by an absorbed simple power law model, we expect to see a positive correlation
between the Ng;,; and the I which is a spurious effect coming from the spectral fitting

procedure due to the power law photon index variations.
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3. DATA AND METHODOLOGY

In this chapter, first a brief introduction about the Swift satellite is given. Then
our methodology and the data is introduced. The data analysis about the spectral data
used in this work is summarized. Then how the X-ray spectral parameters treated for
the variation and correlation searches is given in the data processing section. At the
end of this section, the light curves and important properties of the GRBs in our sample

is given.

3.1. Swift

Figure 3.1. Swift satellite. Image courtesy of NASA Swift Team

Swift [43] satellite is built to the study of Gamma-ray burst. Swift was launched
on November 20, 2004. The main mission objectives of Swift are to determine the origin
of GRBEs, to classify GRBs, to determine how the blast wave evolves and interacts with
the environment, to use GRBs to study the early universe and to perform a sensitive
survey of the sky in the hard X-rays. Swift has three instruments that work together to
observe GRBs. These are Burst Alert Telescope (BAT) [78] ,Ultraviolet/Optical Tele-
scope(UVOT) [241] and X-Ray Telescope (XRT) [243]. BAT is the largest instrument
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on-board that can view nearly a sixth of the entire sky at one time. When it detects
a GRB, in a few seconds the spacecraft autonomously repoints itself to aim the XRT
and UVOT at the GRB to get high-precision X-ray and optical positions and spectra.
The highprecision positions are announced to the ground for use by a network of ob-
servers. By its quick response Swift provides redshifts and detailed multi-wavelength
light curves for the afterglows. Swift data is relayed to the ground in real-time and is
immediately shared with the world through GRB Coordinate Network (GCN). Swift
data is available for everyone via three different data centers located in the United
States (the High Energy Astrophysics Science Archive Research Center, HEASARC),
the UK ( the UK Swift Science Data center, UKSSDC) and Italy (the Italian Swift
Achieve Center, ISAC).

Table 3.1. Time table of Swift observational process [242]

Time S/C Event Time GroundEvent

Os GRB | |

10s Slew begins 20s BAT location distributed
~ 50s GRB acquired | |

55s XRT image 70s XRT location distributed

150s UVOT finding chart 240s Optical finding chart distributed

1200s XRT spectrum 1210s XRT spectra distributed
7200s | UVOT filters complete | |
~ 10*s | Ground station pass | All burst data, new observing program uploaded

3.1.1. Swift’s X-ray Telescope (XRT)

The XRT [243] is a focusing X-ray telescope with a 110 cm? effective area at 1.5
keV 23 arcmin field of view, 18 arcsec resolution (half-power diameter), and 0.2-10 keV
energy range. The instrument parameters can be summarized as in table (3.2). More
information on the XRT is given by [245] and [246]. The XRT can pinpoint GRBs
to 5-arcsec accuracy within 10 seconds and can observe GRBs X-Ray counterparts

in 20-70 seconds from burst discovery. The XRT has three readout modes which are
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Figure 3.2. Swift’s X-Ray Telescope XRT layout [244]

Table 3.2. Properties of XRT [244]

Time S/C Event
Telescope JET-X Wolter I
Focal Length 3.5m
Effective Area 110 em?@1.5keV
Telescope PSF 18 arcsec HPD @ 1.5 keV
Detector EEV CCD-22, 600 x 600 pixels

Detector Operation | Imaging, Timing, and Photon-counting

Detection Element 40 x 40 micron pixels
Pixel Scale 2.36 arcsec/pixel
Energy Range 0.2-10 keV
Sensitivity 2210 ergem—2s—1inl04seconds

autonomously determined. Imaging Mode gives an integrated image measuring the
total energy deposited per pixel and it is not used spectroscopy. Timing Mode give
high time resolution without position information. Timing Mode allows bright source
spectroscopy through rapid CCD readouts. Photon-counting Mode gives spectral and
spatial information for source fluxes ranging from the XRT sensitivity limit of 2 x 10~

to 9 x 1071% erg em2/s.
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3.2. Methodology

3.2.1. Data Analysis

Swift X-ray Telescope (XRT) observes X-ray emission from Gamma-ray bursts
and their afterglows in the energy band 0.2-10 keV. The XRT data used in this work
are taken from Brera Observatory Swift Team Archive. The GRB XRT archives have

been prepared by Raffaella Margutti and Francesco Pasotti.

The analysis starts from cleaned, calibrated event lists which are produced by
Swift data center (NASA/GSFC). At this stage the data are calibrated for Earth limb
contribution and CCD defects. The software package XSPEC 12 [237] is used for
the analysis. Swift has different observation modes; imaging, two timing modes and
photon-counting [247]. The treated data contains only WT (Window Timing) and PC

(Photon Counting) modes.

The difference of the two modes is basically due to the configuration of the CCD.
WT mode is a unique rod of pixels. In this mode the coordinate information is absent.
The collected photons are read in 1.8 milliseconds, and this gives an opportunity to
analysis the signal in a very short timescale. W'T mode is used when the count rate is
higher than 5 count/seconds. It is usually used in the very first part of the observation,

depending on burst strength.

PC mode CCD configuration gives a two dimensional map. This gives the co-
ordinates of the observed object in the sky. The read out time of PC mode is 2.5
seconds. Since the read out time is long, the information for shorter time scales is lost.
Events files are cleaned selecting only special grades for incoming photons. If a photon
is recorded just on a single pixel, it is called single pixel event and it is grade is 0. If
a photon is recorded on two pixels its charge is split onto the two pixels. This change
can be reconstructed and the photon is called a two pixels event. There are different
kinds of two pixels events: horizontal, vertical and two different diagonal events. Each

of them has a different grade. It can be shown that cosmic ray events (i.e. not due
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to X-ray sources) have typical grade pattern. Cosmic rays can then be efficiently fil-
tered through an appropriate grade filtering. WT data are filtered using only 0-2 grade
events, PC data 0-12 (out to 32). The photons that are not coming from the interested
object are eliminated by filtering.

Exposure maps are constructed for each observation (by superposition of different
frames of the same observation) in order to record the effective time sky region has been
producing photons. If a given region is falling on a bad pixel or a dead CCD column
its exposure time would be low (usually zero if the satellite is perfectly pointing, which
is not the case). So exposure maps collect the information on the sky exposure of the
CCD and are used to correct any source extraction region. For each X-ray source of
interest, X-ray photons are extracted from a region centered on source. Its extension
will depend on source strength. Photons collected in this region (and corrected for
CCD defects and loss of exposure using the exposure map) will consist of true source
photons and background photons (i.e. due to measured emission from distant AGN).
There is no way to disentangle them. What is usually done is to extract photons from
a close by region, free of sources, in order to statistically evaluated and level (and the
spectrum) of this background emission. The background corrected Light curves are

obtained by plotting count rate versus time.

Using the temporal evolution of the count rate time resolved spectral analysis
is done by using XSPEC 12 [237]. First, from the derived light curves five different
times are chosen according to detector mode and count rate. For each of the five time
intervals, a number of spectra are extracted. Each spectrum is binned at least using
2,000 number of photons before background subtraction. Spectra consisting of 2,000
photons are chosen to reduce statistical fluctuations. To calibrate the distribution
of photon energies first the ancillary response files (ARF) are generated. The ARF
files give the response of the instrument for a perfect detector. In an ideal case, the
detector would assign to each photon a change linearly related to its energy. In reality
the detector distribution of each detected photon has a probability of each photon
centered of the photon energy and with a low energy tail. Updated Swift redistribution
matrices (CALDB) give the probability that photon of a particular energy is actually
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detected at a given energy. Spectra are rebinned in order to have at least 20 counts
per energy bin for using Gaussian statistics (x?). Photons with energy below 0.3 keV
come in great number from CCD noise and from optical photons and only rarely from
X-ray sources scattered from Earth’s atmosphere. For this reason, the energy channels
below 0.3 keV are ignored. On the other hand, above 10 keV the instrument is not

sensible and the energy channels above 10 keV are also ignored.

3.2.1.1. Spectral Fit With Absorbed Simple Power Law Model. Using XSPEC 12 [237]

spectra are fitted by using an absorbed simple power law model ( (tabs)*(pow )) [236]
with three parameters: global normalization, neutral Hydrogen column density and
power law index. While fitting the model, these parameters are free to vary. For the
GRBs with known redshift, the model is multiplied for an extra neutral absorber at the
GRB redshift. Since there are two absorbers at different energy scales due to redshift,
the total absorption is separated. Then the model is used as ((tbabs)(ztbabs)*(pow))
[236]. For this model the Galactic Column density is frozen to the value from Dickey &
Lockman (1990) [248]. Redshift is also fixed since it is known. Global normalization,
host galaxy neutral Hydrogen column density Ny, and power law index (I') are set
as free parameters. For the redshift known GRBs, the rest frame time can be obtained
by cosmological time dilation; rest frame time = W. For each GRB the same
procedure is applied for the spectral analysis. The best spectral fit values in terms of

chi-square are obtained. The spectral information and light curve obtained in the count

rate per second unit is combined to have a light curve in physical units erg/(sec cm?).

3.2.2. DATA PROCESSING

For each spectrum of burst reduced chi-square, degrees of freedom, null hypothesis
probability (p-value), initial time in rest frame, final time in rest frame, intrinsic Ny,
value (Milky Ways effect extracted column density), Photon index, upper and lower
values of the errors in host galaxy column density and photon index, normalization
value, upper and lower values of the errors in normalization were obtained. Since the

starting and ending of time is known, the mean of them is used as the time value.
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Asymmetric errors for normalization and Ngy;,; are also seen, the mean value of the

upper and lower errors are used as error.

Mathematica 5 is used for statistical tools and plots. For each burst the same
procedure is followed. For a specific burst, the P-value of each spectrum is checked at
first. The ones which are less than 0.05 are eliminated to have only spectral information

coming from good spectral fitting.

To see if the Ng;,; has any kind of evolution with time the Ny, is plotted versus
time, including the errors for both values. First a constant is fitted to see if the Ny
is varying. Then a linear variation is checked. The statistical results are given in Table

(4.1) and Table (4.2).

The same method is also applied for the photon index. Photon index is plotted
versus time, including the errors for both values. A constant and a linear variation

were fitted alternately. The statistical results are given in Table (4.3) and (4.4).

For correlation calculations tools from ‘Numerical Recipes in C’in C programming
language are used [249]. First a linear fit is tried to correlate column density and photon
index. The results are given in Table (4.5).The strength and the direction of a linear
relationship between the Np;,; and the I' as a Pearsons correlation coefficient [240] is
measured. Correlation is also tested without making a linear distribution assumption
between two parameters by Spearmans rank correlation coefficient [250] and Kendall

tau rank correlation coefficient [251]. These are given in Table (4.6).

From the spectral analysis for each burst the rest frame time, error of the rest
frame time, luminosity and the upper-lower limits of luminosity errors are known (lumi-
nosity is obtained by standard A cosmology; Qs = 0.3, Q) = 0.7, Hy = 70km.s ' Mpc™1).
A logarithmic plot of luminosity versus time is generated to have the light curve of the

GRB:s.
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3.3. GRB Sample

Up to May 2008 Swift has observed 81 X-ray afterglows with redshift [252]. We
choose 28 bursts with known redshift to study, the list of bursts are given in Table
(3.3). The redshift values in the table are taken from [252] and the references for all
the redshifts are given in [252]. These were the ones which have at least 5 spectra.

Number of spectra is limited as 5 to have significant statistical results.

Table 3.3. GRB Sample

GRB Number of spectra | Number of Photons in each Spectrum | Redshift
060218 103 2000 0.033
080319B 100 2000 0.937
061007 33 2000 1.261
080310 24 2000 2.4300001
060124 23 2000 2.296
060202 18 2000 0.783
060814 17 2000 0.84
060729 17 2000 0.54
060614 17 2000 0.125
060510B 14 2000 4.9000001
071031 13 2000 2.6919999
061121 13 2000 1.314
060526 12 2000 3.221
060210 12 2000 3.9100001
050730 11 2000 3.967
060418 10 2000 1.489
060607A 9 2000 3.082
050820A 9 2000 2.612
060904B 8 2000 0.703
050904 8 2000 6.29
050724 7 2000 0.258
061110A 6 2000 0.758
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3.3.1. GRBs In Our Sample
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Figure 3.3. GRB 051109A light curve

Log (L/erg s™Y) in 1048

[
w N

P O FL, N W

Log(t/s)
Figure 3.4. GRB 060604 light curve

76



e GRB 070318 has a X-ray flare in the light curve at the early phase.

$
S
—
=
< i
(79}
g, iy
J
8 -3|
-
2 3 4 5
Log(t/s)

Figure 3.5. GRB 070318 light curve

e GRB 080411
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Figure 3.6. GRB 080411 light curve
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Figure 3.7. GRB 050401 light curve

e GRB 060704 light curve shows a steep decay phase with significant flare contam-
ination. When the spectra fit by absorbed power law with a fixed Galactic Ny

and a fixed Ny, for the steep decay phase a clear hard to soft spectral evolution

is found [99].
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Figure 3.8. GRB 060714 light curve

e GRB 061110A light curve shows a steep decay phase without flares.When the
spectra fit by absorbed power law with a fixed Galactic Ny and a fixed Ny,

for the steep decay phase a clear hard to soft spectral evolution is found [99].
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Figure 3.9. GRB 061110A light curve

e GRB 050724 light curve shows a steep decay phase without flares.When the
spectra fit by absorbed power law with a fixed Galactic Ny and a fixed Ny, for
the steep decay phase a clear hard to soft spectral evolution is found [99]. The
XRT spectral analysis also done considering the first part of the light curve using
the absorbed power law model [253] and the Ng;p, is found to be constant and
the power law photon index is found to be softening [253]. GRB 050724 light
curve shows flares at late times. When the last part of the light curve is fit with
an absorbed (Galactic plus local) power law power law photon index is found to

be getting harder [253].
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Figure 3.10. GRB 050724 light curve
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e GRB 050904 light curve shows a steep decay phase with significant flare contam-
ination. When the spectra fit by absorbed power law with a fixed Galactic Ny
and a fixed Ny, for the steep decay phase a clear hard to soft spectral evolution
is found [99]. The light curve shows flares also at late times. GRB 050904 BAT
and XRT spectral analysis is also done by [254], they modeled the XRT spectra
with absorbed power law model with intrinsic absorption and a fixed Galactic
absorption. For the flare interval they found a spectral evolution and after that
they did not see a spectral evolution [254]. They report a decreasing intrinsic
absorption column density until 7' = T 4 67.1 and after that time due to the
decreased statistics they only measure the upper limits [254]. In the analysis
done by [4], they fit the spectra of the flare interval by a power-law model with a
high energy cutoff with different cutoff energies and different power-law spectral
indices for each flare. Their results shows that the spectrum gets softer and they
found a significant intrinsic column density decrease which is interpreted by them

as a physical result.
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Figure 3.11. GRB 050904 light curve

e GRB 060904B light curve has a X-ray flare at the early phase. For this burst
when the spectra are fit with simple power-law I' tends to increase in the early

phase and also model Ny and variations seen [5].
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Figure 3.12. GRB 060904B light curve

e GRB 050820A
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Figure 3.13. GRB 050820A light curve

e GRB 060607A light curve presents X-ray flares at the early phase.
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Figure 3.14. GRB 060607A light curve

e GRB 060418 light curve shows a steep decay phase with significant flare contam-
ination. When the spectra fit by absorbed power law with a fixed Galactic Ny

and a fixed Ng;,:, for the steep decay phase a clear spectral evolution is found

[99].
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Figure 3.15. GRB 060418 light curve

e GRB 050730 light curve shows a steep decay phase with significant flare contam-
ination. When the spectra fit by absorbed power law with a fixed Galactic Ny
and a fixed Ny, for the steep decay phase a clear hard to soft spectral evolution

is found [99].
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Figure 3.16. GRB 050730 light curve

e GRB 060210 light curve shows flares at early phase.
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Figure 3.17. GRB 060210 light curve

e The GRB 060526 light curve shows a flare. When the XRT spectra are fit by the
power-law model Hydrogen column density and power-law index variations are

found (power law photon index increases at the early phase) [5].
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Figure 3.18. GRB 060526 light curve

e GRB 061121 is a special burst because BAT triggered the precursor and obser-
vations began before the main GRB event and this lead simultaneous detections
in the BAT and XRT bands. GRB 061121 light curve shows a steep decay phase
with significant flare contamination. When the spectra fit by absorbed power law
with a fixed Galactic Ny and a fixed Ny, for the steep decay phase a clear
hard to soft spectral evolution is found [99]. When the XRT spectra are fit by
the power-law model a hard to soft evolution of the photon index and column

density variations are found [5].
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Figure 3.19. GRB 061121 light curve
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e GRB 071031 light curve shows a steep decay phase with significant flare contam-
ination. When the spectra fit by absorbed power law with a fixed Galactic Ny
and a fixed Ny, for the steep decay phase a clear hard to soft spectral evolution

is found [171].
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Figure 3.20. GRB 071031 light curve

e GRB 060510B light curve shows a steep decay phase with significant flare con-
tamination. When the spectra fit by absorbed power law with a fixed Galactic
Ny and a fixed Npg;,:, for the steep decay phase a clear hard to soft spectral

evolution is found [99].
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Figure 3.21. GRB 060510B light curve
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e GRB 060614 light curve shows a steep decay phase without flares.When the
spectra fit by absorbed power law with a fixed Galactic Ny and a fixed Ny, for
the steep decay phase a clear hard to soft spectral evolution is found [99]. When
the XRT spectra are fit by the power-law model a hard to soft evolution of the

photon index and column density variations are found [5].
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Figure 3.22. GRB 060614 light curve

e GRB 060729 light curve shows a steep decay phase with flare contamination.
When the spectra fit by absorbed power law with a fixed Galactic Ny and a fixed
Nyint, for the steep decay phase a clear hard to soft spectral evolution is found
[99]. When the X-ray spectra are fit with the power-law model, I' is found to
increase at the early phase and Ny is also found to increase during this phase [5].

A correlation between the Ny and the I' is also given in [255].
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Figure 3.23. GRB 060729 light curve

e GRB 060814 light curve shows a steep decay phase with flare contamination.
When the spectra fit by absorbed power law with a fixed Galactic Ny and a fixed
Nyint, for the steep decay phase a clear hard to soft spectral evolution is found

[99].
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Figure 3.24. GRB 060814 light curve

e GRB 060202 light curve shows a steep decay phase with flare contamination. For
the steep decay phase a clear soft to hard spectral evolution is found and this is

noted as a unusual feature [99].
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Figure 3.25. GRB 060202 light curve

e Precursor of the GRB 060124 triggered Swift-BAT allowing simultaneous detec-
tions with BAT and XRT. In the light curve there is flare at the early phase. The
flare interval found to show spectral evolution [171]. The spectral analysis given

[5] shows, Ny and I' variations when the power-law model is used.
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Figure 3.26. GRB 060124 light curve

e GRBO080310 light curve shows a flare at the early phase.
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Figure 3.27. GRB 080310 light curve

e GRB 061007 light curve shows a steep decay phase without flare contamination.
For the steep decay phase a clear soft to hard spectral evolution is found and this

is noted as a unusual feature [99].
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Figure 3.28. GRB 061007 light curve

e GRB 080319B is one of the most energetic Swift bursts and in our analysis it has
100 spectra.
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Figure 3.29. GRB 080319B light curve

e GRB 060218 is one of the most energetic Swift bursts and it has the highest
number of spectra in our sample. GRB 060218 light curve early phase does not
show flares.When the spectra fit by absorbed black body and power law with a
fixed Galactic Ny and a fixed Ng;,, for the steep decay phase a clear hard to
soft spectral evolution is found [99]. When the spectra fit by absorbed simple

power law model, a correlation between Ny, and I' is showed in [256].
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Figure 3.30. GRB 060218 light curve
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4. RESULTS

In this chapter the results of this work are given by related graphs and statistical
properties. This chapter is divided in three parts which are focusing in Ny, and T’

variations and Ng;,s - I' correlations respectively.
4.1. Intrinsic Neutral Hydrogen Column Density Variability
4.1.1. Intrinsic Neutral Hydrogen Column Density Variability Graphs

The graphs show the Ng;,; versus rest frame time for the related GRB. The Ny
values are obtained by absorbed simple power law model while I is as a free parameter
in the model. To see the details some graphs are also shown in the logarithmic scale.
This could only be done for the cases where it is possible to have the logarithm of the

given value. All the Ny, values are in units of 10%2cm 2.
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Figure 4.1. GRB 051109A Ng;,; variation
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Figure 4.3. GRB 070318 Ng;,; variation
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Figure 4.5. GRB 050401 Ng;,; variation
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Figure 4.6. GRB 060714 Ng;,; variation
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Figure 4.8. GRB 050724 Ny;,; variation
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Figure 4.9. GRB 050904 Ng;,; variation
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Figure 4.10. GRB 060904B Ng;,; variation
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Figure 4.13. GRB 060418 Npy;,; variation



e GRB 050730

0.5}

NH (10%? cnr?)

0 25005000750010000250050007500

Rest Frane Tinme
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Figure 4.15. GRB 060210 Ng;,; variation
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Figure 4.17. GRB 061121 Ng;,; variation
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Figure 4.18. GRB 071031 Npg;,; variation
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Figure 4.19. GRB 060510B Ng;,; variation
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Figure 4.20. GRB 060614 Ng;,; variation

e GRB 060729

0.8
EO'G
(&)
N 04%
=)
hu
%O.Zﬁ
S
Ot I

0 2.10° 4.10°

6-10°

Rest Frane Tine

8-10°
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Figure 4.23. GRB 060202 Ng;,; variation
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Figure 4.26. GRB 061007 Ng;,; variation
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Figure 4.28. GRB 060218 Ng;,; variation
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4.1.2. Intrinsic Neutral Hydrogen Column Density Variability Fit Results

4.1.2.1. Constant Variable Fit. To see if the intrinsic Hydrogen column density is

constant in time a constant variable fit is applied. Table (4.1) shows the constant
variable fit results where a is the constant variable, x? is the chi — square, d.o.f is the

degree of freedom, P — value is the null hypothesis probability value.

4.1.2.2. Linear Variable Fit. A linear fit is applied to intrinsic column density change.

Table (4.2) shows the linear variable fit results where a is the linear variable, b is the
slope, d.o.f is the degree of freedom, P —wvalue is the null hypothesis probability value,

x? is the chi — square.

4.1.3. Interpretation of the Ny, variability

Time resolved spectral analysis is used for our sample and all the spectra are fitted
by absorbed simple power law model. Intrinsic Hydrogen column density variability
in time is examined for each burst by constant and linear fits. The statistical results
are given in Table (4.1) and in Table (4.2). When 0.05 is chosen as the threshold for
one tail probability value (p — value), the smaller values than 0.05 certainly give the
ones that reject the applied fit. Since the chi square p-value test gives only the non
compatible ones exactly, all GRBs (p—value > 0.05) in our sample can be described as

compatible with the applied fit (can not be rejected).



Table 4.1. Constant variable fit results for Ng;,; variation

GRB a Error of a | Reduced x? | D.o.f | P-value (one-tail)
060218 | 0.3259 0.0049 0.666463 101 0.00399
080319B | 0.0821 0.005 0.727421 90 0.02405
061007 | 0.423 0.019 0.419932 31 0.00188
080310 | 0.452 0.05 2.74425 22 0.000019
060124 | 0.751 0.078 2.55168 21 0.000113
060202 | 1.434 0.051 1.70942 17 0.0339753
060814 | 0.911 0.044 2.58318 15 0.0006988
060729 | 0.156 0.011 8.258 15 0
060614 | 0.0714 | 0.0016 0.863886 15 0.39448
060510B | 3.24 0.49 0.896049 12 0.449767
071031 | 0.643 0.084 3.44308 12 0.000043
061121 | 0.632 0.048 1.85064 11 0.0406783
060526 | 0.289 0.081 8.15644 10 2.4758 x 10713
060210 1.7 0.21 3.02242 11 0.000479
050730 0.38 0.14 1.23629 10 0.2615
060418 | 0.546 0.068 5.02966 8 2.89 x 107°
060607A | 0.025 0.031 2.51897 7 0.0137414
050820A | 0.068 0.041 2.94484 8 0.002716
0609048 | 0.664 0.043 1.18497 7 0.307317
050904 2.39 0.62 1.66547 7 0.112372
050724 | 0.715 0.047 1.89023 6 0.0783815
061110A | 0.185 0.022 18.4932 4 3.33067 x 1071°
060714 1.22 0.24 0.940179 4 0.439357
050401 1.42 0.19 0.240165 ) 0.0552017
080411 | 0.561 0.05 0.435482 4 0.216912
070318 | 0.511 0.05 2.3639 4 0.0506675
060604 1.71 0.21 1.34229 3 0.258577
051109A | 0.32 0.16 2.70975 4 0.0284341
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Table 4.2. Linear variable fit results for Ny, variation
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GRB a Err. of a b Err. of b | Reduced x? | D.o.f P-value
060218 | 0.287 0.011 0.0000255 6 x 10°¢ 0.4558 100 | 5.76 x 1077
080319B | 0.0822 | 0.0051 —-1x107% | 8x 1078 0.734577 89 0.02833
061007 | 0.418 0.019 3.3x107% [3.9x107%| 0.375161 30 0.000751
080310 0.45 0.05 22x107% | 7.7 x107° 2.87079 21 0.0000115
060124 | 0.727 0.082 1.8x107% | 22x 1076 2.62403 20 0.00009686
060202 | 1.415 0.052 1.7 x 1076 2x10°¢ 1.66357 16 0.04594
060814 | 0.906 0.046 2x 1077 | 5.6x 1077 2.7574 14 0.0004198
060729 | 0.162 0.012 —2.7x1078 | 2.1 x 1078 8.51717 14 0
060614 | 0.0728 | 0.0079 —9x107% | 1.4x 1077 0.88656 14 0.4267
060510B | 4.8 1.4 -0.03 0.024 0.813872 11 0.373731
071031 | 0.648 0.085 -0.000015 0.000044 3.74398 11 0.000022
061121 | 0.633 0.052 0.1 1x10°¢ 2.03543 10 0.02607
060526 | 0.293 0.082 —4x107% | 0.000015 9.05499 9 8.14 x 10~
060210 1.73 0.22 —8x107% | 0.000017 3.29901 10 0.0002734
050730 0.28 0.15 0.000103 0.000069 1.07234 9 0.379462
060418 | 0.561 0.07 -0.000014 0.000022 5.6533 7 1.519 x 1076
060607A | 0.002 0.033 0.000141 0.033 1.83322 6 0.0883976
050820A | 0.058 0.042 14x107% | 1.2x1076 3.02214 7 0.003547
060904B | 0.69 0.046 —6.5x107% | 7.3 x 1076 0.95862 6 0.451569
050904 1.77 0.72 0.00068 0.00048 1.38891 6 0.214678
050724 | 0.769 0.051 -9 %107 0.00001 0.0722084 5 0.39325
061110A | 0.376 0.031 -0.000038 0.000037 0.679802 3 0.435732
060714 1.25 0.26 —4 x 107% | 0.000015 1.22091 3 0.300263
050401 1.39 0.22 0.00009 0.00026 0.268029 4 0.101329
080411 | 0.559 0.056 5x 1078 7.8 x 1077 | 0.579136 3 0.371351
070318 | 0.4766 | 0.053 12x107% | 1.4x10°6 1.77115 3 1.77115
060604 1.9 0.24 -0.000016 0.000018 0.639 2 0.47218
051109A | 0.29 0.16 3x107% | 44x10°° 3.39303 3 0.0171035
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4.2. Power Law Photon Index Variability

4.2.1. Power Law Photon Index Variability Graphs

The graphs show the power law photon index versus rest frame time for the
related GRB. The power law photon index values are obtained by absorbed simple
power law model while Ng;,; is as a free parameter in the model. To see the details
some graphs are also shown in the logarithmic scale. This could only be done for the

cases where it is possible to have the logarithm of the given value.
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4.2.2. Power Law Photon Index Variability Fit Results

4.2.2.1. Constant Variable Fit. To see if the power law photon index is constant in

time, a constant variable fit is applied. Table (4.3) shows the constant variable fit
results where a is the constant variable, x? is the chi — square, d.o.f is the degree of

freedom, P — walue is the null hypothesis probability value.

4.2.2.2. Linear Variable Fit. A linear fit is applied to power law photon index change.

Table (4.4) shows the linear variable fit results where a is the linear variable, b is the
slope, d.o.f is the degree of freedom, P — value is the null hypothesis probability value,

x? is the chi — square.



Table 4.3. Constant variable fit results for ' variation

GRB a | Error of a | Reduced x? | D.o.f | P-value (one-tail)
051109A | 2.125 0.062 0.316512 4 0.132891
060604 | 2.161 0.048 3.78297 3 0.00998138
070318 | 1.751 0.049 10.9203 4 7.47 x 107°
080411 | 2.029 0.044 0.42862 4 0.211914
050401 | 1.905 0.04 1.23897 ) 0.287718
060714 | 1.688 0.047 12.6817 4 2.54 x 10710
061110A | 2.832 0.064 21.0064 4 0
050724 | 1.745 0.048 8.30799 6 5.04 x 107
050904 | 1.578 0.03 15.3053 7 0
060904B | 2.305 0.044 23.4231 7 0
050820A | 1.53 0.029 43.734 8 0
060607A | 1.698 0.026 5.0726 7 8.97 x 107°
060418 | 2.204 0.041 0.86611 8 1.58 x 1077
050730 | 1.653 0.024 4.75619 10 7.46 x 1077
060210 | 2.012 0.028 15.0633 11 0
060526 | 1.759 0.028 45.3369 10 0
061121 | 1.651 0.027 32.209 11 0
071031 | 1.836 0.026 13.7261 12 0
060510B | 1.25 0.024 9.34221 12 0
060614 | 1.77 0.027 34.8564 15 0
060729 | 2.252 0.028 20.6732 15 0
060814 | 1.699 0.028 11.2822 15 0
060202 | 2.126 0.03 4.0469 17 3.47 x 1078
060124 | 1.649 0.021 23.9609 21 0
080310 | 1.671 0.018 23.0168 22 0
061007 | 1.888 0.016 0.406624 31 0.00138397
080319B | 1.716 0.0076 1.75954 90 0.0000116381
060218 | 1.799 0.011 13.5365 101 0
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Table 4.4. Linear variable fit results for I" variation
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GRB a Err. of a b Err. of b | Reduced x? | D.o.f P-value
051109A | 2.132 0.067 -3 x 1077 1x 1076 0.39359 3 0.24238
060604 | 2.169 0.053 —1x107% | 2.8x 1076 5.6021 2 0.00369012
070318 | 1.675 0.053 1.8x107% | 1.8 x 107 10.2483 3 9.6 x 1077
080411 | 2.035 0.05 —21x1077| 7.1 x 1077 | 0.540901 3 0.345747
050401 | 1.912 0.047 -0.000013 0.000046 1.52812 4 0.190905
060714 | 1.658 0.049 84x 1076 [89x107° 15.263 3 6.2 x 10710
061110A | 3.023 0.07 -0.00014 0.00014 10.4155 3 7.5 x 1077
050724 | 1.742 0.049 1.2 x 1076 5x 1076 9.95707 5 1.5 x 1079
050904 1.4 0.037 0.000253 0.000069 6.30337 6, 1.21 x 107
060904B | 2.311 0.046 —21x107%| 5x1076 28.4614 6 0
050820A | 1.431 0.032 6.1 x107% | 2.1 x10°¢ 41.1901 7 0
060607A | 1.702 0.029 | —3.1x107%|89x10°° 5.89471 6 3.65 x 1076
060418 | 2.226 0.042 -0.000025 0.000019 6.20701 7 2.7 x 1077
050730 | 1.631 0.028 0.000013 0.00001 4.9861 9 9.7 x 1077
060210 | 2.007 0.03 12x107% | 21x1076 16.5382 10 0
060526 1.75 0.028 6.1 x107% | 7.5 x107° 50.1609 9 0
061121 | 1.617 0.029 2x 107 2x 107 34.2933 10 0
071031 | 1.831 0.027 0.000013 0.000018 14.8941 11 0
060510B | 0.681 0.085 0.0129 0.0019 3.10101 11 0.00034686
060614 | 1.765 0.028 3x 1077 | 4.7x1077 37.3047 14 0
060729 | 2.308 0.031 -3 x 107" | 1.2x 1077 20.33 14 0
060814 | 1.666 0.029 2.1 x 1076 2x 1076 10.3968 14 0
060202 | 2.094 0.031 43x107% | 4.3x10°° 2.43318 16 0.00111286
060124 1.61 0.022 75x107% | 3.5x10°¢ 22.7844 20 0
080310 | 1.666 0.018 53 x107% |54 x107° 23.9009 21 0
061007 | 1.883 0.017 3.2x107% | 3.7x107% | 0.338691 30 | 0.000267015
080319B | 1.7149 | 0.0077 2.8 x 1077 | 2.6 x 1077 1.73173 89 | 0.0000226255
060218 | 1.027 0.025 0.000616 0.000018 0.947953 100 0.371741
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4.2.3. Interpretation of the I' variability

Photon index variability is searched for each burst. In the first applied absorbed
power law model all Ny, is set as a free parameter. First the simplest model, a
constant variable fit is examined. The statistical results are given in Table (4.3). When
0.05 is chosen as the threshold for one tail probability value (p-value), the bigger values
than 0.05 give the ones that the constant variable fit can not be rejected. These are
GRB 051109A, GRB 080411 and GRB 050401. For all the other GRBs in our sample,
the P-value is smaller than 0.05, the constant variable fit can be rejected. The results
for photon index linear variability are given in Table (4.4) for the whole GRB sample.
Since the constant variable fit can not be rejected for GRB051109A, GRB080411,
GRB050401, we will examine the results for the others in Table (4.4). Only GRB
060218 has a P-value greater than 0.05, a linear variability for photon index cant be
rejected in this case. For P-value smaller than 0.05 the linear variability of photon

index can be rejected.

4.3. Nyt and I' Correlation

4.3.1. Ny and I' Correlation Graphs

The graphs show the power law photon index versus intrinsic Hydrogen column

density for the related GRB. Both parameter values are obtained by absorbed simple

power law model.
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Figure 4.78. GRB 060814 Npg;,; and I' Correlation

o GRB 060202

o

L
l *

N
oo
TN

g o W

N

Phot n | ndex
N
N
(6)]
iy
T %( ‘
:“4 H = i
——

+ i

1.75/ [ I

0.75 1 1.251.51.75 2 2. 252.5
NH

Figure 4.79. GRB 060202 Ng;,; and I' Correlation
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Figure 4.80. GRB 060124 Ng;,; and I' Correlation
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Figure 4.81. GRB 080310 Npg;,; and I Correlation

o GRB 061007

Figure 4.82. GRB 061007 Ng;,; and I' Correlation
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Figure 4.83. GRB 080319B Np;,; and I' Correlation
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Figure 4.84. GRB 060218 Npg;,; and I Correlation

4.3.2. Nyt and I' Correlation Fit Results

Multi trail chance probability in Table (4.7) is calculated using Bernoulli Distri-

bution as given in Equation (4.1).

28 .

probability of getting r successes in 28 trails = ———
r!(28 —r)

For this calculation we choose the probability p as 0.005. The number of success is 7

for Pearson index, 11 for Kendall and Spearman indexes.

In the Table (4.7) and Table (4.6) Pearson index is shown as r, Sperman index
is shown as (p) and the Kendall index is shown as 7. In the Table (4.7) single trail
chance probability is abbreviated as S.T.C.Prob. and in the Table (4.6) multi trail
chance probability is abbreviated as S.T.C.Prob.



Table 4.5. Ny and I' Correlation Linear fit results
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GRB a Err. of a b Err. of b | Total x? | D.o.f | P-value
051109A | 0.096 2.04 0.12 0.118 0.54 3 0.911
060604 | -1.38 4.586 2.944 3.511 3.80 2 0.149
070318 | 31.03 | -14.001 | 277.783 | 16.281 9.45 3 0.023
080411 | 0.912 1.511 1.079 1.483 0.12 3 0.989
050401 | -1.43 3.97 3.699 2.466 1.06 4 0.899
060714 | -0.72 2.86 0.45 0.951 0.83 3 0.841
061110A | 4.405 1.529 0.726 0.215 5.49 3 0.139
050724 | -7.45 7.322 8.370 41.751 10.52 5 0.061
050904 | 0.217 1.080 0.117 0.437 8.02 6 0.236
060904B | -9.60 9.21 6.801 10.641 6.23 6 0.397
050820A | 1.464 1.307 0.418 0.087 9.95 7 0.1912
060607A | -2.72 1.89 3.319 0.371 16.88 6 0.009
060418 | 0.635 1.801 0.179 0.118 15.9 7 0.026
050730 | -0.42 1.926 0.183 0.111 5.89 9 0.751
060210 | -0.72 3.493 0.411 1.414 31.66 10 0.0004
060526 | -0.58 2.839 0.098 0.1 37.38 9 2.2 x107°
061121 | -2.24 3.377 0.996 0.836 15.13 10 0.127
071031 | -0.90 2.660 0.277 0.22 31.04 11 0.001
0605108 | -0.59 3.373 0.494 6.835 9.33 11 0.591
060614 | 33.70 | -0.338 13.618 1.251 6.55 14 0.9505
060729 | 5.909 1.334 0.816 0.146 44.50 14 | 49x107°
060814 | -1.58 3.345 0.446 0.451 26.22 14 0.024
060202 | 1.319 0.246 0.428 0.682 16.67 16 0.406
060124 | -1.01 2.815 0.247 0.221 38.09 20 0.008
080310 | 5.637 | -0.657 3.723 3.559 58.07 21 | 24x107°
061007 | 0.862 1.521 0.479 0.232 6.04 30 0.999
080319B | 2.638 1.495 0.446 0.041 19.01 89 1
060218 | 18.6 -4.083 3.730 1.293 41.85 100 1
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Table 4.6. Nyp—1' correlation coefficients with single trail chance probability

GRB r S.T.C.Prob.of r p S.T.C.Prob.of p T S.T.C.Prob.of 7
051109A | 0.703 0.184 0.9 0.037 0.8 0.005
060604 -0.23 0.769 0 1 0 1
070318 0.295 0.628 0.3 0.623 0.2 0.624
080411 0.741 0.151 0.8 0.104 0.6 0.141
050401 -0.025 0.961 0.028 0.95715 0.06 0.8509
060714 -0.862 0.06 -0.8 0.104 -0.6 0.141
061110A 0.89 0.042 0.8 0.10 0.6 0.141
050724 -0.325 0.475 -0.607 0.14 -0.33 0.293
050904 0.260 0.532 0.142 0.735 0.071 0.804
0609048 | -0.65474 0.078 -0.738 0.036 -0.642 0.025
050820A | 0.218 0.571 0.393 0.294 0.309 0.244
060607A | -0.217 0.605 -0.203 0.628 -0.109 0.705
060418 | 0.51566 0.155 0.716 0.029 0.555 0.037
050730 -0.490 0.125 -0.290 0.385 -0.236 0.311
060210 0.079 0.805 0.027 0.931 0 1
060526 -0.369 0.263 -0.263 0.433 -0.127 0.585
061121 -0.726 0.007 -0.650 0.022 -0.515 0.019
071031 -0.390 0.187 -0.434 0.138 -0.282 0.179
0605108 | -0.413 0.160 -0.159 0.603 -0.153 0.464
060614 0.643 0.007 0.641 0.007 0.45 0.015
060729 0.621 0.01 0.861 1.78 x 107 0.65 0.000445
060814 -0.472 0.06 -0.464 0.069 -0.35 0.058
060202 0.575 0.01 0.68 0.0015 0.450 0.008
060124 -0.439 0.04 -0.378 0.082 -0.246 0.107
080310 0.287 0.183 0.486 0.018 0.343 0.021
061007 0.525 0.001 0.3977 0.0241 0.282 0.023
080319B | 0.791 9.6 x 10721 0.83 1.007 x 1072* | 0.636 3.98 x 10719
060218 0.710 6.06 x 10717 0.656 | 6.5051 x 10714 | 0.477 | 1.161 x 10712
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Table 4.7. Ng;—1I' correlation coefficients with multi trail chance probability

GRB T M.T.C.Prob.of r p M.T.C.Prob.of p T M.T.C.Prob.of 7
051109A | 0.703 | 2.89314 x 10732 | 0.9 | 4.02629 x 10736 | 0.8 | 4.02629 x 10~
060604 | -0.23 | 2.89314 x 1032 0 4.02629 x 1036 0 4.02629 x 1036
070318 | 0.295 | 2.89314 x 10732 | 0.3 | 4.02629 x 10736 | 0.2 | 4.02629 x 10~
080411 | 0.741 | 2.89314 x 10732 | 0.8 | 4.02629 x 1073 | 0.6 | 4.02629 x 10~3¢
050401 | -0.025 | 2.89314 x 10732 | 0.028 | 4.02629 x 10726 | 0.06 | 4.02629 x 1036
060714 | -0.862 | 2.89314 x 10732 | -0.8 | 4.02629 x 10736 | -0.6 | 4.02629 x 103
061110A | 0.89 | 2.89314 x 10732 | 0.8 | 4.02629 x 1076 | 0.6 | 4.02629 x 10736
050724 | -0.325 | 2.89314 x 10732 | -0.607 | 4.02629 x 1073¢ | -0.33 | 4.02629 x 10~3¢
050904 | 0.260 | 2.89314 x 10732 | 0.142 | 4.02629 x 10736 | 0.071 | 4.02629 x 1036
060904B | -0.65474 | 2.89314 x 10732 | -0.738 | 4.02629 x 10730 | -0.642 | 4.02629 x 1036
050820A | 0.218 | 2.89314 x 10732 | 0.393 | 4.02629 x 10736 | 0.309 | 4.02629 x 10~
060607A | -0.217 | 2.89314 x 10732 | -0.203 | 4.02629 x 10736 | -0.109 | 4.02629 x 10~
060418 | 0.51566 | 2.89314 x 10732 | 0.716 | 4.02629 x 10736 | 0.555 | 4.02629 x 1036
050730 | -0.490 | 2.89314 x 10732 | -0.290 | 4.02629 x 10736 | -0.236 | 4.02629 x 1036
060210 | 0.079 | 2.89314 x 10732 | 0.027 | 4.02629 x 10736 0 4.02629 x 1036
060526 | -0.369 | 2.89314 x 10732 | -0.263 | 4.02629 x 10736 | -0.127 | 4.02629 x 10~3¢
061121 | -0.726 | 2.89314 x 10732 | -0.650 | 4.02629 x 1073¢ | -0.515 | 4.02629 x 1073¢
071031 | -0.390 | 2.89314 x 10732 | -0.434 | 4.02629 x 10736 | -0.282 | 4.02629 x 103
060510B | -0.413 | 2.89314 x 10732 | -0.159 | 4.02629 x 1036 | -0.153 | 4.02629 x 1036
060614 | 0.643 | 2.89314 x 10732 | 0.641 | 4.02629 x 10736 | 0.45 | 4.02629 x 103
060729 0.621 | 2.89314 x 10732 | 0.861 | 4.02629 x 1073¢ | 0.65 | 4.02629 x 1073¢
060814 | -0.472 | 2.89314 x 10732 | -0.464 | 4.02629 x 10736 | -0.35 | 4.02629 x 103
060202 | 0.575 | 2.89314 x 10732 | 0.68 | 4.02629 x 10736 | 0.450 | 4.02629 x 10~3¢
060124 | -0.439 | 2.89314 x 10732 | -0.378 | 4.02629 x 10736 | -0.246 | 4.02629 x 10~3¢
080310 0.287 | 2.89314 x 10722 | 0.486 | 4.02629 x 10736 | 0.343 | 4.02629 x 10736
061007 | 0.525 | 2.89314 x 10732 | 0.3977 | 4.02629 x 10736 | 0.282 | 4.02629 x 1036
080319B | 0.791 | 2.89314 x 10732 | 0.83 | 4.02629 x 107%% | 0.636 | 4.02629 x 1036
060218 | 0.710 | 2.89314 x 10732 | 0.656 | 4.02629 x 10736 | 0.477 | 4.02629 x 10~3¢
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4.3.3. Interpretation of the Ng;,,-I" correlations

Intrinsic column density and photon index correlation is searched for each burst
in our sample. First a linear correlation fit is tried. The results for the linear fit
parameters are given in Table (4.5). When 0.05 is chosen as the threshold for one trail
probability value (p-value), the bigger values than 0.05 give the ones that the linear
correlation fit can not be rejected. These are: GRB 051109A, GRB 060604, GRB
080411, GRB 050401, GRB 060714, GRB 061110A, GRB 050724, GRB 050904, GRB
060904B, GRB 050820A, GRB 050730, GRB 061121, GRB 0605108, GRB 060614,
GRB 060202, GRB 061007, GRB 080319B, GRB 060218. For P-value smaller than
0.05 the linear correlation fit can be rejected. These are: GRB 070318, GRB 060607A,
GRB 060418, GRB 060210, GRB 060526, GRB 071031, GRB 060729, GRB 060814,
GRB 060124, GRB 080310.

A possible linear correlation between intrinsic column density and photon in-
dex is also checked by Pearsons index. The results for correlation coefficients with
related single trail chance probabilities are given in Table (4.6) and the related multi
trail chance probabilities are given in Table (4.7). For statistical significance, chance
probabilities greater than %5 are interpreted as there is significantly no linear correla-
tion between two parameters. These are: GRB 051109A, GRB 060604, GRB 070318,
GRB 080411, GRB 050401, GRB 060714, GRB 050724, GRB 050904, GRB 060904B,
GRB 050820A, GRB 060607A, GRB 060418, GRB 050730, GRB 060210, GRB 060526,
GRB 071031, GRB 060510B, GRB 060814, GRB 080310, GRB 061110A, GRB 061121,
GRB 060614, GRB 060729, GRB 060202, GRB 060124, GRB 061007. For the inter-
val, 1075 < chance probability < 0.05, chance probabilities are interpreted as a hint
for a possible linear correlation between two parameters. The cases in which there
is a possibility to have a linear correlation between Ng;,; and I' are GRB 061110A,
GRB 061121, GRB 060614, GRB 060729, GRB 060202, GRB 080310, GRB 061007,
GRB 060124. GRB 061121 shows a hint for a linear anti-correlation. Since the chance
probability values of GRB 080319B and GRB 060218 lower than 107>, this can be
interpreted as a very strong linear correlation between I' and Nyy,;. When multi trial

probabilities are considered for the whole sample, the probability to find a correlation
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just by chance for Pearson Index is 2.8931410732; so the linear correlation between I’

and Ny, can not be by chance.

Any possible correlation without assuming a linear correlation is checked with
Kendall Index, Spearman Index and related chance probabilities. The statistical re-
sults are given in Table (4.6) and in Table (4.7). For both Sperman and Kendall indexes,
chance probabilities greater than %5 are interpreted as there is significantly no corre-
lation between two parameters. These are: GRB 060604, GRB 070318, GRB 080411,
GRB 050401, GRB 060714, GRB 061110A, GRB 050724, GRB 050904, GRB 050820A,
GRB 060607A, GRB 050730, GRB 060210, GRB 060526, GRB 071031, GRB 0605108,
GRB 060814, GRB 060124. For the interval 10~° < chance probability < 0.05, chance
probabilities are interpreted as a sign for a possible correlation between two parame-
ters: GRB 051109A, GRB 060904B, GRB 060418, GRB 061121, GRB 060614, GRB
060729, GRB 060202, GRB 080310, GRB 061007. Since the chance probability values
of GRB 080319B and GRB 060218 lower than 107°, this can be interpreted as a very
strong correlation between Ny, and I'. When multi trial probabilities are considered
for the whole sample, the probability to find a correlation just by chance for Spearman
and Kendall Indexes is 4.02629107%%; so any kind of correlation between Npjp: and T’

can not be by chance.
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5. DISCUSSION

In our sample we have 28 GRBs observed by Swift XRT. All the spectra were fit
by a photoelectrically absorbed simple power law model. A time resolved analysis is
applied. Intrinsic Hydrogen column density variability with time is examined for each
burst by fitting the Ng;,; evolution with a constant and linear model in time. For GRB
060604, GRB 070318, GRB 080411, GRB 050401, GRB 060714, GRB 050724, GRB
050904, GRB 060904B, GRB 050730, GRB 060510B and GRB 060614, a constant Np;,:
can not be rejected, consistently with the predictions of photo-ionization models for
GRBs [3]. GRB061110A shows a decreasing Ng,:. However; we caution this conclusion
depends on a single Ng;,,; estimation from the latest interval which is significantly less

than the previous values.

GRB 051109A, GRB 050820A, GRB 060607A, GRB 060418, GRB 060210, GRB
060526, GRBO 61121, GRB 071031, GRB 060729, GRB 060814, GRB 060202, GRB
060124, GRB 080310, GRB 061007, GRB 080319B, GRB 060218, GRB 060607A in-
stead show an increasing Npg;,; in some intervals of time, a behaviour we believe to
be nonphysical. In other words it is a spurious effect induced by the fitting procedure
(model plus limited energy range spanned by the XRT). For example, when the spectra
of the GRB 080319B is fit by a model composed of two broken power laws, Ny, is

found to be constant [257]. This strengthens our interpretation.

Photon index variability with time is searched for each burst in the absorbed
simple power law model in the 0.3 - 10 keV energy range. GRB 051109A, GRB 080411
and GRB 050401 show a constant power law photon index while in all other cases the

power law photon index is found to vary in time.

The non-physical Ny;,; behavior is probably due to a spurious effect. Unfortu-
nately there is not a precise prediction of the I' evolution with time in the observed
0.3 - 10 keV energy range. On the other hand, regardless of the source, we expect a

positive linear correlation between the I' and the Ny, (see figure 2.30).
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The possible linear correlation between the Ng;,; and the I' is tested using the
Pearson’s Correlation Test. To search for any possible correlation without assuming a
linear correlation we used the Kendall Rank Test and the Spearman Rank Test. We
found a very significant positive linear correlation in GRB 080319B and in GRB 060218.
We explain this significant correlation between intrinsic column density and the power-
law photon index as a spurious effect coming from the spectral fitting procedure of the

absorbed power law model as shown in figure (2.30).

For GRB 060729, GRB 060614, GRB 060202, GRB 061007, there can be a hint for
a positive linear correlation. For GRB 051109A, GRB 060418, GRB 080310 there can
be a hint for a positive correlation which is not linear. The chance probability of such
correlation is also given in Table (4.6) (the strength of the links in these cases is left
for the reader judgment). GRB 080319B and GRB 060218 have the best statistics in
our sample. This makes it possible to look for the evolution of their spectral properties
with particular attention and prove if the correlation between Ng;,; and I' is due to
the spectral fitting with absorbed simple power law model. For GRB 061121 there can
be a hint for a linear anti- correlation while for GRB 060904B there can be a hint for
an anti- correlation which is not linear (the strength of the hints is left for the reader
judgment). This anti-correlation can not arise from the fitting procedure. The results

of our data analysis are discussed below. Each GRB is discussed separately.

In the case of GRB 051109A I" and Ng;,,: seem to undergo fluctuations in time for
t < 30000sec. However; when the total behavior is considered, a constant I' is found

to provide a good explanation of the data. A non-linear I'-Ny;,,; is also found.

For GRB 060604 and GRB 070318 I" and Ng;,,¢ seem to undergo fluctuations in
time for ¢ < 1000sec. However; when the total behavior is considered, a constant Ny,

is found.

For GRB 080411 and GRB 050401 I' and Ng;,: shows fluctuations in time for
t < 5000sec and t < 1000sec respectively. When the overall manner is considered we

interpret I' and Npg;,; as constant.
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In the analysis of GRB 060714, GRB 050730 and GRB 060510B, we found that
the early phase t < 1000sec shows a hard to soft spectral evolution which is consistent
with the Epeq of the vF, spectrum shifting to lower energy with time [99] (although
they used Npj,: as a fixed parameter). While we see fluctuations for the Ny, during

the steep decay phase, the total behavior can be fit by a constant.

For GRB 061110A we found that the early phase ¢ < 1000sec shows a hard to soft
spectral evolution which is consistent with [99] (although they used Ng;n: as a fixed
parameter). While we see fluctuations for the Ny, during the steep decay phase, the

total behavior can be interpreted as decreasing.

In the analysis of GRB 050724 we found that the time interval ¢ < 1000sec shows
a hard to soft spectral evolution which is consistent with [253] and [99]. We also found
Nyine variations during the early phase ¢ < 1000sec, but when we look to the overall

manner we interpret Ng;,: as constant.

In the case of GRB 050904 we found that the early phase t < 1000sec shows a
hard to soft spectral evolution that agrees with [99] (in their analysis they took Ny,
as a fixed parameter). We don't see spectral evolution after the early phase which is
consistent with [254]. For the time interval ¢ < 1000sec, we found that the N is
decreasing which agrees with [254], but when we look to the total behavior we interpret

Nyint as constant in contrast with [4] (since they used improved spectral models).

Analysis of GRB 060904B showed that up to 1,000 there ia a hard to soft spectral
evolution which is consistent with [5]. While Ny, is decreasing during the early phase
(t < 1000sec) the total behavior of Ny, with time can be interpret as constant. We
found a hint for a non-linear anti-correlation between the N, and the I' which is
dominated by the early phase behavior. This anti-correlation can not be interpreted
as spurious, since a positive correlation would be expected in that case. That’s why
this anti-correlation effect is important to investigate. We stress that we showed an
unpredicted relation between the I' and the Ng;,; : The dependence of this correlation

on the spectral model used will be investigated in as forthcoming work.
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For GRB 050820A, GRB 060607A, GRB 060210 and GRB 071031, we found
that the early phase (¢ < 200000sec, t < 1000sec, t < 8000sec, t < 1000sec respec-

tively)shows Ny, and T' variations.

In the case of GRB 060418 we found that during the steep decay (¢t < 1000sec)
both the I' and the Ny, decreases and than flattens to a constant behaviour afterward.
We found a hint for a positive non-linear correlation between the I' and the Ng;,; mainly
due to the early phase behavior. Here we can explain the Ng;,; decrease as an artifact
of the I' decrease. (However, we can also think that if I" should increase at early phase,
than maybe we see I' decrease as an effect of physical Ny, decrease.). In this case

the presence of the flaring activity makes any conclusion difficult.

Analysis of GRB 060526 showed that during the early phase (¢ < 1000sec) there is
a hard to soft spectral evolution which is consistent with [5]. We found Ny;,,, variations

during the early phase.

For GRB 061121 we found that the early phase (f < 1000sec) shows a hard to
soft spectral evolution which is consistent with [5] and [99]. We found that the Ny is
decreasing during the early phase, while the total behavior is consistent with a constant
Nyint. We found a hint for a linear anti-correlation between the Ny;,; and the I' which
is dominated by the early phase behavior. In [5] they give the explanation to the T’
variation and interpret the Ng;,; variation as an artificial effect, but they don’t explain
how the I' affects the Ng;,;. Regardless of the nature of the I' variations, a positive

I'-Npy;n correlation is expected.

In the case of GRB 060614 we found that the early phase (¢ < 100sec) shows
soft to hard spectral evolution with I' is nearly constant afterwards for ¢ > 100sec. We
see fluctuations for the Ny, during the steep decay phase, but a constant Ny, is a
satisfactory explanation for ¢ > 100sec. We found a hint for a positive linear correlation
between the I' and the Npg;,; which is mainly due to the early phase behavior and

consistent with our prediction.
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For GRB 060729 we found that during the early phase (t < 50000sec) I" increases
which is consistent with [99] (although they used Ny, as a fixed parameter). We found
that the Npy,; increases during the early phase. We found a hint for a positive linear
correlation between the I' and the Np;,; which agrees with [255]. This correlation is

mainly due to the early phase and consistent with our prediction.

The analysis of GRB 060814 showed that during the early phase (¢ < 20000sec) I'
gets softer which is consistent with [99] (although they used Ny, as a fixed parameter).

We found that the Ng;,; shows variations during the early phase.

For GRB 060202 we found that the early phase (¢ < 1000sec) shows a soft to
hard spectral evolution which is consistent with [99] (although they used Ny, as a
fixed parameter). We found that the Ny, is decreasing during the early phase. We
found a hint for a positive linear correlation between the I' and the Np;,; which is due
to the early phase. This correlation is consistent with our prediction if the Ngyp, is
affected by the I". However, we should interrogate the behavior of the Npg;,; during
the early phase.

In the case of GRB 060124 we found I' and Ng;,; variations during the early
phase (¢ < 1000sec) that agrees with [171] and [5].

For GRB 080310 we found I' and Ny, variations during the early phase (¢t <
500sec) which is dominated by important flaring activity. We found a hint for a positive
non-linear correlation between the I' and the Npgy;,; which is due to the early phase and

consistent with our prediction.

The analysis of GRB 061007 showed I' and Np;,,; fluctuations at the early phase
(t < 1000sec). We found a hint for a positive linear correlation between the I and the

Nyint that originates from the early phase which is consistent with our prediction.

For GRB 080319B we found that the early phase shows a hard to soft spectral

evolution and Ng;,,; fluctuations. We found a very significant positive linear correlation
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between the I and the Ny, that mainly from the early phase (¢ < 1000sec) data points

and consistent with our prediction.

In the case of GRB 060218 we found that the early phase (¢ < 2500sec) shows a
hard to soft spectral evolution which is consistent with [99] (although they used Npn:
as a fixed parameter). We see fluctuations for the Ny, for ¢ < 2500sec. We found a
very significant positive linear correlation between the I' and the Ny;,, that rises from

the early phase attitude and consistent with our prediction.

To sum up, we found that the spectral evolution and the Npg;,; variations are
seen during the early phase and that the correlations we found mainly originates from
the early phase. As discussed in the literature, the spectral evolution seen during the
early phase has both observational and theoretical reasons [5, 99, 107]: while it is
generally a hard to soft evolution, the soft to hard evolution is also detected. In this
work we showed that a positive linear correlation naturally arises between the I' the
Nyint, when a absorbed simple power law is used to fit XRT data. We stress that a
negative correlation is found for GRB 061121 and GRB 060904B. For these two cases a
spurious origin is ruled out. A physical interpretation is required. A possibility is that
the photoelectrically absorbed simple power law does not represent the intrinsic model
of emission as Band [2] model has proven to give a better description of the XRT data
when flaring activity is present [103]. This is beyond the scope of the present work and
is left as material of investigation of a forthcoming work. We also note that we should
interrogate the Ng;,; behavior during the early phase since the decreasing I' can also

be affected by the possible (physical) Np;,; change during this phase.
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6. CONCLUSION

X-ray afterglows spectra of the GRBs are one of the most important sources
of information about the GRB environment. Intrinsic Hydrogen column density can
be inferred from the X-ray spectra when the redshift of the GRB is known. While
the obtained value of the intrinsic Hydrogen column density is model dependent, an
accurate intrinsic Hydrogen column density value is fundamental to constrain the GRB
environment. When fitting the X-ray afterglow spectra, one of the most widely used
model is the absorbed power-law model . In this work we have investigated the relations
between the X-ray spectral parameters of the GRB X-ray afterglows by assuming only
absorbed power-law model. First we search for the evolution of these parameters with
time and then we looked for a correlation between them. As a result of this work
we can conclude that the determination of the Ng;,; within the 0.3 - 10 keV energy
range must be done with care and we stress that it is model dependent. Nonphysical

behaviors may arise from the fitting procedure.

By the correlation analysis we show that the intrinsic Hydrogen column density
variations are due to a spurious effect coming from the spectral fitting procedure of
the absorbed power-law model. When the spectra become softer, the fit tend to prefer
higher values of the Ny;,:, to account for the observed emission. Additionally, we re-
mark that the anti-correlations may be related to the physics during the early afterglow

phase.

This work is the first detailed correlation search between the I' and the Ng;,; of
the GRB X-ray afterglow spectra. The next step of this work can be to constraint the

Nyint with a multi spectra fitting.
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