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ABSTRACT

FERMI-LAT AND CHANDRA STUDIES OF SHELL LIKE
SUPERNOVA REMNANTS

Supernova Remnants (SNRs) have long been considered to be the primary source
of galactic cosmic rays (CRs) having energies below the so called “knee”, ~10'° eV.
CRs are accelerated by SNRs which transfer some of their internal energies into charged
particles. Those charged particles in SNRs produce high energy photons up to TeV
energies. Main motivation of this study is to investigate young, shell-like SNRs as
high energy (HE) sources and to better understand the origins of main HE emissions.
SNRs are observable in GeV energies by means of Fermi Gamma Ray Space Telescope
(Fermi). Generally, there are two accepted models for the gamma-ray production
in SNRs: (i) The leptonic model, where emission arises from inverse Compton and
relativistic bremsstrahlung, (ii) the hadronic model, where gamma rays are produced
from decay of neutral pions originating from proton-proton interactions. Fermi analysis
of SNRs, Cassiopeia A (Cas A) and Tycho as point-like sources in gamma-ray, has
shown that these young SNRs are GeV sources in the Milky Way. Also, about half
of the SNRs in the galaxy are observed in the X-ray band [16]. The X-ray emission
of SNRs results from the interactions of ejecta of the SNR and swept-up interstellar
medium (ISM). Bremsstrahlung and line emissions are the thermal and main X-ray
emission mechanisms in SNRs. Synchrotron emission is the non-thermal contribution
of X-ray emission and it is produced by charged particles in strong magnetic field.
Chandra-ACIS image and spectral analysis of Cas A and Tycho was performed both
to understand shell-like structures of SNRs and, to examine which part of SNRs are
responsible for main non-thermal emission. Also Chandra analysis showed that thin
filaments at the shell of the remnants associated with reverse shocks are the most

important candidate regions, where non-thermal emission is dominant.
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OZET

KABUKSU YAPILI SUPERNOVA KALINTILARININ
FERMI-LAT VE CHANDRA CALISMALARI

Siipernova kalintilar1 (SNK’lar), enerjileri ~10'° eV seviyesi ve altindaki galak-
tik kozmik 1gmlarin (KI) 6ncelikli kaynagi olarak diigliniilmektedir. Kozmik igimnlar,
SNK’larin i¢ enejilerinin bir boliimiinii bu yiikli pargaciklara aktarmasi ile ivme kazanir-
lar. Siipernova kalintilarinda ki bu yiikli pargaciklar TeV mertebesinde yiiksek en-
erjili fotonlar iiretirler. Bu calismadaki esas amag geng, kabuksu SNK’lari, yiiksek
enerji kaynaklar1 (YE) olarak incelemek ve X ve gama igimalarinin SNK’nin hango
bolgelerinden geldigini anlamaktir. SNK’lar Fermi Gama Ray Space Teleskopu (Fermi)
ile GeV enerjilerinde gozlemlenebilmektedir. SNK’larda gama 1gin1 iiretimi icin genel
olarak kabul edilmig iki model bulunmaktadir: (i) Ters Compton ve relativistik bremsst-
rahlung stirecleri ile gama 1g1masimin meydana geldigi Leptonik Model, ve (ii) Proton-
proton etkilegimi ile olugan nétr pionlarin bozulmasi ile gama 1511 tiretiminin yapildigi
Hadronik Model. Gama 1s1n dalga boylarinda noktasal kaynaklar olan Cassiopeia
A (Cas A) ve Tycho'nun galaktik gama 1gm kaynaklar1 olduklarimi gozlemsel olarak

gostermek icin Fermi analizleri gergeklestirildi. Ayrica, galaksimizdeki SNK’larin yaklas

1k yarist X-1i5in bandinda da gézlemlenmistir [16]. SNK’larda X-1gin tiretiminin temel
siireci, siipernova patlamasiyla digar1 atilan madde ile disarda stiptiriilen yildizlar arasi
ortamin etkilesimidir. Bu siiregte Bremsstrahlung ve c¢izgi 1simalarnt SNK’larda ki
temel termal X-151n iiretim mekanizmalaridir. Yiiklii parcaciklarin giiglii manyetik alan
igerisindeki hareketi ile olugan synchrotron igimasi ise SNK’larda ki X-1g1mmin tiretiminde
termal olmayan iggmadan sorumludur. Bu tezde, Fermi analizlerinin yani sira, SNK’larin
kabuksu yapilarini anlamak ve SNK’larin hangi boliimlerinin termal olmayan 1gtmanin
temel kaynagi oldugunu aragtirmak igin Chandra-ACIS ile Cas A ve Tycho'nun goriintii

ve tayf analizleri yapilmigtir.
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1. INTRODUCTION

A supernova (SN) explosion, as one of the most energetic events in the universe,
results in structures, called a supernova remnant (SNR), while releasing tremendous
amount of energy (~1-2x10* J) into the space. SNRs are objects, which are so
energetic that they can be accepted as the main HE sources to accelerate particles up to
TeV energies. The origin and acceleration mechanism of cosmic rays at these energies
have been a long-standing mystery since the discovery of cosmic rays [61]. Observations
of X-ray synchrotron emission from shock front of SNR Tycho [2] has brought the idea
that shocks of SNRs would be cosmic ray accelerators. X-ray synchrotron radiation
is an evidence for relativistic cosmic ray electrons. After Tycho, G347.3-0.5 [3], RCW
86 [4], G266.6-1.2 [3] have been categorized into synchrotron X-rays emitting SNRs
[5]. ASCA Galactic plane survey has made contributions to studies of SNRs with
synchrotron X-rays [5]. Recently a significant number of SNRs having dominant non-
thermal emissions especially from their shells have been revealed by Chandra X-ray
Observatory. Additionally, Fermi Gamma-ray Space Telescope [46], [57] and ground-
based Cherenkov telescopes, such as VERITAS [58] and H.E.S.S. [61] also observed TeV
gamma rays from the shell of SNRs.These findings have provided reasonable evidences
for the cosmic ray acceleration at the shocked shell of SNRs. The most conceivable
model to explain cosmic ray acceleration is the diffuse shock acceleration (DSA) theory
of Bell [7]. According to this process, particles can be accelerated by the shock into
a power-law distribution. However, there are still many significant problems about
cosmic ray acceleration, because dynamical evolution of an SNR affects cosmic ray
acceleration process (e.g., explosion energy, mass of ejecta, ambient density) [42]. We
still lack the information about the maximum energy of particles, the configuration
of magnetic fields, the injection efficiency from thermal plasma, and the acceleration

history of particles around the shock fronts.

In this thesis, the young SNRs Cas A (SN explosion observed in 1680) and Tycho
(SN explosion observed in 1572) were selected to understand the nature of the HE

emission from SNRs. These two SNRs have been preferred in the thesis, since the



charged particles responsible for HE emission are still energetic in such young, shell-like
SNRs. We concentrated on X-ray and gamma ray analysis of the remnants to determine
the origins of the high energy emissions of Cas A and Tycho. Fermi analysis of such
shell-like SNRs reveals significant emissions at GeV energies. The strong detection
of SNRs at such GeV energies shows that SNRs are important candidates of galactic
cosmic ray accelerations in the Milky Way. Besides, in order to determine which
regions of the SNRs have dominant non-thermal emissions, SNRs having extended
emissions (shell-like structures) in the X-ray were selected. Cas A and Tycho are
suitable candidates for this criteria. In SNRs, synchrotron emissions are the non-
thermal X-ray emission mechanisms responsible for the higher energy slice in X-ray
spectrum (2.5 - 8 keV). Emitting regions related to these energies (called hard X-ray)
of synchrotron emission are found in thin areas, called filaments, about 0.01-0.4 pc [5] at
the shell of the remnants. This non-thermal emission can be best fitted with power-law
model. For both SNRs, we first worked on Chandra X-ray spectral analysis of 12 thin
filaments (5 for Cas A and 7 for Tycho) associated with forward shock regions at the
shells. We generated a spectrum for each region fitted with power-law model and added
some gaussian components for line emissions. However, as expected, the spectrums of
8 regions selected inside the SNRs could not be fitted by the non-thermal power-law
model. So, the Chandra study of young SNRs clearly support the mechanism of DSA

responsible for particles being accelerated up to high energies.



2. SUPERNOVA REMNANTS

Supernova remnants (SNRs) are the resulting structures of the supernova (SN)
explosions. 274 SNRs are identified in the Galaxy according to the Green’s Catalog
2009, and about a half of them are observed in X-rays. Evolution of SNRs is mainly
determined by the ratio between the mass of material ejected by the SN explosion and
the mass of swept-up interstellar matter (ISM). There are 4 phases describing different
stages of SNRs. The density of the ambient medium is assumed to be uniform. In this

chapter, the evolutionary processes and types of SNRs are summarized.

2.1. Evolution of SNRs

2.1.1. Free Expansion Phase

This is the earliest stage of a SNR. At the beginning of this stage, the mass of
swept-up ISM (M;gar) is not comparable with the mass of ejecta (Mg;), in other words
Mgy is negligible to Mpg;. The majority of the energy (97 - 98%) coming from the
SN explosion is released kinetically, the rest is converted to thermal energy. The free
expansion phase typically takes a few hundred years. The lower the ambient density
gets the longer the timescale becomes. At the end of this stage, Mgy, is considered to

be close to Mp;.

2.1.2. Transition Phase

This is the transition phase between the free expansion and the adiabatic stages.
Most of the SNRs, such as Cas A and Tycho, are considered to be in this phase. Mgy,
is comparable to Mp;. SN explosion creates blast shock propagating outward, called
forward shock. Ejected material arising from SN is decelerated by swept-up interstellar
matter. It produces another shock wave propagating inward, called reverse shock.
Between these two shock waves, interaction of swept-up ISM and ejected materials

produces non-thermal dominated X ray emission and forms a bright shell-like structure.



However, the central region is still not hot enough to strongly emit X-ray [15].

2.1.3. Adiabatic (Sedov) Phase

This stage describes the condition that Mg; is much smaller than Mjgy;. The loss
of energy with radiation is negligible to initial energy, so it is called adiabatic phase.
The density of ejecta is much smaller than that of the swept-up ISM, therefore, main
X-ray emission is produced from M;jgy,. Adiabatic phase typically takes a few ten
thousands years. About 70% of the initial explosion energy is converted into thermal

energy of swept-up ISM at the end of this phase.

2.1.4. Radiative Cooling Phase

In this stage evolution of SNR is no longer adiabatic, because of increasing cooling
rate. As temperature decreases, the pressure in the shell becomes lower. Then materials
in the shell are compressed more, so it creates a dense shell. But the interior region
still expands adiabatically. Thus, the shell is driven by the pressure of the internal gas
according to PV¥ = const., where P and V are the mean pressure and the volume of
the internal gas respectively, and ¢ is the specific heat ratio. As the velocity of blast
shock becomes close to speed of ISM, SNR loses its boundary. This is the end of the

SNR evolution, called Disappearance Phase.

2.2. Types of SNRs

SNRs are classified by their radio and X-ray structures. There are 4 main types of
SNRs in terms of their structures, which are shell-like, plerion, composite, and mixed
morphology. In this chapter, SNRs are categorized with respect to their X-ray and

radio emission forms [16].



2.2.1. Shell-like SNRs

These type of SNRs have bright X-ray and radio images, but there is no bright
emission associated with central region. Generally SNRs in this category are considered
to be in the transition phase between free expansion and adiabatic phases. Electrons
accelerated to the GeV energies are the main sources of non-thermal radio emission.
Therefore, it is expected to observe such SNRs in gamma rays. Nearly 65% of galactic
SNRs are considered to be in this type. Most typical shell-like SNRs are Cassiopeia A,
Tycho, RX J1713.7-3946, and Kepler. Figure 2.1 shows the shell-like SNR Kepler [52].

Figure 2.1. Chandra true color image of the shell-like SNR Kepler.

2.2.2. Plerion Type of SNRs

Plerion type SNRs, also called Crab-like SNRs, have non-thermal central emission
in radio and X-ray. Synchrotron emission is the origin of X-ray emission observed
in the central region. Almost 4% of galactic SNRs have Crab-like structures. The
Crab Nebula (Figure 2.2) [52] and 3C 58 are typical examples of these of SNRs where

relativistic electrons are produced by compact object.



Figure 2.2. Chandra true color image of a plerion type SNR, the Crab Nebula.

2.2.3. Composite SNRs

Those are the mixture of the shell type and plerion type remnants. They have
both bright central and shell emissions in radio and X-ray. Central and shell emissions
are generally associated with pulsar and blast wave, respectively. Composite SNRs

constitute about 10% of galactic SNRs. CTB 109 and Kes 75 (Figure 2.3) [52] are the

best known examples.

2.2.4. Mixed-Morphology SNRs

Mixed-morphology type was first suggested by Rho & Petre in 1998 [13]. This
type of remnants have shell-like morphology in radio band and center-filled structure in
X-ray. Cloud evaporation and fossil conduction [13] models were to explain this type.
Cloud evaporation model shortly claims that interior clouds evaporate and emit X
rays. On the other hand, fossil conduction model assumes that such mixed morphology
SNRs have hot interior plasma gradually becoming uniform by thermal conduction and
produces centrally bright X-ray structure. Also X-ray produced in the shell is absorbed
by ISM, because of low temperature. Nearly 10% of galactic SNRs and almost 25% of



Figure 2.3. Chandra true color image of composite SNR Kes 75.

galactic SNRs observed in X-ray are of this type. 3C 391 (Figure 2.4) [52], IC 443, and
W 44 are in this group.



Figure 2.4. Chandra true color image of composite SNR 3C 391.



3. COSMIC RAY ACCELERATION & HIGH ENERGY
EMISSION FROM SNRs

3.1. Cosmic Ray Acceleration from Supernova Remnants

Cosmic rays consist of protons, electrons, helium ions, and heavy nuclei and reach
energies up to 102! eV. Cosmic rays having energies below 10'® eV are considered to
be of galactic origin. The higher energy cosmic rays (> 10'® eV) are thought to be of
extragalactic origin. There are also several ideas that cosmic rays having 10%° eV may
be triggered by shocks in gamma bursts [9]. Figure 3.1 shows the spectrum of cosmic

rays hitting the surface of the Earth [51].
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Figure 3.1. Cosmic ray spectrum. Y-axis shows flux of cosmic rays coming from a
variety of sources hitting on the surface of the Earth, and x-axis shows energies of

cosmic rays.
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The question of how these energetic particles are produced is still being debated.
Most promising candidates of galactic sources are supernova remnants, because they are
energetically favorable and they can also provide mechanisms to accelerate particles to
high energies through the diffuse shock acceleration. The theory of diffusive shock ac-
celeration of cosmic rays claims that shock energy from supernova explosion increases
the magnetic field around it and this amplified magnetic field accelerates the parti-
cles [7]. Tycho and Cas A are core collapse supernova types and their corresponding
effective downstream magnetic field values are between 240 uG and 360 uG, [59]. Such
amplification process naturally produces power-law cosmic ray distributions. Firstly
radio observations support the relation between SNRs and high energy electrons by
synchrotron emission [12]. Radio emission from SNRs exhibits that cosmic-rays, at
least electrons, are being accelerated in those turbulent objects [11]. X-ray observa-
tions by Chandra X-ray Observatory clearly reveal the existence of such high energy
electrons within SNRs. These energetic electrons produce thin X-ray filaments on the
shell of the remnant associated with the front shocks. X-ray spectrum of the filaments

shows power-law distribution of particles as they move in amplified magnetic field.

In spite of the findings about the relation between high energy electrons and
SNRs, there is still no direct evidence of acceleration of the particles from SNRs. In
order to comprehend how these particles gain such energies via cosmic ray acceleration
from SNRs, we should examine gamma ray production mechanisms from SNRs, which
are called the hadronic and the leptonic emission mechanism. Since GeV emission is
produced either by neutral pions, created in proton-proton interactions, or relativitstic
electrons, it is necessary to understand the relation between gamma ray emission and

accelerated high energy electrons and protons.

3.1.1. Diffuse Shock Acceleration - Fermi Mechanism

Fermi (1949) postulated that energetic cosmic rays could be created with the
diffusion between collisions and interstellar clouds colliding in space. Diffuse shock ac-
celeration is also called the First Order Fermi Mechanism. In the Milky Way, there are

several sources for shock acceleration: stellar winds, supernova remnants, or accreting
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X-ray binaries, etc. The Fermi mechanism is applied to collisionless shock where the
mean free path of particles is much larger than length scale of shock transition. In
SNRs, charged particles can gain energy by crossing the shock repeatedly. Consider
the case that a charged particle moving velocity of vy through a shock wave, and the
direction of particle is from upstream to downstream. When particle collides with
changing magnetic field associated with downstream plasma, it can reflect the particle
back through the shock from downstream to upstream with increased velocity of v;. In
other words, this test particle effectively sees a plasma moving toward it with a speed
of (Vup - Vdown). If a similar process occurs in upstream side, then the particle will
again increase its velocity to vy. After the ith shock, the particle will have velocity v;.

So, vg < 11 < vy < ... <

Upstream Downstream
e e

e —» V/

Shock

Figure 3.2. Shock Front.

Sequential diffusion back and forth causes increase in the speed of the particle
and these multiple reflections hugely increase energy of the particles. So, the energy
gain is always positive, and this mechanism naturally predicts a power-law distribu-
tion of particles. Assume that the shock is adiabatic and non-relativistic, radiative

losses are unimportant, the gas around the shock is ideal, particles are relativistic, and
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the unshocked gas material has Maxwell-Boltzmann distribution, then momentum of

relativistic particle is [60],
E
p=—
c
After the first crossing, the particles will have the energy

E' = FE +pv

For non-relativistic shock, the Lorentz factor is ~1

So after j crossings, the energy is
E = EB’
and the particle distribution is
N = NoP, sjhock

where B =1 + % and Pspocr is the probability of remaining in shock region. So,

N E logP

- — logB
Ny <E0)

Finally, the particle distribution will be

logP

n(E) < Bless™! = B7F

where k = 1 - fzgg, called power-law index.
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3.2. Gamma Ray Emission Mechanism from SNRs

3.2.1. Leptonic Origin of Gamma Rays

If the particles gaining acceleration with Fermi mechanism are electrons then
the gamma-ray production will be of leptonic origin. Electrons are charged leptons,
which can interact with other particles. Same high energy electrons responsible for the
synchrotron emission produce gamma rays via relativistic bremsstrahlung and inverse

Compton processes.

3.2.1.1. Relativistic Bremsstrahlung. The process of producing photon is almost the

same with thermal bremsstrahlung; due to Coulomb field of ions, electrons decelerate
and emit photons by bremsstrahlung process, but in this case the electrons have rel-
ativistic energies. For the non-relativistic case, power per unit time, per unit volume

and per unit frequency can be explained as [18],

dw 1672 nen; Z2gsp(w, V)
dtdVdw 3/3c3m2v,

where n, w, n;, Z, g¢, €, ¢, me, v, are electron density, the frequency, ion density,
atomic number, Gaunt factor, charge unit, speed of light, mass of electron, and velocity

of electron, respectively.

For the relativistic case,

aw' = M
¥

where dW’ is the emitted power per unit time and + is the Lorentz factor,
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So,

aw’ 1672€%nen; Z%g 4 (v, V)
dtdV dv v3/3c3m2v,

3.2.1.2. Inverse Compton Process. When free electrons gaining energy from diffuse

shock acceleration interact with low energy photons, they transfer some of their kinetic
energies to lower-energy ambient photons. Sources of these soft photons could be
interstellar radiation field, cosmic microwave background or far-infrared radiation by
SNR itself. Lose rate in an inverse Compton process can be expressed as,

dE 4 2

E = gUTCUrad<_)72

.l

where U,.q, 07, Ve, and v and are energy the density of radiation in the rest frame of

the electron, cross section, the velocity of the electron and the Lorentz factor.
3.2.2. Hadronic Origin of Gamma Rays
If the particles gaining acceleration with Fermi mechanism are protons, then the

gamma ray production will be of hadronic origin. Interactions of accelerated protons

with interstellar material produce neutral pions (7°).

3.2.2.1. Production and Decay of Neutral Pions. The strong interaction of particles

produces 7° through the reaction: p+p — p+p+7". Energy conversations gives:

E= 2mc? = 2m,¢? + myoc? and y = ﬁ Y=
Where m, m,, and m,o are mass of the incoming protons in the center of mass
frame, mass of the proton and mass of 7°. The neutral pion mass is ~135 MeV [17].

So, the two incoming protons must both be traveling at v=0.36¢. This is the center

of mass speed. Relative speed of the protons can be found with the Einstein velocity
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addition
V1 + Vg
/UR = V1.V
1— 232

gives v=0.64c.

Thus to create a ¥, it is necessary to give the incoming proton at least nearly 290
MeV of kinetic energy. 7 is a kind of meson from the hadrons family, which consists of
a quark and anti-quark, and it is an unstable particle. Gamma rays are emitted by the
decay of 7¥’s produced in collisions between accelerated particles and the background

gas in the following way [10].

(i) 7%= 7 + ~ (with probability of 98%)
(ii) 7® — e~ + e' + v (with probability of 2%)

3.3. X-ray Emission Mechanism from SNRs

X-ray emission, from SNRs give information about interaction of swept-up ISM
and ejected material and the plasma. The particles are considered ’ejected’ if their
kinetic energies are greater than their potential energies. Plasmas can be divided into
two groups as optically thin and optically thick. If the plasma is optically thick, then
the radiation generated is only moving a short distance within the medium and the
spectrum is effectively blackbody dominated. If the plasma is optically thin, then the
radiation generated is free to escape from the emitting region without interacting with
the medium. The appropriate plasma emission model depends on both the temperature
and the density. The plasma in SNRs are optically-thin, so the main observed emission
processes are bremsstrahlung, and radiative recombination for continuum emissions,
and line emissions. Also, synchrotron is contribution to the X-ray emission in SNRs
as non-thermal emission. By analyzing observed continuum shape and line features
of X-ray spectrum of SNRs, we can predict electron temperature (kT.) and ionization

temperature (kT,) so that the ionization state of SNRs can be estimated.
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3.3.1. Thermal Bremsstrahlung Emission

The most intense emission (in the order of keV) in a thin plasma is the bremsstrah-
lung emission, also called the free-free emission, because electron is free before and after
the process. Due to Coulomb field of ions, electrons decelerate and emit photons by
bremsstrahlung process. If we assume that plasma has low density and is collisionally
ionized, electrons have the Maxwellian distribution, and external magnetic and electric
fields are ignored. Then we can express emission power per unit time, per unit volume

and per unit frequency as,

aw 167?2667167%229;”]0(%‘/)
dtdVdw 3/3c3m2v,

where n., w, n;, Z, gss, €, ¢, me, v, are the electron density, the frequency, ion density,
atomic number, Gaunt factor, charge unit, speed of light, mass of the electron and the
velocity of the electron respectively. The Gaunt factor, gss is a function of energy of
electron and frequency of emission. Shape and intensity of bremsstrahlung spectrum

can give predictions about ion and electron densities and electron temperature.

3.3.2. Radiative Recombination

Radiative recombination (RRC) is also called free-bound emission in which an
electron is captured by an ion and a photon is emitted. Electron is free before the
process and bound after the process. The energy of produced photon is equal to
binding energy of recombined electron and kinetic energy of electron. The energy of
coming electron does not have a certain value so this process creates a continuous

spectrum with a peak at the binding energy of the levels.
3.3.3. Line Emissions
This is a bound-bound transition between two discrete quantum levels. In this

case, electron is bound before and after the process. Electron coming from a higher

level to the lower level emits photon. Spectrum of line emissions shows a sharp edge
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structure at the related energy levels. For a hydrogen (H) atom, the energy of an

absorbed or emitted photon between two discrete levels is given by

1 1
b= Ry(ﬁ - ﬁ)
where R, is Rydberg constant (=13.6eV) and n, n" are principal quantum numbers of

two discrete levels. We can generalize it for heavy elements, E roughly becomes

1 1
2
E=A Ry(ﬁ — m)
where A is the atomic number of element. Line emissions in SNRs arise from H-like and
He-like ions. For H-like ions, containing one electron, transitions between the states
are referred as Lya for 2p — 1s called Ko, L3 for 3p —1s called KB and Ly~ for 4p

—1s called Kv. Line energies of Lyman series for the elements mostly seen is given in

Table 3.1 in eV.

Table 3.1. H-like emission lines energies of some elements mostly observed in SNRs in
eV [44].
Lya | Lyf | Lyy
Mg | 1472 | 1745 | 1840
S | 2006 | 2377 | 2506
Si | 2623 | 3107 | 3277
Ar | 3323 | 3936 | 4151
Ca | 4106 | 4864 | 5130
Fe | 6966 | 8266 | 8732

He-like ions produce three intense lines. There are three transition lines for Hea,
resonance (1s2p 'P; — 1s? 15;) forbidden (1s2s 3S* — 1s® 1Sj) and intercombination
(1s2p 3' P15 — 152 1.5)). Line energies of He-like transition of elements for Hear emission

is given in Table 3.2 in eV.
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Table 3.2. He-like emission lines energies for Hea transitions of some elements mostly

observed in SNRs in eV [44].

Resonance | Forbidden | Intercombination
Mg 1352 1330 1340
S 1865 1840 1854
Si 3140 3104 3124
Ar 3908 3845 3892
Fe 6702 6641 6670

The Hef and Hevy transition lines energies in eV for the elements are given in

Table 3.3.

Table 3.3. He-like emission lines energies for He3 and Hevy transitions of some
elements mostly observed in SNRsin eV [44].
Hep | Hey
Mg | 1579 | 1660
S | 2183 | 2294
Si | 2884 | 3033
Ar | 3685 | 3875
Ca | 4582 | 4819
Fe | 7798 | 8217

3.3.4. Synchrotron Radiation

When charged particles are accelerated in a magnetic field, they emit radiation
throughout a gyrating path, which dominates much of high-energy emission generated
in SNRs. For non-relativistic particles, the radiation is simpler and called cyclotron ra-
diation. However, extremely relativistic particles have a much more complex frequency

spectrum extending to the gyration frequency [14], known as synchrotron radiation.
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Figure 3.3 shows the path that the electrons follow in strong magnetic field [14].

Figure 3.3. Helical motion of an electron in uniform magnetic field.

Total emission power for an accelerated electron is,

Psyn gUT05272UB
where
_ 8mrg
or = 35
and
2
Us =2

where o, Ug, ¢, v, g are cross section, magnetic energy density, speed of light, velocity

of the electron, and the radius of the helical path, respectively.
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3.3.5. Thin Thermal Plasma in SNRs

Thin thermal plasmas have the characteristics of high temperature (~ 105-10% K)
and low density (~ 1 cm™) mostly seen in SNRs. X-ray investigation of SNRs gives
information about ionization states of plasmas, because such high temperature plasmas
are dominated by X-ray emission. Studying the ionization states of plasmas enables
us to estimate the evolutionary states of SNRs. For optically thin thermal plasmas,
it takes a time of 10%-10° years to reach collisional ionization equilibrium (CIE) with
electrons heated by shock wave. Classification of thin thermal plasmas depends on
ionization balance. Here we will introduce three kinds of plasmas with respect to their
balances of ionization and electron temperatures. Those are ionizing, equilibrium and
recombining plasmas showing different spectral features. In this thesis, we assumed

Maxwell-Boltzmann distribution of electrons in thin thermal plasmas [15].

—TTLU2

2kT., )

f(v) = 4mv*( ) exp(

m
2wkT,
Competition of ionization and recombination processes determines the states of plas-
mas. There are three ionization processes: collisional ionization, photoelectric ioniza-
tion, and auto-ionization. Also three inverse processes: 3-body recombination, radia-

tive recombination and dielectronic recombination form recombination side.

3.3.5.1. ITonizing Plasma (kT'e > kTz). This is called underionized stage. In this state,
atoms are less ionized. Electron temperature (kT.) is larger than ionization temper-

ature (kT.), so ionization dominates recombination. This state is observed in young

SNRs such as Cas A and Tycho.

3.3.5.2. Equilibrium Plasma (kTe = kTz). This stage is called ionization equilibrium.

A balance between ionization rate and recombination rate is achieved. In this state,

ionization mostly occurs by electron collisions.
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3.3.5.3. Recombining Plasma (kT'e < kT'z). In this state, atoms are highly ionized.

It is called overionized state. Electron temperature (k7.) is smaller than ionization

temperature (k7,) so recombination rate exceeds ionization rate.
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4. INSTRUMENTS

4.1. Fermi Gamma Ray Space Telescope

4.1.1. Overview and Mission

Fermi Gamma Ray Space Telescope (Fermi) was launched in 11 June 2008 from
Cape Canaveral Air Force Station, Florida. The design life of the mission is expected to
be 5 years and the goal for mission operations is 10 years. Fermi has energy range from
20 MeV to 300 GeV. It covers the whole sky every 3 hours by orbiting at an altitude
of 550 km and at an inclination of 28.5°. Fermi project is collaboration of more than
400 scientists from 90 universities in 12 countries. It is funded by National Aeronautics
and Space Administration (NASA) from USA, Centre National de la Recherche Sci-
entifique (CNRS) from France, Istituto Nazionale di Astrofisica from Italy, Aerospace

Exploration Agency from Japan and National Space Board from Sweden.

Fermi has the following scientific objectives [21];

e Determining the nature of the unidentified sources and the origins of the diffuse
emission revealed by EGRET.

e Understanding the mechanisms of particle acceleration operating in celestial sour-
ces, particularly in active galactic nuclei, pulsars, supernovae remnants, and the
Sun.

e Understanding the high energy behavior of GRBs and transients.

e Using gamma-ray observations as a probe of dark matter.

e Using high-energy gamma-rays to probe the early universe and the cosmic evolu-

tion of high-energy sources.

Figure 4.1 shows all gamma rays that Fermi has observed during its 3 years
mission. Color scale shows number of photons with energy greater than 1 GeV detected

per pixel in the first 2 years of Fermi operation. Fermi consists of two main parts, which
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Figure 4.1. GeV gamma-ray sky. Color scale shows number of photons with energy

greater than 1 GeV detected per pixel in the first 2 years of LAT operation.

are Large Area Telescope and Gamma-ray Burst Monitor [21].

4.1.2. Large Area Telescope - LAT

The Large Area Telescope (LAT) is the main scientific instrument on the Fermi
spacecraft. It was originally called Gamma-Ray Large Area Space Telescope (GLAST).
The LAT is an imaging telescope having wide field-of-view to detect high-energy
gamma-ray events. The LAT can measure the directions, energies and arrival times of
incident gamma rays with its large field of view, also can reject background from cosmic
rays. The LAT has many higher scientific and technical features from other gamma-ray
space telescope experiments. Energetic Gamma Ray Experiment Telescope (EGRET)
was the previous gamma-ray mission. Table 4.1 shows the differences of these two
experiments and basic properties of LAT. The LAT was built at Stanford University.
It consists of 4x4 totally 16 array of identical towers, each having 40 x40 cm? area. The

LAT has 4 parts working collaboratively with each other.

4.1.2.1. The Anti-Coincidence Detector - ACD. It is the first defense against charged

cosmic rays located around the tracker to reject cosmic background events. ACD is
one layer structure and its total thickness is 10 mm. ACD has high detection efficiency

for charged particles (> 0.9997) [21]. When charged particles hit plastic tiles on ACD,



Table 4.1. LAT comparison with previous experiments.
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LAT EGRET
Energy Range 20 MeV - 300 GeV | 20 MeV - 30 GeV
Peak Effective Area < 8000 cm? 1500 cm?
Field of View < 2 sr (steradian) 0.5 sr
Angular Resolution < 3.5% for 100 MeV | < 5.8° for 100 MeV
Energy Resolution < 10% 10%
Deadtime per Event 100 ps 100 ms
Source Location Determination > 0.5 107

Point Source Sensitivity

< 6x107? em2 g7t

~1077 ecm 2 g1

Figure 4.2. Fermi LAT design. Figure is taken from Atwood et al. [21].



Table 4.2. Sources of Fermi 2nd year catalog results [22].
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Identified #

Associated #

Pulsar, identified by pulsations 83
Pulsar, no pulsations seen in LAT yet
Pulsar Wind Nebula 3
Supernova Remnant 6 4
Supernova Remnant / Pulsar Wind Nebula 58
Globular Cluster 11
High Mass Binary 4
BL Lac Type of Blazar 1
FSRQ Type of Blazar 7 429
Non-Blazar active galaxy 17 10
Radio Galaxy 2 10
Seyfert Galaxy 1 5
Active Galaxy of Uncertain Type 0 257
Normal Galaxy 2 4
Starburst Galaxy 4
Uncertain Class 1
Unassociated D75
Total 127 1746
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they produce flashes of light. However, when gamma rays are electromagnetic waves,
they do not produce flashes. 5 x 5 array plastic scillinator tiles forward the light to

photomultiplier tubes via wavelenght shifting fibers.

Figure 4.3. LAT schematic view. Yellow layers show ACD. The figure is taken from
Atwood et al. [21].

4.1.2.2. The Tracker. The tracker has two main functions. First one is to convert

the incident gamma-ray to electron positron pairs with tungsten foil layer modules.
There are 12 thin layers with 0.03 radiation length at the front and 4 thick layers
with 0.18 radiation length at the back of the tracker. Tungsten layers are high-Z
materials. The other function is to precisely measure the paths of the electron and
positron produced from the initial gamma-ray. The silicon strip layers are used for the
path measurement. Planes of the silicon detectors are orthogonally arranged so that

the x,y, and z-directions can be determined.

4.1.2.3. The Calorimeter. Calorimeter measures the energy of electron and positron

after they are totally absorbed. It is made of cesium iodide Csl. It also helps to reject

cosmic rays, since their pattern of energy deposition is different from that of gamma
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rays.

4.1.2.4. Data Acquisition System. This system is the brain of LAT. This part collects

information from tracker (silicon strip detectors) and calorimeter, and provides an

on-board event science analysis platform.
4.1.3. Gamma-ray Burst Monitor - GBM

Gamma-ray burst monitor consists of 14 detectors and a data processing unit.
There are 12 low-energy detectors made of sodium iodide responsible for the events from

8 keV to 1 MeV. Also there are 2 high-energy detectors made of bismuth germanate
responsible for the events from 150 keV to about 30 MeV.

4.1.3.1. Low Energy Detectors. Each low energy detectors are 12.7 cm in diameter.

They are mounted in 4 groups consisting of 3 detectors oriented in various directions
so that they face different parts of the sky. They provide the locations of gamma-ray

bursts to within several degrees.

4.1.3.2. High Energy Detectors. High energy detectors are positioned on opposite

sides of the spacecraft, providing nearly full sky coverage. They are made of bismuth
germanate (BGO), which is a high density material. They provide a good overlap with
low energy range of LAT.

4.1.3.3. Data Processing Unit. The signals from all 14 GBM detectors are collected

by a central data processing unit. It has 3 main missions,

e Identifies GRBs, determines their energies and arrival directions.
e Digitizes and time-tags the detectors, pulse height signals, and packages the re-
sulting data into several different types for transmission.

e Directs the data to the Fermi spacecraft’s transmission unit to be sent the ground.
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Figure 4.4. Gamma-ray Bburst sky. 264 GRBs (in red) in the field of view of LAT
out of total 514. GRB2010 conference results Annapolis, 2010.

4.2. Chandra X-ray Observatory

The Chandra X-ray Observatory (CXO) was launched on July 23 1999 from
Columbia Space Shuttle. Main mission of Chandra is to observe X-rays from high-
energy regions of the universe. CXO has an elliptical orbit with apogee height of
120.300 km and perigee height of 28.600 km and the period is 63.5 hours yielding high
observing efficiency. Chandra consists of 3 main parts; the X-ray telescope, the science

instruments and the spacecraft.
4.2.1. X-ray Telescope

Chandra telescope system has the principal elements, the High- Resolution Mirror
Assembly (HRMA) having 4 mirrors. These concentric paraboloid-hyperboloid grazing
incidence X-ray mirrors have focal lenghts of 10 m, and the diameters of 1.2 m. Figure
4.5 gives a general look to CXO [20].

4.2.2. The Science Instruments

The Chandra X-Ray Observatory combines the mirrors with 4 science instru-

ments: 2 main instruments are ACIS and HRC designed to provide information about
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Figure 4.5. Chandra X-ray Observatory view.

direction, energy and arrival times of incoming photons. 2 additional science instru-
ments; The Low Energy Transmission Grating LETG and The High Energy Transmis-

sion Grating - HETG spectrometers provide detailed information about X-ray energy.

4.2.2.1. Advanced CCD Imaging Spectrometer - ACIS. The ACIS consists of ten 1024
%1024 pixel CCDs (Charge Coupled Device). CCDs, made of silicon, are solid state

electronic devices. These 10 CCDs are arranged in two arrays. Pixel size of ACIS is
0.4920” + 0.0001”. So, ACIS-I has 2x2 CCDs, 16.9’x16.9” array size, and ACIS-S has
1x6 CCDs and array size of 8.3'x50.6” [19]. Figure 4.6 shows chip design of ACIS in
CXO [53].

Two of the CCDs are back-illuminated (BI) and eight of the CCDs are front-
illuminated (FI). S1 and S3 chips are back-illuminated because their back sides faces
the incoming X-rays. ACIS detector operator temperature is changing between -90 °C
and -120 °C'. The spatial resolution of imaging with ACIS is limited with physical size
of the CCD pixels (0.492”). The spectral resolution depends on measuring the total
charge by a photon. The fraction of the charge collected, the fraction of the charge lost
during read-out in transfer and the ability of the read-out amplifiers to measure the
charge are used to determine total charge by a photon in the ACIS system. Highest

resolution is obtained within 1’-2” depending on the energy of the source. The Time
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Figure 4.6. ACIS CCD design.

Exposure Mode defined as the mode where the selected region is exposed for a fixed

amount of time. The observations used in this thesis were obtained in this mode.

4.2.2.2. High Resolution Camera -HRC. The HRC has 2 microchannel plate (MCP)
detectors; HRC-S and HRC-I which are optimized for imaging. The HRC-I is capable

to give response to events having energies 0.8 - 10 keV and has a field of view of ~
30°x30” and pixel size of 0.13”. When X rays enter to the HRC, UV /Ion shield reduces
the signals from UV light, ions, and low energy electrons absorbed in the Csl-coated
walls. The resulting photoelectrons are accelerated by an external electric field and

forming signals.

4.2.2.3. HETG and LETG Spectrometers. Main missions of HETG and LETG is to

diffract the intercepted X-rays, changing their direction, which depends on the energy

of incoming X-ray. LETG is a gold grating, made of fine wires, having a period or
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regular spacing of 1 ym. LETG is designed to cover an energy range of 0.08 to 2 keV.
HETG has regular spacing of 0.2 1um or 20004 for the high-energy gratings, and 0.4
pm or 40004 for the medium energy gratings. The HETG is designed to cover an
energy range of 0.4 to 10 keV. Figure 4.7 indicates HRC design [55].

S~ Grating — Zero-order beam
(in use) Diffracted beam

cCh1  CCD2 CCD3 CCD4 CCD5 CCD6

Figure 4.7. Schematic view of grating spectrometers.

4.2.3. Spacecraft

In order to work efficiently, the telescope and the science instruments need the
supportive structure. The spacecraft provides necessary environment for them. Mo-
tion, heat, and energy are essential for an observatory. For the motion, Chandra has
two different thrusters: one is for propulsion and the other one is for momentum un-
loading. Chandra’s thermal control system, cooling radiator, insulators, heaters, and
thermostats controls the temperatures of critical components. The energy stored in
three banks of batteries of Chandra provides electrical power comes from its solar

arrays.
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5. ANALYSIS & RESULTS

5.1. CASSIOPEIA A

5.1.1. Overview of the Previous Results of Cas A

Cassiopeia A (Cas A) is one of the youngest supernova remnants, thought to be
the result of either a Type Ib or Type IIn supernova explosion occurring in 1671 [36].
Angular size of 2.5’ in radius, corresponding physical size is 2.34 pc and at the distance
3.4 kpc [24]. Cas A has shock speed of 5200 km/s and age of nearly 320 yr [25].
It is a shell type supernova remnant. The detection of non-thermal emission from
radio observations reveals that Cas A is a bright radio source [7]. Akari and Blast
observations of Cas A reveals a new tepid dust grain population at a temperature of
~ 35 K and with an estimated mass of 0.06 solar mass [26]. Supernova light echo
(LE) spectra of Cas A have been recently detected by Rest A. [27]. Cas A is viewed
in X-rays, the remnant consists of a line emitting shell arising from reverse shocked
ejecta rich in O, Si, Ar, Ca, and Fe [28], [50]. Chandra X-ray observatory revealed
detailed image of Cas A having thin structures near the forward shock [31]. For Cas
A, non-thermal emission filaments are associated with the forward shock however non-
thermal X-ray emission is also seen in projection in the interior of the SNR [32]. It
is still uncertain whether these interior filaments arise from the forward shock seen in
projection or originate from non-thermal emission mechanisms in the interior of the
SNR [34]. Cas A was observed in GeV too. Fermi detection of Cas A announced
in 2010 with a significance of 12.20 and the integral photon flux above 500 MeV
of (8.7 4+ 1.3) x 107 photons cm™2s™! [57]. Fermi collaboration has claimed that
magnetic field strength with 0.3 mG best predicts gamma-ray flux. First TeV emission
has been detected by HEGRA (High Energy Gamma-Ray Astronomy experiment)
collaboration [33]. VERITAS (The Very Energetic Radiation Imaging Telescope Array
System) observations have given estimation of integral flux for this gamma-ray source

is about 3% of the Crab-Nebula flux above 200 GeV [58].
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5.1.2. Fermi-LAT Analysis of Cas A

Fermi observation of Cas A between the dates 08.04.2008 and 01.30.2012 was
used in the analysis. Total exposure time was nearly 34 months. 9 photon database
(PH) and a specraft pointing including livetime and history database (SC) files were
handled. The LAT data was extracted at the point of right ascension (RA) : 350.85°
and declination (Dec) : 58.81°. The LAT data in the region of 20° and in the energy
range of 200 MeV - 300 GeV was required from Fermi Science Support Center (FSSC’s)

web site data server.

5.1.2.1. Data Preparation. The events which are not within the extraction region used

for the analysis were filtered out by gtselect tool. The radius of new search region was
selected as 12 degrees. Lower energy limit of 500 MeV and upper energy limit of 50
GeV were used, because the source was detected only above 500 MeV and significant
emission could not be found above 50 GeV. Photons coming from the zenith angle
larger than 105° were rejected to reduce the background from gamma rays produced
in the atmosphere of the Earth. The gtmktime tool provides an opportunity to select
good time intervals (GTIs) by filtering on information provided in the spacecraft file.
Some spacecraft events can negatively affect the quality of the data, this tool excludes
time periods related with these events and ensures the LAT instrument was in normal
science data-taking mode. Also rock angle of 52° (recommended by the LAT team)

was used to eliminate pointed observations from the dataset.

5.1.2.2. Creating Count Cube and Map. The count cube of the region of interest was

created by CCUBE option of gthin tool. Size of the X and Y axis in pixels was selected
to be both 80, image scale was 0.1°/pixel and 8 number of logarithmically uniform
energy bins were used. This count cube is also used in source map analysis. Figure 5.1
shows counts map of Cas A smoothed with 3¢ in the range of 0.2 - 300 GeV. Counts

map was viewed using the tool ds9.
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Figure 5.1. Cas A counts map smoothed with 30 and in the energy range of 0.2-300
GeV.

5.1.2.3. Building Background Model. The gtlike tool reads the source model from a

XML file. We have created the XML file including all the background sources using
Fermi 1st year catalog. The sources having the distance smaller than ~10° and having
significance bigger than 5o were selected. Background model consists of 10 point
sources chosen within the analysis region. Also galactic diffuse component (gal_v02)and
isotropic extragalactic emission(eg_v02) were added to the model. Table 5.1 shows the

distances and the significances of the background sources in the analysis region.

5.1.2.4. Computing Exposures and Source Map. In order to exposure of the source,

we need to calculate livetime of the observation. gtltcube tool was used to calculate how
much time the LAT has observed given position on the sky at given inclination angle.
This tool calculates the time range covered by the spacecraft file. Exposure map of Cas
A was performed by gterpcube?2 tool. Size of the X and Y axis in pixels was selected
to be again 400, image scale was 0.1 degree/pixel and 8 bins were used in the energy

range of 500 MeV to 50 GeV. The exposure map was performed using the LAT Science
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Table 5.1. Background point sources located within the radius of 10° around the

location of Cas A.

Distance to ROI Center (degree) | Significance (o)
1FGLJ2238.445903 5.79 21.06
1FGLJ0000.846600c 8.37 9.84
1FGLJ0003.14+6227 6.07 7.79
1FGLJ2214.545949 8.81 5.83
1FGLJ2229.04+6114 7.18 56.23
1FGLJ2250.84-6336 6.18 6.66
1FGLJ2347.1+5142 7.86 10.58
1FGLJ0009.1+5031 7.86 10.58
1FGLJ0035.9+5951 9.27 13.01
1FGLJ0038.646306 10.04 5.15

Tools package with the P6_.V11_DIFFUSE post-launch instrument response function.
The source map was computed by gtsremaps tool. The tool takes each source spectrum
in our XML model, multiplies them by their related exposures at the source positions,
and convolves that exposure with the effective point spread function (PSF). Response
function of P6_V11 _DIFFUSE, exposure map and count cube created were used in the

source map.

5.1.2.5. Binned Likelihood Analysis of Cas A. For the most of the LAT analysis, bin-

ned likelihood analysis is used. Unbinned likelihood analysis is generally recommended
for the data having periodical short time observations. The likelihood L can be best
described as the probability of obtaining the data for a given input model [49]. In
Fermi analysis, the input model is the distribution of gamma ray sources on the sky,
and includes their intensity and spectra and the data is the list of counts produced
by LAT. To analyze LAT data, we construct the likelihood that is applicable to LAT
data, and then use this likelihood to find the best fit model parameters.
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5.1.2.6. Fermi Analysis Results of Cas A. After producing exposure, count and source

maps, and the background model bdlike script was run to create count spectrum, TS
vs energy and dN/dE vs energy spectrums. Fermi analysis clearly showed the source
at a reasonable level. The source was detected at a significance level 260 (TS value
of 676). Cas A was fitted with power law and integral photon flux obtained was (17.6
+ 0.11)x107? photons cm™2s™!. Spectral index was found to be I'= 2.02 4= 0.044.
Figures 5.2, 5.3, and 5.4 show TS vs energy, flux vs energy, and count spectrums,

respectively.
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Figure 5.2. Fermi gamma-ray energy spectrum of Cas A.

5.1.3. Chandra X-ray Analysis of Cas A

Chandra 1 Ms observation of Cas A was taken with S3 CCD chip (chip no: 7)
of Advanced CCD Imaging Spectrometer (ACIS) was used. The observation, having
obs-id of 4638, was performed in April 2004. Exposure time was given as 166720 s to
the point RA: 23h 23’ 26”.70 DEC: +58° 49’ 03”.0 [50]. Cas A was observed in graded

datamode and timed readmode.

5.1.3.1. Data Reduction. To analyze the data, CIAO 4.4 version of Chandra Calibra-

tion Data Base, released in 15 December 2011, was used. Main purpose of the data
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Figure 5.4. Fermi gamma-ray Count Spectrum of Cas A.
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reduction is to generate a new event 2 file on which afterglow effects and charge transfer

inefficiency are corrected, bad-pixels are removed, and filtering on grade, status and

good time were made. In order to make the necessary reductions on the Cas A data,

CIAOQO 4.4 science threads were followed.

(i)

(i)

(i)

Reproducing Chandra Data: The script chandra_repro reproduces the observa-
tion data downloaded from HEASARC (The High Energy Astrophysics Science
Archive Research Center). This scripts generates a new bad pixel file, a new
level=2 event file, and a new level=2 Type II PHA (Pulse Height Analyzer) file
and also includes grade and status filtering changes.

Removing Destreak Events: Due to extreme conditions in the environment of
Chandra X-ray Observatory, the front illuminated CCDs in the ACIS were dam-
aged early in the Chandra mission. Enhanced charge transfer inefficiency (CTI)
during parallel readout causes loss of charge in the CCD as data transferred
among the pixels. This causes spatial redistribution of charge and decrease in
energy resolution. Effects in observed spectral distribution arise from changing
pulse height distribution, so this produces a gain shift. So acis_process_events
script has corrected this inefficiency in charge transfer. Also, in order to im-
prove the streak detection efficiency and to prevent pixels with several streak
events from being misidentified as hot pixels, destreak tool is performed. Before
generating a new bad pixel file, removing the streaks develops the streak detec-
tion efficiency and prevents misidentifying pixels with many streak events as hot
pixels. So, running destreak can improve the quality of the data.

Checking Observation Mode and Clearing the Status: There could be 2 observa-
tional mode options for the Chandra data. If the data is in TIMED mode, you
should make a new bad-pixel file. However if it is CC-mode data, you should
make a new level=1 event file by acis_process_events script.

Creating a New Bad Pizel File: Fach Chandra observation has specific bad
pixels. These bad pixels generally are hot pixels producing high or saturated
pulse heights. During the observation, photons falling on these bad pixels are
excluded from analysis. Extraction of bad pixel was performed with the tool

acis_process_events. We created a new bad pixel file for the event 2 file that we
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will generate.
There are 4 steps to do that,
e Generating obs.par file for the observation
e Identifying bad pixels and columns from the calibration database and pixels
with bad bias values
e Searching for afterglows and hot pixels
e Marking pixels adjacent to afterglows and hot pixels and sort the list of bad
pixels and afterglows
(v) Generating a New Level-1 File: First we should look at the readmode and data-
mode of the data to decide what the event definition is. We used graded datamode
and timed readmode data. So, our eventdef was chosen as grdlevl. So running
acis_process_events with the event definition produces a new level 1 file.
(vi) Filtering on Grade, Status, and Good Time: Our observation was imaging data,
so that there were two filtering steps for ACIS imaging observations
e Filtering for bad grades and for a "clean” status column
e The Good Time Intervals (GTIs) supplied by the pipeline and are stored in
the eventl file. Simultaneously, unnecessary columns are eliminated from
the output
So, acis_repro_evt2.fits is a level=2 event file with the latest calibration products
is created.
(vii) Applying Energy Cut: We applied energy cut to evt2 file, we have chosen the
option copying all blocks in the input file, not just the one you are filtering. The
other blocks were copied without change. The energy range from 0.3 tol0 keV

was selected from the data.

5.1.3.2. ITmage Analysis of Cas A. The images of Cas A in different energy bands were

obtained. dmcopy tool was used creating image files and ds9 tool was used to view
the images. 4 images were created using Cas A chandra data after the data reduction.
Cas A image in the range of 0.3 - 8 keV can be seen in Figure 5.8. Figures from 5.5 to
5.7 show soft energy (0.3 - 1.5 keV), medium energy (1.5 - 2.5 keV), and hard energy

(2.5 - 8 keV) images of Cas A, respectively. Also, a combined image of soft, medium,
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and hard energies was produced using ds9 tool, and can be seen in Figure 5.9.

100 200 300 400 500800

Figure 5.5. Cas A Chandra soft energy X-ray image in the range of 0.3 - 1.5 keV.

5.1.3.3. Spectral Analysis of Cas A.

(i) Producing Count and Response Files: First step of creating the spectra is to select
regions of interest. We have selected 5 regions dominantly observed in 2.5-8 keV
image using ds9 to be analyzed because we are interested in radiation due to
non-thermal synchrotron emission. Synchrotron emission produces hard X-ray
photons in SNRs. Those regions has been chosen from the shell of the remnant
where non-thermal X-ray emission is observed in thin filaments associated with
the forward shock. Figure 5.10 shows selected region for spectral analysis on the
combined image of Cas A. Four files have been created to extract the spectrums,

e The files of the photon counts for selected regions were generated using
dmeztract tool of The CIAO Data Model. The function of dmextract is to
create a histogram from a column of data in a table.

e The file of the photon counts for background region was generated using

dmeztract tool of the CIAO data model.
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Figure 5.6. Cas A Chandra medium energy X-ray image in the range of 1.5 - 2.5 keV.
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Figure 5.7. Cas A Chandra hard energy X-ray image in the range of 2.5 - 8.0 keV.



Figure 5.8. Cas A Chandra image in the range of 0.3 - 8 keV.
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Figure 5.9. Cas A Chandra combined image of soft, medium and hard energies.
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Figure 5.10. Cas A combined image with selected regions. Elliptical areas show the

regions that spectral analysis were performed on.

e Response files, or the redistribution matrix files (RMFs), have been created
for selected regions. RMF is mapping between the physical properties of
incoming photons (such as their energy) and their detected properties (such
as detector pulse heights or PHA) for a given detector. This mapping is
stored in the form of a 2-D matrix. mkacisrmf tool of the CIAO 4.4 was
used to create the files.

e Ancillary Response Files (ARFs) have been generated by mkarf tool of
CIAO 4.4. The ARF gives the effective area vs. energy for a given obser-
vation and instrument configuration; it has units of cm?counts/photon. In
order to create the arf file, an asphist file used for all regions is needed.
This asphist file bins the aspect solution into a 3D histogram of duration vs
pointing offset and roll offset.

The spectrums of the regions have been extracted using zspec tool of HEASOFT
and are fitted with non-thermal zspec model Power-law. The best fit spectral
values are presented below. Reduced chi-squared values between 1.36 - 1.51 are
found for regions chosen. We added some Gaussian components to model the lines

at around 1.0 keV, 1.3 keV, 1.85 keV, 2.40 keV and 6.55 keV, which we attribute
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to Fe xx1, Mg x1, Si K xu1, S K xv and Fe K« line emissions respectively.
(ii) Modeling the Spectrums: Xspec tool of HEASOFT package was used to model the
spectrums. Regions were modeled by wa(pow) model to fit the spectrums associ-

ated with non-thermal emissions. Model explanations are given in the following:

e Powerlaw:
Powerlaw model is a simple photon power law. It explains the relationships
between two quantities. When the flux of photon distribution varies as a
power of energy of the photons, this distribution follows a power law.
A(E)=k.E~
Where o = photon index of power law (dimensionless) and K = norm
(keV~tem™'s™t at 1 keV)

o Wabs:
This additive model is a photo-electric absorption using Wisconsin cross-

sections.
M(E) = exp(ngog(E))

Where og(E) is the the photo-electric cross-section and ny is the equivalent
hydrogen column density (in units of 10?2 atoms cm™2)

o Gaussian:
This is a simple gaussian line profile. If the width is < 0 then it is treated as
a delta function. Gaussians in the model fitting is used for the line emission

of the elements.

E — E))?

A(E):KTeXp(( o )o(27)2

Where Ej is the line energy in the units of keV, o, is the line width in the

2

units of keV, and K7 is the total photons in units cm~2s~! in each element

line.
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Chandra x-ray spectra of northwest, northeast, southeast, south, southwest, and
west regions are fitted with non-thermal power-law model which are shown in Figures
from 5.11 to 5.15, respectively. The best fit model parameters for these regions are
listed in Tables from 5.2 to 5.6 respectively. x?/dof is the reduced chi-squared of the
fit. Additionally, 4 areas were arbitrarily selected from closer regions to the center.
The selected region can be seen in Figure 5.16. The spectra of these regions were fitted
by non-thermal power-law. Much more line emission are applied to the model, but as
expected we could not find reasonable spectral values from these fittings, because the
values of x?/dof were found as 7.76, 9.85, 13.72, and 8.56 for the regions inside 1, 2,
3, 4, respectively. For inside 1 and inside 2 regions, spectral distributions were given
in Figure 5.17, top and bottom, respectively. Like wise, energy spectrums of inside
regions 3 and 4 can be seen at the top and bottom panel of Figure 5.18 respectively.
These high reduced chi-squared values are expected, because in the inside regions of

Cas A thermal radiation is dominating over the non-thermal radiation.
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Figure 5.11. X-ray spectrum of the northwest region of Cas A.



Table 5.2. Best fit spectral values of the northwest region of Cas A.

Value Unit
Power Law Photon Index 2.25 £ 0.02
Wabs 1.05 £ 0.02 10%2 atoms cm 2
Power Law Norm (1.67 £ 0.05) x 1072 | photons keV~tcm? s
x%/dof 1.36
Line Emission - Fe xx1 1.06 £+ 0.011 keV
Line Emission - Si K xin 1.88 £ 0.005 keV
Line Emission S K xv 2.43 + 0.002 keV
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Figure 5.12. X-ray spectrum of the northeast region of Cas A.
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Table 5.3. Best fit spectral values of the northeast region of Cas A.

Value Unit
Power Law Photon Index 2.66 + 0.02
Wabs 1.25 £ 0.01 10%2 atoms cm ™2
Power Law Norm (2.15 £ 0.06)x10~3 | photons keV~'em? s
xX%/dof 1.41
Line Emission - Fe xx1 1.01 £ 0.007 keV
Line Emission - Si K xin 1.87 4+ 0.007 keV
Line Emission - S K xv 2.44 + 0.009 keV
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Figure 5.13. X-ray spectrum of the southeast region of Cas A.
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Table 5.4. Best fit spectral values of the southeast region of Cas A.

Value Unit
Power Law Photon Index 3.21 £ 0.04
Wabs 2.08 £ 0.08 10%2 atoms cm ™2
Power Law Norm (1.15 £ 0.07)x1072 | photons keV~'em? s
xX%/dof 1.52
Line Emission - Fe xx1 1.05 £ 0.005 keV
Line Emission - Mg x1 1.38 £+ 0.006 keV
Line Emission - Si K xin 1.87 £ 0.002 keV
Line Emission - S K xv 2.44 + 0.005 keV
Line Emission - Fe Ka 6.49 £ 0.004 keV
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Figure 5.14. X-ray spectrum of the south region of Cas A.




Table 5.5. Best fit spectral values of the south region of Cas A.

Value Unit
Power Law Photon Index 2.65 = 0.02
Wabs 1.24 + 0.02 10?2 atoms cm ™2

Power Law Norm

(2.11 4 0.06)x 1073

photons keV~tem? s

xX%/dof 1.47
Line Emission - Fe xx1 1.02 £+ 0.007 keV
Line Emission - Si K xin 1.87 £ 0.006 keV
Line Emission - S K xv 2.46 + 0.001 keV
Line Emission - Fe Ka 6.41 £+ 0.008 keV
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Figure 5.15. X-ray spectrum of the southwest region of Cas A.
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Table 5.6. Best fit spectral values of the southwest region of Cas A.

Value Unit
Power Law Photon Index 2.62 £ 0.04
Wabs 1.44 4+ 0.04 10?2 atoms cm 2
Power Law Norm (1.13 £ 0.06)x10~2 | photons keV~'em? s
xX%/dof 1.44
Line Emission - Fe xx1 1.04 £ 0.005 keV
Line Emission - Si K xin 1.88 4+ 0.007 keV
Line Emission- S K xv 2.47 + 0.036 keV
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Figure 5.16. X-ray image of Cas A with regions selected inside.

20



normalized counts s keV-*

normalized counts s ke~

Figure 5.17. Chandra X-ray spectrum of inside region 1 and 2 of Cas A, top and
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Figure 5.18. Chandra X-ray spectrum of inside region 3 and 4 of Cas A, top and
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5.2. TYCHO

5.2.1. Overview of the Previous Results of Tycho

Tycho’s SNR, also called SN 1572 or SNR120.14-01.4 is classified as a Type la
SN explosion [35] . Tycho is the spherical SNR of the supernova exploded in 1572
with a diameter of ~ 8 [35]. Expansion of Tycho has been observed in the radio
by VLA telescope [37]. It’s average radio expansion parameter is found to be 0.47.
The radio flux is 40.4 Jy at 1.4 GHz with a spectral index of 0.65 [38]. The radio
emission is also consistent with the acceleration of cosmic ray electrons by the forward
shock [39]. Infrared observations of AKARI between 9 and 160 u reveal thermal dust
emission in the northeast and northwest shells. The expansion is also observed by
Chandra [40] with the expansion rate of 0.52. While X-ray spectrum [41] is dominated
by very strong line emissions of Si, S and Fe, the major fraction (%60) of the X-ray
continuum emission comes from non-thermal synchrotron [42]. This is an expected
result for such a young SNR. The shocked ejecta velocity is calculated to be about
4700 km/s for Si, S and Ar [43]. The claimed distance is 3 to 5 kpc on considering
of the measured proper motion. However H I absorption studies [45] calculated the
distance between 2.5 and 3 kpc. The Fermi LAT Collaboration announced a detection
in the energy range from ~0.4 to 100 GeV. The integrated spectrum is found as 3.5 +
(1.15a1) £ (0.75y51) x 10 %em 257! with a photon index of 2.3 & (0.244;) £ (0.15ys) [46].
Detection of non-thermal X-ray synchrotron emission from the rims of the remnant of
Tycho suggests that the shocks in SNRs can accelerate cosmic ray particles up to TeV
energies [48]. This idea is supported by VERITAS observations, they declared a TeV
detection with a flux of %0.9 of Crab Nebula [47].

5.2.2. Fermi-LAT Analysis of Tycho

Fermi observation of Tycho between the dates 08.04.2008 and 05.17.2012 was
used in the analysis. Total exposure time was nearly 43 months 8 PH and a SC files

were handled as data set. Tycho Fermi data was extracted from the position right

ascension (RA) : 6.40° and declination (Dec) : 64.12°. Likewise in the case of Cas A,
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the LAT data in the region of 20° and in the energy range of 200 MeV - 300 GeV was

required from Fermi Science Support Center (FSSC’s) web site data server.

5.2.2.1. Data Preparation. The same analysis processes were applied to the Tycho’s

Fermi data set like in the case of Cas A. gtselect and gtmktime tools were used in data
reduction. Zenith angle was selected to be 105° and, the analysis was performed in
the energy range between 200 MeV and 200 GeV. Also, rock angle of 52° was used to

eliminate pointed observations from the data.

5.2.2.2. Creating Count Cube and Map. The count cube and the count map of the

region of interest was created by CCUBE and CPMAP options of gthin tool respec-
tively. For Tycho analysis, size of the X and Y axis in pixels was selected to be both
80, image scale was 0.1°/pixel and 5 number of logarithmically uniform energy bins

were used. The analysis region is shown in Figure 5.19.

Declination

50,000 51,000 52.000 63.000 54,000 B5.000 65.000 &7.000

PR S S S T S A S S NS N ST SR
14,000 12,000 10.000 8.000 6.000 4.000 2.000 0.000
Right ascension

Figure 5.19. Fermi 8°x8° counts map of Tycho smoothed with 3¢ in the energy range

of 0.2 - 200 GeV.
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5.2.2.3. Building Background Model. The XML file including all the background sour-

ces was created with respect to distances and the significances of the point sources in the
analysis region using Fermi 2nd year catalog. The sources having the distance smaller
than ~6° and having significance bigger than 5o were selected. Background model
consists of 9 point sources chosen within the analysis region. Also galactic diffuse com-
ponent (gal_2yearp7v6_v0) and isotropic extragalactic emission (iso_p7v6source) were
added to the model. Table 5.7 shows the distances and the significances of background
sources. In the XML file, we fixed all parameters of sources that lay outside the region
with the radius of 4°. We only kept fixed all parameters of 2FGLJ0038.8+6259 which

lies within the 4° radius.

Table 5.7. Background point sources located within the radius of 6° around the

location of Tycho.

Distance to ROI Center (degree) | Significance (o)
2FGLJ0002.746220 3.14 13.67
2FGLJ0007.746825¢c 4.66 6.19
2FGLJ0010.5+6556¢ 2.42 7.72
2FGLJ0035.84-5951 4.42 15.06
2FGLJ0038.8+6259 1.83 5.60
2FGLJ2353.3+6643c 4.25 5.37
2FGLJ2359.4+6751c 4.59 7.73
2FGLJ2359.6+6543c 3.20 7.71
2FGLJ0109.9+6132 5.62 32.89

5.2.2.4. Computing Maps and Binned Likelihood Analysis. gtltcube tool was used to

calculate how much time the LAT has observed Tycho at the position RA : 6.40° and
Dec : 64.12°. Exposure map of Tycho was produced by gtezpcube2 tool with sizes for
the X and Y axes to be 400 pixels each and image scale was 0.1 degree/pixel, and 5
bins were used in the energy range of 200 MeV to 200 GeV. The exposure map was
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performed using the IRF P7TSOURCE_V6. The source map was similarly computed by
gtsremaps tool. Exposure map and count cube were used to create the source map.

Similar to Cas A gamma-ray analysis, binned likelihood method was applied to Tycho.

5.2.2.5. Fermi Analysis Results of Tycho. Fermi analysis clearly showed the source at

a significance level 80 (TS value of 64.4) with integral photon flux of (1.88 & 0.2)x 1078
photons cm~2s~!. Spectral index was found to be I'= 2.97 4+ 0.2,,;. Tycho is a fainter
object in comparison to Cas A in gamma-ray. In order to demonstrate the detection
of Tycho, a residual map was constructed. First a 8°x8° count map was produced for
Tycho. gtmodel tool was used with the XML model file including Tycho and to create
an output model counts map. We subtracted this model counts map from the original
counts map to obtain residual map. The same step was repeated by removing Tycho
from our background xml file. So we had two residual maps one showing Tycho and
the other not. The the existence of Tycho in the region of interest can be clearly seen

on the right panel of Figure 5.20.

Figure 5.20. Residual map of Tycho smoothed with 30. The left map was built with
background XML model file including Tycho. The right map was built with
background XML file not including Tycho. The difference shows the detection of
Tycho. The residuals are ranging between -6.5 and +6.5 counts and Tycho is visible
in the range of +0.9 - +5.8 counts.
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5.2.3. Chandra Analysis of Tycho

Chandra-1-ms observation of Tycho is performed on 4 combined S3 CCD chips
(10, 11,12, and 13) of ACIS. Observation ID is 10095 (Hughes), the exposure time for
the point RA: 00h 25" 19”7 DEC: 64° 08’ 10” is 175670 s and the observation date is

April 2009. The observation is in timed readmode and faint datamode.

5.2.3.1. Data Reduction. The same data reduction method used in Chandra analysis

of Cas A was used in the analysis of Tycho. The following steps were applied to event!

data file:

Reproducing Chandra tata

Removing destreak events

Checking observation mode and clearing the status

Creating a new bad pixel file

Generating a new level-1 file

Filtering on grade, status and good time

Applying energy cut

5.2.3.2. Image Analysis of Tycho. Similarly, dmcopy tool of ciao.4 was used to create

the images and ds9 software tool is used to display the images. The image for 0.3-8
keV energies was created to have a general look at SNR Tycho. Also three different
energy bands of Tycho; 0.3-1.5, 1.5-2.5, and 2.5-8 keV images were created for soft,
medium, and hard energies, respectively. The images (Figures 21-24) show clearly
shell-like structure of Tycho. Also, a combined image of all energy bands is shown in
Figure 5.25 together with ellipses drawn on the filaments to indicate analysis regions

for spectral analysis (Section 5.2.3.3).

5.2.3.3. Spectral Analysis of Tycho. The spectral analysis applied to SNR Tycho is

similar to the one appiled for Cas A. Chandra observation of Tycho has done on the

4 chips so that the arf files were created by using different asphist files with their
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Figure 5.21. Tycho Chandra soft energy image in the range of 0.3 - 1.5 keV.

Figure 5.22. Tycho Chandra medium energy image in the range of 1.5 - 2.5 keV.
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Figure 5.23. Cas A Chandra hard energy image in the range of 2.5 - 8 keV.

Figure 5.24. Tycho Chandra image in the range of 0.3 - 8 keV.
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Figure 5.25. Tycho Chandra combined image of soft, medium, and hard energies with

selected regions.

associated chips. 4 basic pi and response files were produced in the same way. 7
regions were selected from the thin shell of Tycho. The spectrums of the regions have
been similarly extracted using xzspec tool of HEASOFT and are fitted with power-
law models. The best fit spectral values were presented in Tables from 5.8 to 5.14.
Reduced chi-squared values between 1.18 and 1.46 were found. Gaussian components
of the models were fit at around 1.0 keV, 1.3 keV, 1.85 keV, 2.40 keV and 6.55 keV,
which we attribute to Fe xx1, Mg x1, Si K xu1, S K xv, and Fe Ka line emissions,

respectively. These fits are shown in Figures from 5.26 to 5.32.

As in the Chandra analysis of Cas A, some internal regions of Tycho were an-
alyzed. Figure 5.33 shows the selected regions. Same non-thermal power law models
were fit the spectra. Figures 5.34 and 5.35 show spectral distribution of X-ray photons
coming from inside Tycho modeled with power-law. However, reasonable chi-squared
values could not be found. Thus, reduced chi-squared values of 14.12, 11.14, 13.43, and
9.75 were found for the regions 1, 2, 3, and 4, respectively.
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Figure 5.26. X-ray spectrum of the east region of Tycho.

Table 5.8. Best fit spectral values of the east region of Tycho.

Value Unit
Power Law Photon Index 2.78 £ 0.03
Wabs 1.05 £ 0.02 10%2 atoms cm ™2
Power Law Norm (7.43 £ 0.031)x10~* | photons keV~'em? s
xX%/dof 1.24
Line Emission - Si K xin 1.85 4+ 0.003 keV
Line Emission - S K xv 2.44 + 0.001 keV
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Figure 5.27. X-ray spectrum of the north region of Tycho.

Table 5.9. Best fit spectral values of the north region of Tycho.

Value Unit
Power Law Photon Index 3.31 & 0.02
Wabs 1.12 + 0.03 1022 atoms cm 2

Power Law Norm

(7.43 4 0.32)x 10

photons keV~tem? s

xX%/dof 1.18
Line Emission - Si K xin 1.86 £ 0.002 keV
Line Emission - S K xv 2.44 4+ 0.003 keV
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Figure 5.28. X-ray spectrum of the northeast region of Tycho.

Table 5.10. Best fit spectral values of the northeast region of Tycho.

Value Unit
Power Law Photon Index 2.95 + 0.03
Wabs 1.08 £ 0.02 10?2 atoms cm 2
Power Law Norm (1.36 £ 0.41)x10~* | photons keV~'em? s
xX%/dof 1.44
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Figure 5.29. X-ray spectrum of the south region of Tycho.

Table 5.11. Best fit spectral values of the south region of Tycho.

Value Unit
Power Law Photon Index 2.98 =+ 0.05
Wabs 0.93 + 0.03 10?2 atoms cm ™2

Power Law Norm

(4.67 + 0.2)x10™*

photons keV~tem? s

x%/dof 1.22
Line Emission - Si K xin 1.84 £+ 0.001 keV
Line Emission - S K xv 2.41 4+ 0.002 keV
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Figure 5.30. X-ray spectrum of the southeast region of Tycho.

Table 5.12. Best fit spectral values of the southeast region of Tycho.

Value Unit
Power Law Photon Index 2.89 + 0.05
Wabs 1.02 £ 0.03 10%2 atoms cm 2
Power Law Norm (4.59 + 0.3)x10~* | photons keV~tcm? s
x%/dof 1.19
Line Emission - Si K xin 1.85 £ 0.005 keV
Line Emission - S K xv 2.44 + 0.001 keV
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Figure 5.31. X-ray spectrum of the southwest region of Tycho.

Table 5.13. Best fit spectral values of the southwest region of Tycho.

Value Unit

Power Law Photon Index 2.89 =+ 0.05

Wabs 1.02 4+ 0.03 10%2 atoms cm 2
Power Law Norm (4.59 + 0.3)x10~* | photons keV~'cm? s
x%/dof 1.19
Line Emission - Fe xx1 1.02 £+ 0.003 keV
Line Emission - Si K xin 1.86 £ 0.008 keV

Line Emission - S K xv 2.45 + 0.003 keV
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Figure 5.32. X-ray spectrum of the west region of Tycho.

Table 5.14. Best fit spectral values of the west region of Tycho.

Value Unit
Power Law Photon Index 3.19 £ 0.04
Wabs 0.92 + 0.02 10%2 atoms cm 2
Power Law Norm (7.91 + 0.3)x10~* | photons keV~tcm? s
x%/dof 1.46
Line Emission - Fe xx1 0.97 + 0.004 keV
Line Emission - Si K xin 1.85 4+ 0.001 keV
Line Emission - S K xv 2.44 + 0.005 keV
Line Emission - Ar xvu 3.05 £ 0.002 keV
Line Emission - Fe Ka 6.51 + 0.005 keV
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Figure 5.33. The Chandra combined image of soft, medium, and hard energies with

selected regions from Tycho.
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Figure 5.34. Chandra X-ray spectrum of inside regions 1 and 2 of Tycho, top and

bottom panels, respectively.
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Figure 5.35. Chandra X-ray spectrum of inside regions 3 and 4 of Tycho, top and

bottom panels, respectively.
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6. SUMMARY AND DISCUSSION

In this thesis, young SNRs Cas A and Tycho were studied in the energy ranges
of 0.5 - 50 GeV and 0.2 - 200 GeV, respectively by Fermi-LAT to find out if these
remnants are gamma-ray emitters. The aim is to answer the question of which regions
of young, shell-type SNRs are dominant emitters for non-thermal radiation. Therefore

Chandra-ACIS analysis of Cas A and Tycho were also performed at 0.3 - 8 keV.

SNRs have the mechanism that can accelerate the particles up to TeV energies. In
order to explain at least obliquely the existence of these high energy charged particles,
we need to detect GeV photons produced by neutral pion decay, inverse Compton,
and relativistic bremsstrahlung processes in SNRs. We observed Cas A in gamma-ray
at the significance of 260 with a integral photon flux of (17.6 £ 0.11)x 10~ photons
cm 257! for the given energy range. Also, the photon index of Cas A was found to
be 2.02 + 0.04. We could clearly locate Cas A on the created 8°x8° counts map and
we could produce spectral distributions of significance, counts, and flux with respect
to energy. The results can be seen in the Section 5.1.2.6. Fermi-LAT collaboration
has declared significance level of 12.20 and the integral photon flux above 500 MeV
of (8.7 &+ 1.3)x107? photons cm™2s™! for Cas A at this energy range [57]. In Fermi-
LAT analysis of Tycho, the integral photon flux of (18.9 + 2.8)x 10~ photons cm2?s™!
and photon index of 2.98 + 0.20 were measured with a significance of 8¢. Fermi-LAT
collaboration has announced gamma-ray analysis results of Tycho significance of 5o
and, the integral photon flux of (3.5 £ 1.144 £ 0.15s)x107? photons cm™2s™! and
photon index of 2.3 £ 0.244% 0.15,5 [46]. The differences in the values of flux and
significance between our analysis and what Fermi-LAT has announced mainly arises
from exposure times, because we used almost 1392 days of observations for Cas A but
LAT collaboration detected Cas A in 394 days exposure. Also, for Fermi-LAT analysis
of Tycho, we used 11 months more data than Fermi-LAT collaboration has used. In
the Fermi-LAT analysis of Tycho we found relatively low flux and significance values
in comparison to Cas A. Since Tycho is a weak source, a residual map was built to

show SNR Tycho in 8°x8° region by removing Tycho from background XML file. We
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got detection of Cas A and Tycho with the highest level of significance so far. So,
Fermi-LAT analyses of Cas A and Tycho show that young SNRs are one of the main
GeV sources in the Galaxy and imply that they are essential candidates of cosmic ray

acceleration.

The diffuse shock acceleration theory of Fermi has claimed that strong magnetic
field originated from shock energy coming from SN explosion accelerates the particles
up to very high energies. The X-rays are produced in high magnetic fields by process
synchrotron emission which favors power-law energy distribution. In X-ray analysis
of shell-like SNRs, these shock regions can be observed in thin filaments at the shell
structures of remnants. So, we concentrated on the shells of the SNRs. The thin
filaments selected from different parts of the shells of Cas A and Tycho were analyzed in
the X-ray band. Extracted spectrums have been fitted with power-law model predicting
the non-thermal emission component. Also, some gaussian components were added to
the models to meet line emission peaks of elements for related energies. Reasonable
chi-squared values, for example 1.36 - 1.51 for Cas A and 1.18 - 1.46 for Tycho have
been found in the analyses. In the Chandra-ACIS analysis, we could show more thin
filaments to be fitted with zspec’s power-law model and got lower chi-squared values
for Tycho. However, spectrums of the regions chosen inside the SNRs could not be
fitted with this non-thermal power-law model. For the inside analysis, we selected
the regions in different locations and with different sizes randomly and we measured
reduced chi-squared values close to each other. The reduced chi-squared values were
obtained between 7.76 and 13.72 for the inside regions of Cas A, and between 9.75 and
14.12 for Tycho. Additionally, Cas A and Tycho evolutionarily are in the transition
phases. So, it is not expected that the central regions have hard (2.5 - 8 keV) X-ray
emissions [15]. As a result, Chandra analyses of Cas A and Tycho supported the idea of
diffuse shock acceleration that accelerated particles reaching such high energies would

be found in the forward shock regions.
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