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Abstract

Supernova Remnants (SNRs) are excellent astrophysical laboratories for studying
the energetic processes attributed with it like Supernova explosions, shock heating
and the chemical enrichment of the interstellar medium. In this thesis, we provide
a detailed spectral study of the three Galactic supernova remnants: G272.2 -3.2,
G306.3 -0.9 and G299.2 -2.9 using archival data from the XMM-Newton X-ray
Database. The imaging and spectral analysis investigates the ionization conditions,
elemental abundances and sizes of the remnants in the X-ray regime.

The X-ray spectra and images were extracted from the data collected by the Eu-
ropean Photon Imaging Camera (EPIC) instruments onboard the XMM-Newton
satellite. The data was processed using the XMM-ESAS tasks and guidelines. The
fitting of the data was done using the XSPEC application. The spectral analysis
of all the three SNRs using the VNEI plasma models reveal that they have not
yet reached an ionization equilibrium. The SNR G306.3 -0.9 also involves a cold
component fitted using an APEC model. Another common component among the
three SNRs was the Fe-L line at ~ 1.23 keV. Other parameters in the model have
also been studied which give us a better understanding of these SNRs.

The imaging gives us a good glimpse of the X-ray morphology of the three
remnants, with the SNR G272.2 -3.2 being a centrally-filled bright SNR. The SNR
(G306.3 -0.9 is also a asymmetric circular SNR but with a brightened semi-circle
in the southern regions. Lastly, the SNR (G299.2 -2.9 is a clear asymmetric shell-
type SNR. Spectral analysis suggest a Type la characteristics for SNR (G299.2 -2.9
and a Ca-rich transient SNR G306.3 -0.9. The analysis of G272.2 -3.2 does not
show Fe abundances in its ejecta though previous researches conclude otherwise.
The discussion section in the end describes all the spectral analysis results and
compares them with other literature for each of the SNRs separately and also with
eachother.
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Chapter 1

Introduction

The vast universe that we have known so far is said to be made of three types of
substances i.e.'normal’ matter, dark matter and dark energy. The normal matter
which makes the visible universe including stars, planets, dust, gas and galaxies
makes up only 5% of the universe. The rest 70% is said to be dark energy and
25% dark matter. Light (photons) emitted from many highly energetic astrophys-
ical events such as the big bang, death of massive stars and gamma ray bursts to
name a few, acts as an agent that brings us information about the dynamics of
the universe. Supernovas and Supernova Remnants (SNRs) are such events that
open up a treasure chest of information for observational astrophysicists about the
life-cycle of stars and the evolution dynamics of galaxies. Supernovae are formed
by a massive star explosive or a thermonuclear disruption of a white dwarf which
inject huge amounts of energy, momentum and chemically rich material into the
interstellar medium (ISM). This results in heating, compressing or ionization of
gas surrounding it which in turn triggers more star formation. Supernova rem-
nants emit photons in the whole range of the electromagnetic spectrum i.e. from
radio synchrotron rays from relativistic electrons to optical light from shock heated
filaments to X-ray and gamma radiation from very hot plasma and different par-
ticle acceleration processes. They provide the perfect environment for studying
collisionless shocks and particle accelerations under physical conditions that are
otherwise not attainable on terrestrially.

In this thesis we focus on the Galactic supernova remnants i.e. the SNRs
that lie inside our galaxy, the Milky Way. Galactic supernova remnants provide
more valuable research compared to the extragalactic ones in the sense that their
proximity allows for higher spatial resolution and lets us perform detailed spectral
analysis. Since supernovae are a primary source of heavy elements like oxygen,
silicon and iron, the analysis of their elemental abundances provides us with an
understanding of galactic chemical evolution and the origins of elements necessary
for the formation of planet system and life. They also allow for multi-wavelength
observations.

We take three different SNRs (G272.2 -3.2, G306.3 -0.9 and G299.2 -2.9) that
lie within our galaxy and attempt to make a comparative study between them. We
chose specifically these three SNRs because they provide a diverse array of char-
acteristics which are evident in the results of our spectral analyses. First, we will
review all the important information and concepts required to fully understand
about what we are studying in chapters 2, 3 and 4. The next chapter comprises of



sections describing the XMM-Newton satellite (chp.5) with which the SNRs were
observed, the pipeline of ESAS tasks used to reduce and process these data sets
and then finally the image and spectral analysis. the spectral analysis includes
the background and source modeling. This lets us study the physics of the objects
which is discussed in chapter 6. The results of the spectral analyses of the indi-
vidual SNRs have been compared to other researches done in the past. We also
include a comparative study between the three different supernova remnants. The
final conclusions are stated in chapter7 in the end.






Chapter 2

Interstellar Medium and
Supernovae

2.1 Interstellar Medium

The Interstellar medium (ISM) is the most important component of any galaxy.
We say this because it is where the stars are formed. It is also the space into which
the stellar material is redeposited once the star dies. Most of the mass of a galaxy
is said to be contained by dark matter while a small fraction of 10% is made of
baryonic (protons and neutrons). In the early times, most of the baryonic (protons,
neutrons) mass was in the gas of the interstellar medium. As galaxies evolve with
time, this mass is then converted into stars or ejected from the ISM as galactic
winds or just plundered into the intergalactic medium. We define the interstellar
medium as everything that lies between the stars in a galaxy. This ‘everything’
consists of gas, dust (solid particles with sizes < 1 p)m, cosmic rays, gravitational
field, electromagnetic radiation field, magnetic field and the dark matter particles
(Draine (2011)).

Most of the gas and dust in a spiral galaxy, for example the Milky Way, is
concentrated within a thin gas disk. Within a radius of 15 kpc, the total mass
of the Milky Way is around ~ 10'M,, (Kalberla and Kerp (2009)) of which the
disk consists of a few ~ (x10%) M. The rest is in the stars and dark matter. The
interstellar gas is composed of around 70% hydrogen (H), 28% helium (He) and
the other 2% are the other elements (Klessen and Glover (2016)). Of the total
hydrogen, about 60% is in the form of H atoms, ~ 20% in H, molecules and other
~ 20% as ionized hydrogen. Hydrogen dominates here as it was formed during
primordial nucleosynthesis shortly after the Big Bang. The ISM also includes
heavy elements like C, O, Mg, Si and Fe enriched by stellar explosions, with the
concentration declining along the radius of the disk away from the Galactic center.
The dust component makes up only 1% of the ISM mass. It includes silicates,
carbon- compounds and crystallized ammonia (N Hj), water (H,0) and methane
(C'Hj3). Dust usually absorbs and scatters blue light causing interstellar reddening.
The ISM is a non-uniform and dynamic entity. It exists in thermodynamic phases
which can be distinguished by density, temperature and ionization states. McKee
and Ostriker (1977) added a third phase (Hot) to an already existing two-phase
(Warm and Cold) model of the ISM given by Field et al. (1969). These phases are
stated below:



Coronal gas/ Hot Ionized Medium (HIM): This type of gas has been shock-
heated to temperatures > 105® K by blastwaves moving outward from supernova
explosions. It is collisionally ionized and most of this type of gas has low density
accounting for almost half of the Galactic disk volume and spans ~ 20 pc. Much
of this gas expands above and below the disk, hence the region is termed as Hot
Ionized Medium (HIM). It cools down by going through the processes of adiabatic
expansion and X-ray emission. It can be observed through UV/ X-ray and radio
synchrotron emissions.

H II gas/ Warm Ionized Medium (WIM): This refers to the gas that has
been photoionized by ultraviolet photons from hot massive O-type stars. This
photoionized gas can also be from dense material from a nearby cloud in which
case, the gas is called as an H I region. This type of gas can be studied from its
optical line emissions and the thermal radio continuum.

Warm H 1/ Warm Neutral Medium (WNM): This phase of atomic gas is
heated to temperatures of ~ 1037 K by photoelectrons coming from the dust in
the local ISM. The gas has densities ny ~ 0.6cm™ and fills up a significant
volume of the disk (~ 40%). This gas can be studied from the H I 21-cm emission
or absorption. It can also be studied from its optical/ UV emission.

Cool H I/ Cold Neutral Medium (CNM): It consists of atomic gas at temper-
atures of ~ 10? K with density ny ~ 30 cm ™3 which fills ~ 1% of the local ISM.
Similar to the previous phase, the H I 21-cm emission and optical/ UV absorption
lines can be used to study this region.

Molecular Medium: This phase can be subdivided into two parts. One, the
Diffuse molecular gas and second, the Dense molecular gas. The Dense gas (ng 2
10% cm™3) contains clouds bound together by gravity. This also makes it the region
where star formation occurs.

As stated earlier, the ISM is very dynamic. The baryonic particles are always
undergoing phase transformations. These changes occur as ionizing photons from
stars convert cold molecular gas to hot H II. Hot gas can be cooled down by the
process of radiative cooling, atom formation occurs due to the recombination of

ions and electrons and Hs molecules form by recombining H atoms.

The Interstellar medium is very central to the stellar life cycle. Initially, Dense
molecular clouds form in the ISM which then collapse due to their own gravity. A
protostar emerges from this collapse. Then the process of nuclear fusion provides
for the growth of the star. At the end of its life, the star dies explosively (super-
nova), sending shock waves into the ISM, hence returning or enriching the ISM
with heavy elements and other materials which serve as the building blocks for
the future generation of stars (2.1). This enriched elemental material changes the
chemical composition of the ISM and subsequently the metallicity of the future
stars.
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Figure 2.1: Flow of baryonic matter in the Milky Way galaxy (Draine (2011))

2.2 Supernovae

A Supernova is one of the most powerful and spectacular events occurring in the
cosmos. They can outshine their entire galaxy for a few moments. Supernovae
occur when a star reaches the end of its life and explodes violently sending shock
waves into the surrounding space at ballistic speeds. These shock waves enrich the
surrounding interstellar medium with heavy elements and influence galaxy and
planet system formations.

The types of supernovae (SNe) can be broadly classified based on the explosion
processes: core collapse SNe and thermonuclear SNe. Based on spectroscopy,
Minkowski (1941) divided supernovae into two type (fig.2.2a): Type I that do not
show hydrogen absorption in their spectra and Type II that do show it. The type
I SNe can be core-collapse or thermonuclear types whereas Type II are essentially
core-collapse type of supernovae. The Type I supernovae can be further sub-
divided into Type Ia (thermonuclear SN with Si IT absorption line), Type Ib (core-
collapse SN with no Si IT or He I lines) and Type Ic (core-collapse SN with He
I but no Si IT lines). Type II supernovae are also sub-classified based on their
light curves (fig.2.2b). A plateau in the light curve of a supernova is classified as
Type II-P while the one with a linear light curve is classified as a Type II-L. There
also exists a Type II-b which show a weak H-line just after the explosion for a
small amount of time. A fourth type is the Type II-n SN characterized by narrow
emission lines in their spectra (Helder et al. (2012)).

2.2.1 Thermonuclear Supernovae

Thermonuclear or Type Ia supernovae occur in binary star systems which include
atleast one white dwarf. A white dwarf is a compact object left behind when a
star with an inital mass around 8M, expels its outer layers due to exhaustion
of its nuclear fuel. This leave behind a very dense core supported by electron
degeneracy pressure to counter the gravitational pressure. The Type Ia SNe are
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Figure 2.2: (a) Classification of supernovae from optical spectroscopy and light
curve analyses (Vink (2012)); (b) schematic of the light curves of Types Ia, Ib
(includes Ic), II-L and II-P for comparison (Filippenko (1997))

called thermonuclear because, the explosion energy originates from explosive nu-
clear burning instead of gravitational collapse. Most of the Type Ia explosions
show almost the same brightness levels except for a few minor variations. Hence,
they also serve as standard candles for measuring cosmic distances. Their explo-
sion mechanism follow that the white dwarf accretes matter from its companion
star (either a main sequence star or a red giant) until it reaches the Chandrasekhar
limit(1.38 M). In case of a second white dwarf companion, the two white dwarfs
shrink their orbits due to gravitational radiation and ultimately merge into each
other reaching a mass exceeding the Chandrasekhar limit. In both the scenarios,
once this limit is reached, the carbon and oxygen in the star’s core ignite under
degenerate conditions, starting a thermonuclear runaway reaction. In this, the
carbon nuclei fuse rapidly producing a drastic increase in energy and the temper-
ature rises uncontrollably. The nuclear burning spreads through the star first as
subsonic flames (Deflagration) or as a supersonic shock wave that compresses and
heats the plasma (Detonation). These processes as a whole are termed as ‘Delayed
Detonation’ model given by Khokhlov (1991). The star is completely burnt and
disrupted at the of this explosion with no compact remnant left behind. The SN
explosion synthesizes large amounts of heavy metals especially, iron (Fe), radioac-
tive nickel (°Ni) which breaks down through the *Ni — 5¢Co — *¢Fe channel.
This decay chain produces gamma rays which gives the supernova’s light curve a
peak as shown in fig.2.2b. The spectral analysis of this type of SN also reveals the
presence of other intermediate elements like Si, S, Ca and an absence of hydrogen
lines.

2.2.2 Core-Collapse Supernovae

Core-Collapse (CC) supernovae occur at the end of the life of massive stars with
masses = 8 M. Their progenitor stars contains different layers of elements starting
from an iron core to silicon, magnesium, oxygen to an outermost hydrogen layer.
The formation of the innermost iron layer marks the beginning of the death of the
star as the core does not burn any further through fusion. The core then collapses
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Figure 2.3: Illustration of the mechanism of a Type la (thermonuclear) supernova
[Mlustrator: NASA/CXC/M.Weiss|

either into a proto-neutron star or a black hole for the most mmassive stars. The
energy (= 10 erg) released in this collapse is mostly in the form of neutrinos.
The collapse suddenly stops as the proto-neutron star is formed and steers a shock
wave through the accreting material. The ejecta of the core-collapse SNe mainly
contains materials (Si- and Fe- group elements) formed from the nucleosynthesis
process. These elements are synthesized from protons and a-particles which were
left behind after the heavy elements disintegrated in the extreme heat of the regions
around the collapsing core. Some of the elements synthesized are also radioactive
like 5°Ni and #*Ti. The ®°Ni decays into %°Co and then to *°Fe producing immense
amount of energy that heats up the ejecta.

Of all the core-collapse supernovae, the Types Ib and Ic supernovae originate from
massive stars that are stripped off their hydrogen envelope before exploding. They
seem to have lost their H-rich envelope due to stellar wind mass loss or through
binary interactions. in case of Type Ic, the mass loss also causes removal of the
He layer. The progenitors of Type Ib SNe are often Wolf-Rayet stars which are
massive, extremely hot stars with strong stellar winds. Type Ic on the other hand
have massive progenitors with a carbon-oxygen cores since their H and He layers
have been stripped off. Of the Type II supernovae, the Type II-P has a plateau
in its light curve which is caused by the recombination of the expanding hydrogen
layer of the star. This recombination releases energy gradually. As opposed to
this, the Type II-LL SNe have a steadily declining slope in its light curve as their
stars have lesser hydrogen envelope, hence, the energy escapes quickly. The Type
IT-n are characterized by narrow line emission spectra which are produced by the
interaction of the circumstellar medium with the ejecta which was expelled by the
progenitor star before exploding. The Type II-b is a transitional subtype between
the Type II and Ib such that its spectrum initially shows hydrogen lines like a
type II SN but is later helium dominated like a Type Ib SN. This is because
its progenitor star retains only a thin layer of hydrogen mostly due to binary
interactions.

Other subclasses of non-traditional supernovae have also been identified. Firstly,
the Pair-Instability SNe which occur in extremely massive (> 100M,) stars. In this
case, gamma radiation creates electron-positron pairs during the O-burning stage,
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Figure 2.4: Illustration of the mechanism of a core-collapse supernova with a
resultant neutron star [[llustrator: NASA/CXC/M.Weiss]

hence destabilizing the star and leading to an explosion such that the whole star
is destroyed, leaving no remnant behind. There also exist Electron-capture SNe
that occur in stars with ~ 8 — 10 M. Their core never reaches the iron- burning
stage and develop a degenerate O-Ne-Mg core. As the name suggests, atomic
nuclei of these elements capture electrons. As the electron degeneracy pressure
that sustains the star drops, the star collapses under gravity. The inner core then
rebounds causing an explosion. These SNe usually also result into neutron stars.
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Chapter 3

Supernova Remnants

We learned in the previous chapter that supernovae are the stellar explosions that
occur at end of some star’s life. These events occur either through core collapse
of massive stars (type II, Ib, Ic) or through thermonuclear explosions of white
dwarfs (type Ia). Supernova Remnants (SNRs) are the end-products of such ex-
plosive deaths of stars (Supernovae). The expelled materials from a supernova
expand into the surrounding interstellar medium at extremely high speeds gener-
ating shock waves that can heat, ionize and compress the ISM gas. This results
in structure formations in the ISM which are then called as Supernova Remnants
(SNRs). The remnants play an important role in maintaining the galactic ecology.
They redistribute heavy elements generated through nucleosynthesis, trigger star
formation through shock compressions and aid Galactic cosmic ray acceleration
by diffusive shock acceleration.

3.1 Classification of SNRs

One might intuitively deduce that the different types of supernova remnants are
the same as the types of their supernovae. But the distinction here is not so direct
and easy. The SNRs are therefore classified based on their morphology. This
classification is given below (Vink (2012)).

Shell type SNRs: This type of SNR is created when the blast wave moves
through the ISM making a shell of shock heated plasma. It is characterized by
bright emission concentrated along the outer boundaries of a roughly circular or
elliptical shell. The shock plasma predominately emits thermal X-rays. Shock
fronts can be visible in optical wavelengths. There is also proof of cosmic ray
accelerate at these shock boundaries. The shell type of SNRs usually originate
from Type Ia Supernovae where the progenitor white dwarf lacks pre-explosion
mass loss, hence producing relatively symmetric remnants. The common examples
of this type SNR include Tycho’s Supernova Remnant or the SN 1006 (fig.3.1).

Plerions: In case of a core collapse supernova, we may expect the presence of
a neutron star, which loses energy at a certain rate producing relativistic electrons
and positrons that run into a shock. These electrons/ positrons diffuse away from
the shock creating a nebula of particles which emit synchrotron radiation ranging
from radio to soft gamma-rays. Such SNRs are characterized by the lack of a
prominent outer shell and instead have bright central synchrotron emission. They

12



Figure 3.1: Chandra X-ray images of shell type (a) Tycho’s SNR
and (b) SN 1006.Image credits:(a)NASA/CXC/RIKEN and GSFC/T; (b)
NASA/CXC/Middlebury College/F.Winkler (Winkler (2013))]

Figure 3.2: Image of Composite type Vela SNR showing the gaseous filaments,
taken from the OmegaCAM camera at the VLT Survey Telescope (Paranal Ob-
servatory, ESO) .[Image credits:ESO/VPHAS + team]
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have a flat radio spectral index and strong polarizations indicating magnetic fields.

Composite SNRs: These type of supernova remnants exhibit both shell type
and plerionic SNR characteristics. Young energetic pulsars with ages < 20000 yrs
have blown a pulsar wind nebula while being surrounded by the shell of the SNR.
The composite type of SNR can also be further classified into first, a Classical
Composite with a clear shell and a central pulsar wind nebula and second, a
Mixed-Morphology remnant with a radio shell and a centrally filled thermal X-
ray emission. An example of such type is the famous Vela Supernova Remnant
(fig.3.2).

3.2 Evolution Phases of SNRs

The evolution of Supernova Remnants is distributed into four phases as devised
by Woltjer (1972) based on the hydrodynamic interactions of the ejecta from the
supernova with the ambient interstellar medium.

Free Expansion Phase: When a star undergoes a supernova, the stellar
ejecta expands into the ambient medium, creating a shock front called the forward
shock. Their expansion velocities can be in the range of ~ 5000 — 20000 km/s
(Chevalier (1982)). Here, the ISM mass is almost negligible in comparison to the
mass of ejecta (Mpedium <K Mejecta). Hence, the shock wave propagates almost
‘freely’. As the forward shock sweeps up the ambient medium, it slows down, in
reaction to which a second wave called the reverse shock is formed that heads in
the opposite direction of the forward shock (fig.3.3). The outer shockfront grows
roughly proportional to the age of the SNR as:

R(t) o t (3.1)

The shocked plasma emits strong X-rays as the temperatures exceed ~ 107 — 10?
K. This phase ends when M p,cgivm = Mejecta-

Sedov-Taylor (Adiabatic) Phase: After a few hundred years, most of the
energy is transferred from the ejecta to the shock-heated shell. The radiative
losses are still negligible in this phase, hence, the supernova remnant expands
adiabatically. This phase usually lasts from ~ 1000 to 20000 yrs as the expansion
slows down. The phase follows the Sedov- Taylor self-similar solution (Sedov
(1959); Taylor (1950)) which assumes the explosion energy (E ~ 10! erg) to be

Supernova ejecta

Compact
Object

Reverse Shock

Figure 3.3: Schematic of forward and reverse shocks created when the shock wave
interacts with the ambient medium. [Credits:Cosmos/Swinburne University]
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instantaneously injected into the uniform ambient medium with density p. Also
assuming no radiative losses, the shock radius evolves as:

R(t) o (E%)/ (32)

Accordingly the expansion slows down with time (t) as,
v(t) oc t3/° (3.3)

This phase is characterized by a bright limb-brightened shell morphology with
radio synchrotron shell- and strong thermal X-ray- emissions.

Pressure-driven Snowplow (Radiative) Phase: As the shock slows down,
its temperature falls below ~ 10* K. The cooling time becomes shorter than the
expansion time. This causes formation of a thin, dense shell with a got low-density
interior maintaining pressure. The shocked gas radiates thermal energy in the form
of line emissions of H, He, C, N and O (Raymond (1979)). The expansion of the
shock then develops as:

R(t) o< t7 (3.4)

One can also observe enhanced optical line emissions of He, [O I1I] and [S II]. The
cygnus loop is a good example of an SNR in this phase.

Momentum-Conserving Snowplow (Dissipation) Phase: In this phase,
the shock has reached the point where the interior pressure loses its significance
and the expansion is purely driven by momentum conservation.

R(t) oc t'/4 (3.5)

The shock velocity approaches the ISM turbulent velocity value i.e. v ~ 10
km/s. Hence, the remnant slowly loses its distinctive shell structure and merges
with the ambient medium. This merging of boundaries contributes to the addition
of turbulence, heavy elements and kinetic energy into the ISM.

The morphology of the above mentioned phases of an SNR depends heavily on the
ambient medium density gradients, magnetic fields, progenitor wind bubbles and
explosion asymmetry.

3.3 Galactic SNRs

We would now focus on the supernova remnants in our galaxy, the Milky Way.
Currently, ~300-400 SNRs (Ferrand and Safi-Harb (2012)) have been classified as
Galactic SNRs though many estimates concede to the existence of atleast 1000
or more (Ranasinghe and Leahy (2022)) at any given time in radio. Many SNRs
remain undetected due to dust obscuration or low surface brightness of the SNR.
SNRs at higher latitudes also remain undetected as many surveys focus on the
Galactic plane. X-ray observations are also very widely used for probing SNRs in
the Galaxy (Leahy et al. (2020)). Green (2025) has most recently cataloged 310
confirmed Galactic SNR sources. It estimates a Galactic SNR rate of 2 to 3 per

15



(a)

Figure 3.4: Chandra images of SNRs (a)G1.9 +0.3 and (b) the Cygnus loop
which are the smallest and one of the largest known Galactic SNRs respectively.
[Image credits: (a)X-ray: NASA/CXC/NCSU/Borkowski et al. (2013) (b)X-ray:
NASA/SAO/CXC; Optical: John Stone (Astrobin)]

century with an average observable lifetime of ~ 10° yrs. Most of the SNRs stated
in the catalog are concentrated along the Galactic plane where most of the massive
stars form (core-collapse type SN progenitors). Latitudinally, most of the SNR s
are found around |b| < 5°. The few SNRs found at higher galactic latitudes are
usually from runaway progenitor stars or SNR expanding into the low-density halo
regions. Longitudinally, the distribution of SNRs is not so uniform. Most of the
SNRs are concentrated towards the inner part of the Galaxy with distributions
in the range of [ = 10° — 60°. Radially, most SNRs are located within a few
kilo-parsecs from the center of the Galactic disk with the maximum density at
~ 4 —6 kpc. Their distribution is consistent with the molecular gas distribution in
the spiral arms and the distribution of massive star formations. In the Milky Way
galaxy, the sizes of the SNR range from < 5 arcmin for the young, distant remnants,
5 — 30 arcmin for the middle-aged ones to the older-nearby remnants sized > 1°.
The majority (~ 80%) of SNRs discovered are Shell-type SNRs while the plerions
make up the least of the population. Many old and distant SNRs become hard
to detect due to their low brightness and smaller size respectively. Many missions
like, XMM-Newton, Chandra, Einstein Probe, eROSITA are used to study the
Galactic SNRs in X-rays. Other missions in the radio energies include ASKAP
(Australian Square Kilometer Array Pathfinder), MeerKAT used in conjunction
of eROSITA, LOFAR (Low Frequency Array) and the VLA (Very Large Array)
to name a few.
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Chapter 4
X-rays

Within the electromagnetic spectrum, X-Rays are typically understood as radia-
tion with energies ranging from about 100 eV to 100 keV. This corresponds to a
wavelength range between 0.01 nm and 10 nm. Therefore, they lie between gamma
rays and Ultraviolet radiation and are considered as high energy electromagnetic
radiation. They have been first detected in the year 1895 by the German scientist
Wilhelm C. Rontgen . During Experiments with a cathode ray tube, Rontgen was
able to create X-rays and observed their ability of penetrating through solid Ob-
jects. We are now interested in studying the X-rays coming from cosmic sources to
get a better picture of the universe. The Earth’s atmosphere shields the incoming
dangerous X-rays. Hence, they need to be detected extra-terrestrially. The first
X-rays coming from the sun were detected in 1949 by a detector onboard a V-2
rocket. In 1962, the first X-ray cosmic source called Scorpius X-1 was discovered
on an Aerobee rocket. In the following years, astronomers switched to balloons
for observations which took the X-ray detectors to a height of almost 50km up
from the ground. This offered them longer exposures to make their observations.
The first satellite committed to X-ray astronomy was the Uhuru satellite (Jagoda
et al. (1972)) launched in 1970 by NASA. It conducted an all-sky survey in the
2 - 20 keV X-ray band and identified 339 X-ray sources. Many other X-ray mis-
sions followed like the Ariel 5 (1974), SAS-3 (1975), HEAO-1 (1977) and EXOSAT
(1983) to name a few. In the recent years, XMM-Newton (1999), Chandra (1999),
eROSITA (2019), the Einstein Probe (2024), have carried out some of the best
observations in X-rays so far. The NewATHENA (Advanced Telescope for High
ENergy Astrophysics) mission by the ESA is scheduled to be launched in 2037
(Athena). It would be the largest X-ray observatory and aims to study the hot
and energetic universe.

4.1 Emissions

Since we have established from the previous chapters that many astrophysical
sources emit energies in the X-ray regime, we would now dwell into the details
of the processes through which these radiations are created. The processes are
broadly divided into two types based on the type of emissions: Thermal and
Non-thermal emissions. Thermal emissions are produced from atomic collisions or
interactions in a system under thermal equilibrium like in the hot plasmas in our
case. Non-thermal emissions on the other hand are generated by high energy, non-
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thermal particles like cosmic rays by acceleration or in the presence of a magnetic
field.

4.1.1 Thermal Emissions
4.1.1.1 Blackbody Radiation

Blackbody radiation is the electromagnetic radiation that is emitted by an object
that ideally absorbs all incident radiation and then re-emits the energy according to
its temperature. It show absolutely zero reflectivity. The intensity of a blackbody
radiation is given by Planck’s law :

2hv3 1

B(v,T) = 2 /KT _

(4.1)

where B(v, T) is spectral radiance, h is the Planck’s constant, v is frequency, c is
the speed of light, k is the Boltzmann constant and T is the absolute temperature
of the blackbody. The spectrum of a blackbody shows a continuum with a single
peak wavelength (A,,4,) i.e. where the emission is maximum and is given by Wien’s
Displacement law:

AnazT = 2.898 x 107°mK (4.2)

The radiation intensity increases and the peaks shift towards shorter wavelengths
with increasing temperatures. Many astrophysical objects, like stars and accretion
disks, emit this kind of radiation.

4.1.1.2 Bremsstrahlung Radiation

Thermal bremsstrahlung (German translation:‘braking radiation’) is the radiation
produced when free electrons are accelerated (or decelerated) in the electric field
generated by ions present in a hot plasma. Electrons move with large velocities
due to the thermal energy in a hot ionized plasma. An electron is deflected by
Coulomb force when it passes from near a positively charged ion. This deflection
implies the electron is accelerated and hence emits electromagnetic radiation. The
energy emitted by the photon is given as:

E =hv (4.3)

This radiation is also termed as free-free radiation as the electron remains in free
motion both before and after the interaction (fig.4.1). The electrons follow the
Maxwell-Boltzmann velocity distribution:

Flv) oc eV /AT (4.4)

This equation shows the temperature dependence of the radiation spectrum. The
radiation spectrum shows a continuum, as the electron may lose an unfixed amount
of their kinetic energy, with an exponential cutoff at higher energies. This type of
emission is very common in hot plasmas of temperature ~ 107 — 10® K in sources
like supernova remnants (SNRs), hot interstellar medium and galaxy clusters when
observed in X-rays.
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Figure 4.1: Diagram showing free-free interaction of an electron with an atom with
charge Ze which releases bremsstrahlung [Credits:nasa/wiki]

4.1.1.3 Fluorescence line emission

Fluorescence emission is produced when high energy radiation is absorbed by an
atom which leads some of its electron to move to lower energy states and emit pho-
tons in result. X-ray fluorescence occurs when the incident radiation specifically
removes the inner-shell (usually K or L) electrons of an atom creating a vacancy
(hole) which makes the atom unstable. Electrons from an outer shell transition to
fill up these holes, producing photons with energies in the X-ray band (fig.4.2a).
The emitted X-ray photons have discrete energies which is the energy difference be-
tween the shells they transitioned. In an SNR, high-energy X-rays are produced in
the hot plasma through the process of bremsstrahlung as explained earlier. These
X-rays then interact with the neutral or weakly-ionized material nearby causing X-
ray fluorescence. the Fe Ka at 6.4 keV is one of the most prominent lines detected
in the X-ray spectrum of an SNR. A strong Fe Ka also suggests the presence of
cold dense material or molecular clouds near the SNR (Yamaguchi et al. (2014)).
Detecting fluorescence lines also helps us identify the elements produced in the nu-
cleosynthesis process in a supernova (fig.4.2b). Satellites like XMM-Newton and
Chandra have helped astrophysicists perform high-resolution X-ray spectroscopy
to study the ejecta from SNRs.

4.1.2 Non-Thermal Emissions
4.1.2.1 Synchrotron Radiation

Non-thermal synchrotron emissions in SNRs are produced from electrons acceler-
ated to relativistic energies at the forward shocks and in central pulsar powered
wind nebulae. These electrons accelerated in the SNR follow a helical motion
governed by the Lorentz force acting on it in the magnetic fields (~ 10 — 100 uG):

F =q(v x B) (4.5)

This results in the emission of high energy X-ray photons (fig.4.3a). The charac-
teristic synchrotron frequency is give by:

3, eB
VR =y
2 2mme.c

(4.6)
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Figure 4.2: (a) Diagram of X-ray fluorescence line emission ;(b) Chandra spectrum
of Cassiopeia A illustrating characteristic X-ray emission line peaks of different
elements [Credits:(a) and (b) McLaughlin (2013)]

where v is the Lorentz factor of the electron, B is the strength of the magnetic
field, e and m, is the electron charge and mass and c is the speed of light. The
radiation generates a powerlaw spectrum. The detection of synchrotron emissions
provides an evidence for the cosmic ray acceleration (to TeV energies) by SNR
shocks.
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Figure 4.3: Diagrammatic representation of the production of (a) Synchrotron ra-
diation [credits: heasarc/nasa] and (b) Inverse Compton scattering (Tracz (2022))

4.1.2.2 Inverse Compton Scattering

As opposed to normal Compton scattering, low-energy photons are boosted into
higher-energy photons through interaction with relativistic electrons which were
produced by shock waves in an SNR (fig.4.3b). The low-energy photons required
for this process usually come from either the Cosmic Microwave Background
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(CMB) which is omnipresent in the space or infrared radiation produced by inter-
stellar dust or heated circumstellar material. The energy gained by the photons is
given by:

E, = ~v*E,, (4.7)
where E,;, is the energy of the initial photon and v is the Lorentz factor of the
electron. The output photons have energies in the range of ~ GeV- TeV.

4.2 Detection

The next step in the study of X-rays after identifying their generation processes
is to know how to find them. This can be done by using telescopes with focusing
optics and detectors as described below.

4.2.1 Imaging optics

Imaging is one of the most important methods used for studying supernova rem-
nants. Imaging usually helps reveal the structure of shock fronts, ejecta distribu-
tion and morphology of the SNR. The focusing optics used for X-ray imaging is
not the same as those used for visible light. This is because, unlike visible light,
X-rays incident on a material usually penetrate or get absorbed depending on the
thickness of the material. they follow the process of total external reflection. A
solid medium here is described by a (complex) refractive index :

n=1-56+ip (4.8)

where 6 and [ are optical constants that have a very small value in the X-ray
regime. They depend on wavelength and the atomic scattering factor. For a
conductive medium, S # 0 causing the refracted X-ray to decay exponentially due
to absorption. X-rays generally use grazing incidence optics where as the name
suggests, the X-rays are incident on the material surface at small grazing angles
such that the X-rays can reflect off it (fig.4.4). The incident and refracted rays
follow Snell’s law. Using grazing incident angle (§ = 7/2 — ¢) measured relative
to the tangent of the surface, the Snell’s law is transforms into:

cos 0, = cos0;/(1 — 0) (4.9)

where 0, and 6; are the refracted and incident angles respectively. Since 6 > 0
for X-rays, there exists a critical grazing angle (6.) below which total external
reflection occurs. For small angles:

0. ~ V2 (4.10)

At X-ray energies, the optical constant (4) depends on photon energy and electron
density. this leads to the relation stated below:

0. xVZ/E (4.11)

where Z is the atomic number and E is the photon energy. Eq.4.11 implies that
critical angle decreases with increasing X-ray energy. Higher atomic number ma-
terials provide larger critical angles and better reflectivity at higher energies. The
field of view (FOV) of X-ray telescopes operating in the range of 0.1 -10 keV is
defined by their grazing angles (= 0.5° —1°). Hence, the mirrors are usually coated
with high-Z materials like gold, platinum and iridium (?).
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Figure 4.4: Image shows incoming X-ray in a vacuum region (unshaded) coming
in contact with a material (shaded) surface of refractive index n at a grazing angle
;. 0, is the angle of refraction.

4.2.1.1 Mirrors

X-ray imaging of cosmic objects usually use paraboloid and hyperboloid shaped
mirrors for focusing the radiation incoming from a source (SNRs for example)
which has a few arcmin of angular resolution. For a parabolic surface, light rays
traveling parallel to the axis of the parabola reflect and converge at a single focal
point. The focal length can be set according to the radius of the mirror (R) and
grazing angle (o) as F' = R/(2a). A single parabolic mirror is not best choice for
telescopes as it causes image size to increase linearly with off-axis angles, hence,
photons coming from off-axis sources can reach the on-axis image and degrade its
quality. A Kirkpatrick-Baez configuration is put to use where two parabolic plates
are placed orthogonally such that each plate produces one-dimensional focusing
but when combined gives a point focus. This type of design is commonly used in
synchrotron beam lines but isn’t very useful in X-ray astronomy due to a small
collecting area and longer focal lengths. Hence, a different type of configuration
is used called the Wolter’s configurations (Wolter (1952a);Wolter (1952b)). It
suggests 3 types of configurations: Type I (concave paraboloid - concave hyper-
boloid), Type II (concave paraboloid - convex hyperboloid) and Type III (convex
paraboloid - concave ellipsoid). Of these, the Wolter Type I mirrors are widely
used in X-ray astronomy. These mirrors are grazing incidence, coaxial and confocal
systems where a paraboloid (P) of revolution around the optical axis is combined
with a hyperboloid (H) to form the design (fig.4.5). This arrangement gives it an
effective aperture area (A.ss) of

Aeff = 2nRal (4.12)

where R is the mirror radius, 1 is the length of the mirror segment and « (in
radians) is the grazing angle. Since « is very small, multiple concentric mirrors
(shells) are added giving a larger total area for the interception of the incoming
X-ray beams. The intersecting placement of the P and H surfaces allows efficient
mounting, nesting of the multiple mirror shells and reduced vignetting. It provides
the largest aperture-to-focal-length ratio, ideal for space telescopes, like Chandra
or XMM-Newton. A short focal length also helps concentrate photons onto a
smaller detector area, improving signal-to-noise ratio for resolved sources.
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Figure 4.5: Schematic diagram of a Wolter type I mirrors showing an X-ray beam
incident on the paraboloid which then reflects off it and hits the hyperboloid
proceeding to form an image at one of its focal points (?)

4.2.2 X-ray Detectors

After collecting the X-ray photons into our telescope, the nest step is to register
them. We need a detector to turn the photon counts into electronic signals and
then to data that can be stored and utilized for further analyses. There are var-
ious kinds of X-ray detectors in use. This includes proportional counters used in
Uhuru, HEAO-1, RXTE and EXOSAT missions. The gas proportional counters
detect X-rays photons by ionization in gas. This results in the production of a
huge amounts of electrons, hence, providing a measurable pulse which is propor-
tional to the photon energy. There are also gas scintillation proportional counters
which use the scintillation light from a noble gas produced during ionization to
measure photon energy with improved resolution. Next is the scintillators used
in INTEGRAL and Suzaku which produce visible light when struck by X-rays/
gamma-rays which can then be detected by photomultiplier tubes. Fourth, X-ray
missions also use micro-channel plates which consist of millions of microscopic
channels such that when struck by photons, multiply the electrons producing a
detectable signal with a very high spatial resolution. They are used by the Ein-
stein observatory, ROSAT and XMM-Newton. Another type of detectors include
micro-calorimeters which measure time temperature increases for every absorbed
X-ray photon providing extremely high spectral resolution. We also have CZT
(CdZnTe) detectors which belong to the class of semi-conductor detectors used for
hard X-ray spectroscopy and imaging. They are in use onboard the Swift, NuS-
TAR and AstroSat satellites. Lastly we focus on another semi-conductor based
detector called the Charge-Coupled Devices (CCDs).

4.2.2.1 CCD Detectors

Charge-Coupled Devices (CCDs) are used in many X-ray missions like ASCA,
Chandra, XMM-Newton, Swift and Suzaku. A CCD consists of a grid of intercon-
nected pixels that behave as capacitors. They are arranged on a semiconductor
substrate typically made from high-purity silicon. Metal (Gate) electrodes are
place above the semiconductor that create a potential well when voltage is applied
(fig.4.6). When a photon enters the silicon material, it interacts with the semi-
conductor lattice and generates an electron-hole pair if the photon energy exceeds
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the silicon bandgap (~ 1.1 eV). This generated electric field separates the charge
carriers such i.e. the electrons are collected in the potential wells while the holes
migrate towards the substrate and recombine. The number of collected electrons
in each pixel is proportional to the number of photons detected. Charges get accu-
mulated in the potential wells of each pixel. Each pixel is electrically linked to the
next one, hence, enabling the accumulated charge to be passed sequentially from
one pixel to another. The charge moves step by step from the point of photon
interaction to a readout amplifier. The amplifier measures the charge and con-
verts it into a digital signal. The ability of the detector to convert photons into
electrons gives the measure of its Quantum Efficiency (QE). It is defined as the
ratio of number of electrons collected to the number of incident photons. While
standard CCDs give a QE of 50-60%, CCDs used in the scientific instruments (like
telescopes) have a QE > 90%. This is because they are back-illuminated meaning
that some of the bulk of the silicon substrate is removed to provide the photons
arriving through the back of the sensor access to the photo-sensitive region (fig.4.7)
(Heintz (2019)). CCDs make for an important component for high-precision sci-
ence instruments. They also provide low readout noise, uniform pixel response
and high sensitivity to low strength light.
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Chapter 5

X-ray Data Analysis

5.1 XMM-Newton

5.1.1 The Satellite

The X-ray Multi-Mirror Mission 'Newton’ (XMM-Newton) is an X-ray space ob-
servatory designed to study the hot and extreme universe. It is an European Space
Agency (ESA) mission funded by the ESA member states and the USA (NASA).
It was launched on December 10, 1999 and was then placed into a 48-hour elliptical
orbit around the earth inclined at -40 degrees. The perigee is 7000 km and apogee
is 114000 km. The lowermost part of the orbit lies within the radiation belts,
hence, its operation altitudes are limited to > 60000 km. The satellite weighs 4
tonnes and spans a length of 10 m (16 m including the solar arrays), which makes
it the biggest satellite ever built in Europe. The spacecraft is designed with a
three-axis stabilization and a high pointing accuracy of 0.25 arcsec over a 10 sec
interval. The satellite consists of a service module carrying the X-ray mirror mod-
ules, propulsion and electrical systems, a long carbon fibre telescope tube (~ 7
m) and the focal plane assembly carrying the science instruments (Jansen et al.
(2001)). There are six science instruments onboard the XMM-Newton namely
(fig.5.1a):

(i) three European Photon Imaging Cameras (EPICs) i.e.two EPIC-MOS and a
EPIC-PN, equipped inside three telescopes,

(ii) two Reflecting Grating Spectrometer (RGS) on the two EPIC-MOS telescopes,
for high-resolution X-ray spectroscopy and spectro-photometry and

(iii) one Optical Monitor (OM) which is an optical/UV sensitive telescope used
for optical/UV imaging and grism spectroscopy (see XMM-Newton SOC (2025)).

5.1.2 The Telescope

The three XMM-Newton X-ray telescopes consist of: the mirror assembly door,
the entrance baffle, the X-ray baffle, the mirror module, an electron deflector, the
Reflection Grating Array (in two out of the three telescopes) and an exit baffle
(see fig.5.1b). Some of the important parts are discussed below.
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Figure 5.1: (a)Schematic of the XMM-Newton spacecraft with the mirror modules
in the lower-left and X-ray instruments in the right. It shows the EPIC-MOS
cameras and radiators (green/black 'horns’), EPIC-PN camera radiator (violet),
RGS detectors (pink) and radiators (light blue) and the OM telescope (orange)
[Image credit:Dornier Satellitensysteme GmbH (DSS)]. (b) schematic of the X-ray
telescope (de Chambure et al. (1999))
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5.1.2.1 Mirror Modules

The three X-ray telescopes on the satellite consist of 58 Wolter I (grazing-incidence
telescope) mirrors (subsect.4.2.1.1) nested coaxial and confocally. This arrange-
ment provides a large effective collecting area over a wide energy band. The grazing
incidence angles of the mirrors ranges from 17 to 42 arcmin. The focal length of
the mirror is 7.5 m and provides a resolution of 16 arcsec. They were constructed
from superpolished gold coated mandrels using a nickel electroforming technique
(de Chambure et al. (1999)). The grazing angles and material of the mirrors make
sure that the X-rays are reflected towards a focal point, and not absorbed. The
thickness of the smallest (diameter= 306 mm) and the largest mirror (diameter=
700 mm) is 0.47 mm and 1.07 mm respectively, with a minimum separation of 1
mm between adjacent shells. The thinner the mirror shells and the narrower the
shell spacing, the larger is the collecting area. The 58 mirrors in each telescope are
bound on their entrance aperture to the 16 spokes of a spider as shown in fig.5.2a.
An electron deflector is placed at the exit aperture which produces a circumfer-
ential magnetic field that prevents low energy electrons reflected by the mirrors
from reaching the detector’s focal plane (Jansen et al. (2001)). The mirrors show
maximum efficiency in the energy range 0.1 to 10 keV.

Figure 5.2: Image (a) shows the structure of the mirror modules in the X-ray
telescopes and (b) shows the light path in a telescope with the EPIC-PN camera
in its primary focus. [XMM-Newton SOC (2025)]

5.1.2.2 X-ray baffle

The X-ray baffles consist of two sieve-plates made out of circular strips and placed
in front of the mirrors coaxially. Each sieve-plate consists of 59 circular strips
and 16 radial spokes and is 1 mm thick. The two sieve-plates are placed 84 mm
and 145 mm from the mirrors. All its mirror facing surfaces are blackened. They
essentially solve the problem of "straylight” that is caused by the single reflections
of light, caused by the X-rays coming from objects located close to but off the
edge of the Field of View (FOV i.e. cone angle of 15 arcmin), off the hyperboloid
section of the mirror shells. They act as collimators and reduce the straylights.(de
Chambure et al. (1999))
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5.1.3 EPIC

The main instrument of interest on XMM-Newton is the European Photon Imag-
ing Camera (EPIC). The three X-ray telescopes have three EPIC instruments:
two MOS (Metal Oxide Semi-conductor) CCD arrays and a PN CCD camera.
The EPIC cameras allow us to perform sensitive imaging observations over the 30
arcmin FOV of the telescope in the energy range of 0.15 to 15 keV with moderate
spectral (E/AE ~ 20 — 50) and angular (~ 6” FWHM) resolution. The CCDs
work in a photon counting mode. The camera working modes can be selected
from the Full Frame, Extended Full Frame, Large/Small Window, Partial Win-
dow, Timing and the Burst modes. The EPIC cameras are also provided with
aluminized light/UV blocking filters on a 6-position filter wheel. There are four
filters (two thin, one medium and one thick) per camera (Villa et al. (1998)). The
other two filter wheel positions are occupied by the closed and open positions.

5.1.3.1 EPIC-MOS

The EPIC- Metal Oxide Semi-conductors (MOS) is made up of seven EEV type
22 front-illuminated CCDs placed in the focal plane of each MOS camera in an
arrangement shown in fig.5.7. The central CCD is positioned at the focal point
of the optical axis and the outer six CCDs are placed 4.5 mm towards the mirror
to be approximately along the focal place curvature and improve off-axis source
focusing. This creates a dead space ( <300 pm) between them. This space is
minimized by stepping the adjacent CCDs by around 1 mm to overlap by 300
pm. The EEV type 22 CCD is a three-phase frame transfer device made of high
resistivity epitaxial silicon with an open-electrode structure with a useful quantum
efficiency in 0.2 to 10 keV range. It gives an imaging area of ~ 2.5 x 2.5 cm such
that the arrangement of the seven CCDs cover the focal plane (diameter = 62
mm). The imaging section has 600 x 600, 40um? pixels and each pixels span 1.1 x
1.1 arcsec of the FOV. The EPIC-MOS CCD arrays are located behind the X-ray
telescopes equipped with the RGS. Almost only 44% of the incident flux reach the
MOS cameras as the RGS gratings divert the rest towards them. Note that MOS1-
CCD3 and CCD6 were not usable due to a micrometeorite impact event, scattering
debris into the focal plane, in December 2012 and March 2005 respectively. This
can be seen in the case of one of our SNRs i.e. SNR G306.3 -0.9 (Table 5.3) under
analysis. The cameras are also provided with with a cryogenic cooling system and
a MOS radiator to prevent any radiation damage (Turner et al. (2001)).

5.1.3.2 EPIC-PN

The PN camera contain a single Silicon wafer with 12 integrated CCD chips
(fig.5.3b). The wafer is manufactured with extreme precision to maintain the
very high resistivity of the 300um -thick double-sided processed silicon detectors.
This makes it possible for it to efficiently (~ 90% from 0.5 to 10 keV) detect the
high energy X-rays, unlike the MOS cameras. The imaging section of the PN
CCDs has 400 x 384 pixels and imaging area of 36 cm? (Striider et al. (2001)).
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Figure 5.3: CCDs of the EPIC-(a)MOS and (b)PN cameras [XMM-Newton SOC
(2025)]

5.1.4 Data Observation

This section provides details about the XMM-Newton EPIC observations of the
three SNRs which would be studied in this thesis. The data is extracted from
the EPIC- MOS1, MOS2 and PN instruments (Table 5.1) for the sources: SNR
G272.2 -3.2 and SNR G306.3 -0.9. The analysis of SNR G299.2 -2.9 contains
data only from the EPIC- MOS1 and MOS2 instruments as the PN data was
bad. Note that since the source is very bright, absence of the PN data does not
affect our analysis. The other details are mentioned in the table (Table 5.2) below.

Source MOS1 MOS2 PN Filter
G272.2 -3.2 S001 S002 S003 Thinl
G306.3 -0.9 U002 U002 U002 Medium

G299.2-2.9 S001  S002 U002 (n/a) Medium

Table 5.1:

List of EPIC instruments exposure IDs (exp-ID) and filter IDs

Source

ObsID Obs.Date  RA(®) Dec.(®) Exp.(ks) PI

G272.2 -3.2
G306.3 -0.9
G299.2 -2.9

0112930101 10.12.2001 136.69 -52.12  36.377 B. Aschenbach
0691550101 02.03.2013 200.44 -63.58  56.191 J. Miller
0112890101 24.02.2002 183.83 -65.51  12.727 B. Aschenbach

Table 5.2: List of XMM-Newton observations used for imaging and spectral anal-
ysis. The exposure times are calculated as the average exposure times of the three
EPIC instruments.
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5.1.5 Background

The CCDs in the EPIC instruments on the satellite capture all the photons hitting
them.This includes those from the astrophysical objects and the background.The
background components originate from certain instrumental, particle and cosmic
processes. The various background components are described below:

Cosmic X-ray Background (CXB): The cosmic X-ray background represents
emissions from astrophysical objects which are not related to the object of inter-
est. These emissions include Local Hot Bubble (LHB) emissions in the soft band,
thermal emissions from the Galactic halo, emissions from unresolved active galac-
tic nuclei (AGN) and solar wind charge exchange (SWCX). This type of diffuse
background has to be modeled using absorption powerlaws and thermal plasma
models (see subsect.5.4.1).

Solar Wind Charge Ezchange (SWCX): This type of background occurs when
ions from solar winds interact with exospheric hydrogen near the earth(geocorona)
or the neutral interstellar medium (Manconi et al., 2024).This interaction results
in the emission of low energy X-ray photons which are recorded as faint, diffuse
emission in the detector at energies below 2 keV. The SWCX is then modeled by
analyzing the spectral shape of this soft emission.

Instrumental Background: This type of background is comprised of the qui-
escent particle background (QPB), soft proton flares (SPF), instrumental fluores-
cence lines, straylight (5.1.2.2) and other electronic noise and detector artifacts.

The Quiescent Particle Background (QPB): It is an instrumental background
caused by high energy particles (predominantly protons) passing through the tele-
scope and interacting with the detectors, making an inherent and stable back-
ground. It appears as a flat,continuous emission and fluorescent instrumental
lines. The QPB is modeled using the Filter Wheel Closed (FWC) data taken dur-
ing closed filter observations, such that any X-rays from outside the instrument
and the soft protons are blocked, and the corner data collected by the CCD pixels
outside the FOV as explained in Kuntz and Snowden (2008).

Soft Proton Flares (SPF): This background is caused by low energy(soft) pro-
tons falling onto the detectors characterized by sudden bursts of high background
count rates.The SPF is modeled using the task espfilt in the XMM-ESAS that
works by removing the time intervals that show high proton activities.

Instrumental Fluorescence Lines: Particles hitting the detectors sometimes
interact and excite the detector materials producing characteristic emission lines.

Some notable lines include Al-Ka (~ 1.49 keV) and Si-Ka (~ 1.74 keV). These
lines are modeled explicitly during spectral fitting.

5.2 Data reduction and processing

The use of XMM-ESAS (XMM-Newton Extended Source Analysis Software) pack-
age has been incorporated for the processing of the data. It provides us with the
tools required for imaging and spectral analysis of extended sources and diffuse
emissions. It lets us model the Quiescent Particle Background(QPB) for spectral
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Figure 5.4: Flow chart for the general ESAS processing of XMM-Newton EPIC
data (Snowden and Kuntz, 2023)

analysis and allows the creation of background subtracted, exposure corrected im-
ages of objects of interest. The following Science Analysis System(SAS) tasks, as
described in the XMM-ESAS Cookbook (Snowden and Kuntz, 2023), were used
to obtain the final spectra and images of the three Supernova Remnants(SNRs).

The processing begins with loading SAS version 21 as a module. It should be
noted that, though most of the tasks were performed with SAS v21, few tasks
required SAS v20. Once SAS is loaded onto the working terminal, we start by
recreating the event files. The further tasks can be visualized as shown in fig.5.4.

emchain and epchain: The task emchain produces event files for all the CCDs
of MOS1 and MOS2 and epchain for PN. The task creates multiple (.FIT)files of
which *EVLI*.FIT is of importance to us. The .FIT here refers to Flexible Image
Transport System(FITS), which is the standard format of files used by ESAS.

emanom: This task reads a MOS event file and calculates the (2.5-5.0 keV)/(0.4-
0.8 keV) hardness ratio from the corner data for each CCD to determine whether
a chip is in an anomalous state i.e. if it has anomalously high Quiescent Par-
ticle Background(QPB) at energies below 1.0 keV. It creates an output log file
(e.g.mos25002-anom.log) where the anomalous states are flagged as Good(G),
Intermediate(I), Bad(B), Off(O) or Undetermined(U). Only the CCDs flagged
Good(G) are further used for the analysis. The table 5.3 below shows the sta-
tus of the CCDs (2 to 7) used in our observations.

espfilt: This next task is used for filtering the Soft Proton Flare (SPF)
(defined in sect.5.1.5). It creates light curves for both the Field Of View (FOV) and
the corner data in the energy range 2.5 — 8.5 keV and creates an X-ray count rate
histogram from the FOV data. This histogram typically has a roughly Gaussian
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Source MOS1 MOS2
G272.2-3.2 GGBIGG BGGGGG

G306.3 -0.9 GOIGOG GGGGGG
G299.2 -2.9 GGBGGG GGGGGG

Table 5.3: list of the anomalous states of CCDs (2 to 7) of the EPIC-MOS1 and
MOS2 instruments flagged as Good(G), Intermediate(I), Bad(B) or Off(O).

Figure 5.5: cheese mask images of MOS1(left), MOS2(middle) and PN(right) of
SNR G306.3-0.9

peak. The task fits a gaussian to this peak and determines the thresholds at +1.50.
It then creates a Good Time Interval (GTI) file for the time intervals with count
rates within this threshold.

cheese: This task is used to detect and excise point sources from our X-ray
images and spectra. It does this by running the edetect_chain task which detects
point sources in the FOV of both the PN and MOS detectors. Next, it generates
a mask file that removes these point sources while keeping the surrounding diffuse
emission, hence looking like a ” Swiss-cheese” mask. The mask images of the MOS
and PN detectors of the source SNR G306.3 -0.9 are shown in fig.5.5 as an example.

mosspectra/pnspectra and mosback/pnback: These tasks are used for the
creation of the quiescent particle background (QPB) spectra. The spectral infor-
mation is extracted from: the corner spectra from each (non-anomalous) chip of
the observation being analyzed, the corner spectra from each chip of the FWC
data and the FOV spectra from each chip of the FWC data. The FWC provides
the spatial distribution of the QPB events, while the corner data provide a mea-
sure of the normalization of the QPB rate and shape of the QPB spectrum. The
tasks mosspectra and pnspectra extract these data of the MOS and PN instru-
ments respectively. The first images and spectra are extracted for the full FOV
in three energy bands(RGB): 0.3-0.7 keV (soft, in Red), 0.7-1.1 keV (medium, in
Green), 1.1-4.2 keV (hard, in Blue). To maintain consistency and comparability
between the three SNRs, the energy bands are kept the same. The tasks mosback
and pnback are used next which combine all the extracted data into the QPB
spectrum and images in the given bands.

The image files (*fovimsky*.fits) for the three energy bands created in this
step are then viewed using the DS9 image viewing application. The next step
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involves selecting a region to extract the source and the background data for
further analysis. The selected source and background regions, for the three SNRs,
from which the final images and spectra would be created are shown in fig.5.6.
The centers of the source regions are given in table.5.4. These regions are saved as
.reg files and later need to be converted to .txt files. The mosspectra/pnspectra
and mosback/pnback tasks are run again, for the source and background regions
separately for each energy band. It should be noted that the selected regions need
to be converted from sky coordinates to detector coordinates before this task. Also,
the output files created after running these tasks need to be renamed or moved to
a different folder to avoid overwriting each time.

center
R.A. (2000) | Dec. (2000)
G272.2 -3.2 | 09"06™47¢ | —52°05 53"
G306.3 -0.9 | 13"21m49° | —63°33'40"
G299.2 -2.9 | 12"14™515 | —65°28'53"

Source

Table 5.4: center coordinates (RA and Dec. in J2000) of the source regions selected
for imaging and spectral analysis of the three SNRs.

grppha: Many times for chi-squared statistics the data is very sparse to be
useful for spectral fitting, especially at higher energies. Hence, the data is binned.
This task groups different spectral channels to ensure a minimum number of counts
per bin and improves the signal-to-noise ratio. In our case, the data will be grouped
with a minimum of 50 counts per channel.
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Figure 5.6: Output RGB images from mosspectra/pnspectra task (a),(b)and (c)
of SNR G272.2 -3.2, SNR G306.3 -0.9 and SNR G299.2 -2.9 respectively showing
region selection. The source (yellow) region is depicted as a circle (or ellipse (¢))
while the background (cyan) region is selected in the vicinity of the source shown
as a dashed annulus (or elliptical annulus (c)). The regions marked in green, with
a red line, are the point sources excised using the cheese task. The X-ray colors
correspond to 0.3-0.7 keV (red), 0.7-1.1 keV ( ) and 1.1-4.2 keV (blue). The

image is set in a logarithmic scale.
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5.3 Image Analysis

The aim here is to obtain a clear image of the object of interest, which implies
removing the background contaminations from our data. Modeling of the back-
grounds mentioned in sect.5.1.5 essentially requires spectral fitting of the entire
FOV. Hence, the imaging depends mainly on spectral fitting to obtain a good
background subtracted image.

At this point in the analysis, some low-energy proton background can still exist.
The next step here is to remove residual SPF contamination, if any, from the ob-
servational data. This is done by spectral fitting the entire FOV by including a
(broken)powerlaw component in the model. Since soft protons are not vignetted
like X-ray photons, their background must be scaled separately. This scaling
factor can be obtained using the task protonscale. The fit gives us the normal-
ization(pnorm) in counts keV ~'s~'and the powerlaw index(pindex) expressed as
negative photon index in XSPEC. These values are then used in the next task.

proton: This task generates maps of the soft proton contamination in our
observation. Its input parameters include an image file in detector coordinates
and a spectrum file which must be the one used in the spectral fit where the
magnitude of the residual SPF contamination was determined. It also requires the
pnorm and pindex values from the FOV spectral fit. The task is run separately
for the MOS and PN instruments in each of the selected energy bands. The task
produces output in detector coordinates.

rotdet2sky: The output images from the previous task need to be converted
to sky coordinates to be useful to us. The task performs a reflection, an offset
and a rotation for this conversion. The same task has to be repeated for the QPB
images.

By now, all the main backgrounds (QPB and SPF) have been subtracted and the
exposures corrected. The next step is to combine all the data from the different
instruments. This is done by the following task.

combimage: This task adds the individual components from the three instru-
ments (MOS1, MOS2 and PN) with proper scalings for different filters and different
instruments and also from multiple exposures from the same ObsID.

binadapt: This next step combines all the components and provides adaptive
smoothing and binning to produce a final good-looking image of the SNRs. In
this analysis the binning is set to 2 pixels and the smoothingcounts to 50 i.e. a
gaussian kernel of 50 counts is applied for the adaptive smoothing of the image.
Smoothing helps to reduce certain noise fluctuations.

At the end of this step, the background-subtracted and exposure-corrected image
is ready and can be viewed using DS9 (figs.5.7, 5.8 and 5.9). The images are
generated using linear scale instead of the generally used logarithmic scale due to
high brightness of the sources.
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Figure 5.7: XMM-Newton background-subtracted and exposure corrected RGB
image of SNR G272.2 -3.2. The X-ray colors correspond to 0.3-0.7 keV (red), 0.7-
1.1 keV ( ) and 1.1-4.2 keV (blue). The coordinates (RA. and Dec.) refer to
epoch J2000
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Figure 5.8: XMM-Newton background-subtracted and exposure corrected RGB
image of SNR G306.3 -0.9. The X-ray colors correspond to 0.3-0.7 keV (red), 0.7-
1.1 keV ( ) and 1.1-4.2 keV (blue). The coordinates (RA. and Dec.) refer to
epoch J2000
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Figure 5.9: XMM-Newton background-subtracted and exposure corrected RGB
image of SNR G299.2 -2.9. The X-ray colors correspond to 0.3-0.7 keV (red), 0.7-
1.1 keV ( ) and 1.1-4.2 keV (blue). The coordinates (RA. and Dec.) refer to
epoch J2000
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5.4 Spectral Analysis

The next major part of our study is the spectral fitting of the data. First, different
background components (both instrumental and cosmic) need to be fitted. These
components can vary with time, observation direction on the sky, detector position,
location of the satellite in its orbit and the location of earth in its orbit. Once these
components are fitted, we can finally proceed to the spectral fitting of the source
under study. This is done by spectral fitting the background data taken from an
area around the source as shown in fig.5.6. These fit values are then included in
the spectral fitting of the source of interest. All the spectral fitting is done using
XSPEC (Arnaud (1996)) version 12.15.1. The abundances in the fitting models
are set to wilm (Wilms et al. (2000)). The y*-statistics is used to determine the
best-fit models in this analysis.

5.4.1 Background Modeling

The modeling is based on the methodologies of Snowden et al. (2008) and Snow-
den and Kuntz (2023). All the models were multiplied with their corresponding
extraction area (arcmin?) for normalization. The backgrounds for all the three
SNRs are fitted using the same model as stated below. Both X-ray and non-X-ray
backgrounds are included in this model.

Background model:

constant<1> (gaussian<2> + gaussian<3> + gaussian<4> + gaussian<5> +
gaussian<6> + gaussian<7> + gaussian<8> + gaussian<9> + apec<10> +
TBabs<11> (apec<12> + apec<13> + TBabs<14>x powerlaw<15>))

The X-ray backgrounds include the local bubble, the hot and the cold Galactic halo
and an extragalactic background component. To account for the thermal emissions
from the Local Hot Bubble (LHB), an unabsorbed thermal component, APEC (10)
(Atrophysical Plasma Emission Code given by AtomDB 3.1.3), was used with the
temperature fixed at kT = 0.1 keV. Two absorbed thermal components APEC (12
and 13) were used to represent the emission from the cold- and hot-Galactic halo
with temperatures in the range kT=0.1-0.2 keV and kT= 0.7-0.8 keV respectively,
for the three SNRs. The Galactic absorption component, TBABS (11), was also
added with the absorbing column density (Ng)gq. fixed to the value obtained from
the H; map (HI4PI Collaboration et al. (2016)) using the Ny tool by HEASoft.
The extragalactic component (TBABS (14)) is not contributing in the scenario of
our study as our sources are in the same galaxy (Galactic SNRs), hence, the ab-
sorption (Ng)egtragar. Was set to 0. The POWERLAW (15) component was added
to account for the non-thermal emissions from extragalactic or unresolved X-ray
sources (CXB). The photon index is fixed at I' = 1.46 (Chen et al. (1997); Kuntz
and Snowden (2000)). The norms for these components were kept free for spectral
fitting.

The model also consists of GAUSSIANs (2-9) to account for the possible SWCX
contamination by fitting the lines: C VI (0.37 keV), C VI (0.46 keV), O VII(0.57
keV), O VIII (0.65 keV), O VIII (0.81 keV), Ne IX (0.92 keV), Ne IX (1.02 keV)
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and Mg XI (1.35 keV). They were fitted at zero width with free normalizations.
The instrumental EPIC background for each instrument (MOS1, MOS2 and PN)
were fitted separately using gaussians at 1.49 keV and 1.75 keV for Al-K and Si-K
fluorescence lines respectively. For PN, the Si-K line was not required. Other
instrumental lines at higher energies were also fitted to get a good fit. The instru-
mental gaussians are modeled along with a powerlaw component that accounts
for the SP contamination for which the data is taken from the ‘diagonal response
files’. The fitted background spectra for the three SNRs are shown in figs.5.10, 5.11
and 5.12 respectively.

data and folded model
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Figure 5.10: Fitted Background spectra of PN, MOS1 and data taken from
the selected annulus region (5.6a) around SNR G272.2 -3.2
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data and folded model
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Figure 5.11: Fitted Background spectra of PN, MOS1 and MOS2 data taken from
the selected annulus region (5.6b) around SNR G306.3 -0.9
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Figure 5.12: Fitted Background spectra of MOS1 and MOS2 data taken from the
selected elliptical annulus region (5.6¢) around SNR G299.2 -2.9
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5.4.2 Source Modeling

The next step now is to model the source spectrum obtained from the selected
regions of the three SNRs as shown in fig.5.6. The overall model contains the
background components, fitted earlier in subsect.5.4.1, to which the new source
components (depicted in brown) are added as shown below.

Background + Source model:

constant<1> (constant<2> (gaussian<3> + gaussian<4> + gaussian<b> +
gaussian<6> + gaussian<7> + gaussian<8> + gaussian<9> + gaussian<10>
+ apec<11> + TBabs<12> (apec<13> + apec<14> +

TBabs<15>* powerlaw<16>)) + TBabs<17> (Source))

The constant(2) is added to the model to scale or adjust for the differences in the
extraction region areas between the source and background. It is taken as the
ratio of the areas of source extraction to the background using BACKSCAL obtained
from the protonscale task. The scaling factor is separately determined for each
EPIC instrument. Next, TBabs(17) is added as a multiplicative component to the
main source components to account for the foreground Galactic absorptions. The
component had to be freed later for a better fit. The other source components
used in the model for each SNR are described separately.

5.4.2.1 SNR G272.2 -3.2

A thermal emission component was added to model the emission from the SNR. We
start with a collisional ionization equilibrium (CIE) plasma model APEC but the
best fit for the source spectrum was obtained by using a Variable Non-Equilibrium
Ionization (VNEI) model as it allows us to vary the abundances. As stated earlier,
solar abundances obtained by Wilms et al. (2000) were used in the model. To
get a good fit, the VNEI parameters: electron temperature kKT (keV), ionization
temperature T (s/cm?) and normalization (norm.) were thawed and fitted. The fit
improved but not sufficiently. Another fit was tried with just Fe free among the
elements. The fit showed sub-solar abundance of Fe and the statistics were poor.
The fit significantly improves when lighter elements (O, Ne, Mg, Si, S) were freed
and fit. The model still left an excess at around E~ 1.2 keV. A gaussian was fitted
at E~ 1.23 keV. This residual is commonly reported in SNR spectral analyses
and accounts for the incomplete modeling of the Fe-L line complex (Smith et al.
(2001)). Similar fits were obtained in studies of other galactic SNRs like Sato et al.
(2016) and Okon et al. (2018). This Gaussian component had to be added in the
models of the other two SNRs (G306.3 -0.9 and G299.2 -2.9) as well. The final
model components are depicted below. The best fit results with errors calculated
using error and steppar are shown in table.5.5 and the fitted spectrum in fig.5.13

Source model: gaussian<18> + vnei<19>
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Figure 5.13: Epic spectra of PN, MOS1 and MOS2 data taken from the source
region of the SNR G272.2 -3.2 and its best fit model. The solid lines show the main
source components (VNEI + GAUS) while the dotted and dashed lines comprise

of all the other model components. The lower panel shows delta y?-error statistics
of the fit.

5.4.2.2 SNR G306.3 -0.9

A similar approach was adopted for the spectral fitting of this source. We start
with the CIE APEC model. The electron temperature (kT) and norm. parameters
were freed to fit. The result still leaves residuals around prominent emission line
complexes. Hence, a second model with component like APEC, NEI, VAPEC
and VNEI was tried for the fit. The best fit from the different combinations was
obtained by a two component plasma model using APEC and VNEI. The VNEI
model had higher elemental abundances in the heavier zone (Si, S, Ar, Ca, Fe,
Ni) with a notably high value of Calcium (Ca) abundance (see table.5.5). The Ni
abundance is fixed to Fe. The VNEI has a higher electron temperature kT~1.03
keV depicting its association with the ejecta material. The APEC on the other
hand is a cool component with kT~ 0.21 keV representing emissions from plasma
close to ionization equilibrium. A residue around E ~ 1.22 keV was found and fit
with a gaussian as mentioned in the SNR G272.2 -3.2 spectral fit. The final source
model is mentioned below. The best fit spectrum is shown in fig.5.14 and the fit
parameters in table.5.5.

Source model: gaussian<18> + apec<19> + vnei<20>
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Figure 5.14: Epic spectra of PN, MOS1 and MOS2 data taken from the source
region of the SNR G306.3 -0.9 and its best fit model. The solid lines show the main
source components (APEC + VNEI + GAUS) and the dotted and dashed lines
show the other components in the model respectively. The delta y? fit statistics
are shown in the lower panel.

5.4.2.3 SNR G299.2 -2.9

The source spectrum of this SNR was fit using different models as described in the
previous two SNRs. The best fit was obtained with a combination of a gaussian
accounting for the line at £ ~ 1.23 keV and a VNEI model. The abundances were
predominantly higher for the heavier element group. Ni shows high abundance
here and could not be constrained to the Fe values to get better fit statistics.
Since the image of the SNR (fig.5.9) clearly shows a shell structure (shells usually
contain materials shocked at different times), a VPSHOCK model was also tried
for the fitting instead of the VNEI model. Yet the best fit was was obtained with
the VNEI model. The final fit model is stated below with the fiited spectrum
shown in fig.5.15.

Source model: gaussian<18> +vnei<19>

46



Parameters G272.2 -3.2 G306.3 -0.9 G299.2 -2.9
Model GAUS + VNEI GAUS + APEC + VNEI GAUS + VNEI
Ny (102 em~2) 131759 2.1070:04 0.601003

KT upec(keV) - 0.21%50) -

kT pnei(keV) 0.617003 1.0370:08 0.45%0 03

O 0.471013 - -

Ne 1.087015 - -

Mg 0.930:08 - -

Si 2.5079-12 2.431022 3.677030

S 3.131042 2.98752 1044722
Ar - 3.487048 8.351 1%
Ca - 8.1811%0 -

Fe - 3.9470:39 1.0370:09

Ni - 3.941059 7.691028

7 (em™3s) 5.8510:90 x 101 1.057018 x 101 3.2415-37 % 1010

Normgas(10™) 453051
Normgpec(em™) -

Normyne; (1072 em™?) 3.20104%

5.45103%
0.2070-0F

0.6970-08

3.367015

463707

red.x?/d.o.f. 1.24/993

1.14/1040

1.54/547

Table 5.5: List of source models and their best fit free parameter values with errors
(90% confidence intervals) for the three SNRs. The gaussian has a line at £ ~ 1.23
keV. All the elemental abundances are given in solar units.
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Figure 5.15: Epic spectra of MOS1 and MOS2 data taken from the source region
of the SNR G306.3 -0.9 and its best fit model. The solid lines show the main
source components (VNEI + GAUS). the delta-x? for the fit is shown in the lower
panel.

5.5 Size Estimations

In this section we try to calculate the sizes of the three SNRs. Determining the
size of a SNR is an important step in determining the age to understand the stel-
lar evolution timelines. It is useful in calculating the explosion energy and its
environmental interaction. The expansion rate of a supernova depends on the sur-
rounding gas density, nearby molecular clouds and magnetic fields. For example,
an asymmetric or unusually small SNR usually suggests dense surroundings. The
size can be determined using the angular radius of the source, obtained from the
selected source region in fig.5.6 using DS9, and the distance to the SNRs. SNR
G272.2 -3.2 has an uncertain distance. Greiner et al. (1994a) obtained a value
of 1.875% kpc by analyzing interstellar absorption, whereas statistical analysis of
Harrus et al. (2001) put the value at 2 kpc with an upper limit at 10 kpc. They
adopted an intermediate value of 5 kpc. The SNR G306.3 -0.9 on the other hand
has a commonly adopted distance of ~ 20 kpc (Sawada et al. (2019)). The SNR
(G299.2 -2.9 is at a distance of around 5 kpc (Busser et al. (1996)). The distances
used in the calculations are shown in the table.5.6. We can confirm the choice
of the distances by comparing it to the values of Hydrogen column density (Ng)
obtained in the spectral analysis (table.5.6). The relation between them comes
from how X-rays are absorbed by the interstellar material along the line of sight.
For objects lying in the galactic disk (Zhu et al. (2017); Giiver and Ozel (2009)),
distance to the SNR (D, in kpc) and Ny are related as,

Ny ~ (1 —2) x 10%em ™ 2kpc ™! (5.1)

assuming average Galactic gas density. The Ny values obtained for the three
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sources in the spectral analyses seem to agree with this relation (5.1). The radius
of the SNRs is then calculated using the formula (eq.5.2) stated below.

r = D.tan(6) (5.2)

Here r and D are the radius of the SNR and the distance to the SNR in
parsec(pc). 6 is the angular radius in radians. We approximate tan(0) ~ 6 since
the angular widths are very small. We finally use the following equation:

r(pc) = D(kpe) x 6(aremin) x 0.291 (5.3)
Source D (kpc) 6(") r(pc) | d(pc)
G272.2-3.2 ~ 5 8.22 11.96 | 23.92
G306.3-09 | ~20 2.09 12.16 | 24.32
G299.2 -2.9 ~ 5 0.5b,4.75  7.47 | 14.94

Table 5.6: Size measures of the SNRs. The table shows the calculated diameter(d)
and radius(r) in parsecs with the distance to the SNRs(D) in kpc and angular
radius (0 in arcmins). The anglular radius for the eliptical SNR G299.2 -2.9 is
given by the radius of semi-major, semi-minor axes and the r/d is the effective

r/d.
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Chapter 6

Discussion

6.1 SNR G272.2 -3.2

The Galactic supernova remnant G272.2 -3.2 was first discovered in X-rays by
the ROSAT All-sky survey (Greiner et al. (1994b)). It is a young, nearly circular
remnant with a centrally brightened morphology in X-rays (fig.5.7). Greiner et al.
(1994b) suggests the origin of this central X-ray emission to be the reverse-shocked
ejecta from the supernova explosion or cloud evaporation inside the remnant. Spec-
tral Our spectral analysis applies a Variable Non-Equilibrium Ionization (VNEI)
plasma model which gives us a high plasma temperature of kT~0.61 keV. This is in
accordance with the values found by Kamitsukasa et al. (2016) i.e ~ 0.6 —3.0 keV
obtained from suzaku observations. X-ray analysis by McEntaffer et al. (2013)
using Chandra data shows plasma temperatures in the range kT ~ 0.69t01.5
keV. They fit the spectrum with a VNEI and VAPEC model at higher and lower
energies respectively. This study also gives evidence for a shell-morphology of
the SNR which is now a widely accepted result as shown in other recent studies
(Sanchez-Ayaso et al. (2013)). Though the centrally brightened and non-shell type
morphology in our study suggests that the SNR is a ‘thermal-composite’ SNR as
agreed upon by Harrus et al. (2001). Table.5.5 shows an hydrogen column density
of ~ 1.31 x 10?2cm~2 and an ionization timescale of ~ 5.85 x 10'°cm=3s which
suggests that the SNR has not reached ionization equilibrium yet. These values are
consistent with Sanchez-Ayaso et al. (2013) for the spectral analysis of the regions
taken in the center of the SNR. The age of this SNR is not very well constrained.
Calculations using the ionization timescales suugests the age of the SNR to be
ranging from ~ 4300 yr (Sezer and Gok (2012)) to ~ 8700 yr (McEntaffer et al.
(2013)). Multiwavelength analyses and Chandra data predicts an age of ~ 11000
yr (McEntaffer et al. (2013)). The abundances of oxygen are subsolar whereas S,
Si have higher abundances. The best fit model in our study does not show any
Fe abundances as opposed to other studies mentioned in this section which show
higher abundances of the Fe-group elements and conclude the SNR to be type Ia
(Sezer and Gok (2012)). This mentioned Suzaku study also reports lesser abun-
dance of Fe relative to the other Fe-group elements and reasons that this may be
due to the Fe-rich core not yet being completely shocked like in the case of SN
1006 (Yamaguchi et al. (2008)).

51



6.2 SNR G306.3 -0.9

This Galactic supernova remnant was first discovered by the Swift Galactic Plane
Survey in 2011 (Miller et al. (2011)). The X-ray reveals an asymmetric circular
morphology with a semi-circularly brightened structure in the south (fig.5.8). This
is consistent with the morphology obtained from X-ray and Spitzer radio data by
Combi et al. (2016). Older literature suggests the age of the SNR to ~ 2.5 kyr
assuming a distance of 8 kpc (Reynolds et al. (2013)). Recent studies of comparison
of X-ray absorption with the H I distribution suggests a larger distance of ~ 20
kpc (sect.5.5) and suggests the SNR to be ~ 6 kyr old. The data is modeled
using two absorbed thermal plasma components: APEC and VNEI, in equilibrium
ionization with temperature kT~ 0.21 keV and non-equilibrium ionization with
temperature kT~ 1.03 keV, respectively. Recent XMM-Newton and Chandra
study done by Weng et al. (2022) initially using the same model with tempertures
kT ~ 0.2and 1 keV for the hot and cold component respectively. They then used
a triple component model (APEC + VNEI + VNEIE,) to also include a Fe-rich
gas with temperatures kT4, kThot, kTre obtained as ~ 0.21, ~ 0.72 and ~ 3.06
keV, respectively. They also include the Fe-L emission line at ~ 1.22 keV. The
spectral model in our study (table.5.5) shows increasing abundances of the Fe-
group elements with an especially high abundance of calcium (Ca). Similar results
were obtained by Sezer et al. (2017), Sawada et al. (2019) and Weng et al. (2022).
Previous studies of the Fe-Ka emission lines by Combi et al. (2016), Sezer et al.
(2017) and Sawada et al. (2019) concluded Type la origins of the SNR. But the high
Ca-abundances obtained in our study (similarly by Weng et al. (2022)) suggest the
SNR to be Ca-rich transient making it the first identified Galactic Ca-rich transient
SNR. An explanation for the excess abundance of Ca can be due to the burning
of He-rich matter which can be through two possible necleosynthesis models: one,
the accreted White Dwarf (WD) He-shell detonation (Waldman et al. (2011)) and
second,the merger of a He-rich WD and a neutron star (Margalit and Metzger
(2016)). Of these, Weng et al. (2022) reasons for a preferred He-shell detonation
model.

6.3 SNR G299.2 -2.9

The Galactic SNR G299.2 -2.9 shows a clear asymmetric shell-type morphology
(fig.5.9). The imaging also shows faint emission extending beyond the shell spe-
cially in the west. We also see knot structures overlapping the shell in the north-
east region. Results from Chandra observations by Park et al. (2007) show similar
results. It attributes the faint emissions as a consequence of the SNR expand-
ing in an inhomogeneous interstellar medium (ISM) with a density gradient. The
high density ISM region slows the shock down, producing bright limb-brightening
emission like in the main shell. In the lower density ISM, on the other hand,
the shock can traverse farther and faster producing weaker emissions. Post et al.
(2014) used a deeper data and a wider field of view of the ACIS-I array to study
this asymmetry. The spectral analysis of different regions of this SNR suggested
an uneven distribution of metal abundances. The Fe/Si ratio was higher in the
northern ejecta than the southern part. Hence, it also brings into picture the pos-
sibility of an uneven supernova explosion. Our X-ray data was modeled with a
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VNEI component with temperature kT~ 0.45 keV and an ionization timescale of
~ 3.24 x 109 em~3s. The X-ray spectral fit shows very prominent lines of heavy
elements (fig.5.15) like Si, S, Ar, Fe and Ni (table.5.5). Ni shows a notably high
abundance and could not be constrained with the Fe abundance, hence, it had
to kept free. Stable Ni is usually produced in high-density burning regions. The
high Ni/Fe implies that the reverse shock has propagated deep into the remnant
and that the core material is now emitting in X-rays which is very characteristic
of a Type Ia SNR. A region-wise spectral analysis could help us know if the Ni is
localized or wide-spread. This is important because localized Ni may signify an
asymmetric explosion (Chamulak et al. (2012)) or the presence of clumpy ejecta.
Considering a distance of ~ 5 kpc, Park et al. (2007) calculates the SNR to be
~ 4.5 kyr old.

6.4 Comparisons of the three SNRs

The identifying negative galactic latitudes of the three supernova remnants: G272.2
-3.2 (G272), G306.3 -0.9 (G306) and G299.2 -2.9 (G299 for this section) suggest
that they all lie south of the galactic plane. G272 lies the farthest from the plane
and at a distance of ~ 2 —5 kpc from the center of the plane placing it in the thin
disk population of the Carina-Sagittarius arm. The G299 is at a distance of ~ 5
kpc as well but closer to the galactic plane than the G272. It lies near the Carina
spiral arm which also hosts many massive stars and supernova remnants. Lastly,
G306 lies closest to the galactic plane but farthest in distance along the plane
placing it in the Perseus arm (Camargo et al. (2015)). This closeness of the G306
to the galactic plane is evident in its comparatively higher Ny values as the disk
contains more gas and dust. The analyses of the three SNRs suggest that G306
has a higher ionization timescale value (x 10" em™s) compared to the other two
(x10' em™3s). Its cool component is modeled using an extra collisional ionization
equilibrium (CIE-APEC) component unlike the other two SNRs. G272 and G306
have a similar circular shape and nearly same sizes (table.5.6), though the G272
appears brighter due to its closeness to us. The G299 shows different morphology
than the others such that its not circular but has a more elliptical shape with a
shell structure as discussed in the previous section. The spatial diversity of the
three SNRs make them useful for studying how the ISM and Galactic environments
influence SNR evolution.
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Chapter 7

Conclusion

The study presents a detailed X-ray spectral analysis of the three Galactic Super-
nova Remnants (SNRs): G272.2 -3.2, G306.3 -0.9 and G299.2 -2.9. The spectral
properties of these SNRs were investigated in an attempt to constrain their plasma
conditions, chemical compositions and evolutionary states. The spectral modeling
suggests that the X-ray emission of all the three remnants is dominated by ther-
mal plasma emissions, though their plasma conditions differ significantly amongst
them. The best fit models suggest plasma temperatures of ~ 0.61 keV for SNR
G272.2 -3.2, ~ 0.45 keV for SNR G299.2 -2.9 and ~ 0.21 keV and ~ 1.03 keV for
the cold and hot component of SNR G306.3 -0.9. The ionization timescales sug-
gest that G306.3 -0.9 (7 ~ (x10') em=3s) is closer to ionization equilibrium than
G272.2 -3.2 and G299.2 -2.9 with 7 ~ (x10'°) em™3s. These variations of ioniza-
tion timescales are within the range of the values obtained for Galactic SNRs and
provide an insight into their age, explosion energy and the density of the ambient
medium. Elemental abundances derived from the spectral fits reveal clear evidence
of metal enrichment in the in the emitted plasma. Except for SNR G272.2 -3.2,
the other two SNRs show enhanced abundances of heavy group elements like Si,
S, Ar, Ca and Fe supporting the notion that the observed emission is dominated
by the shocked-ejecta rather than the swept up interstellar material. The SNR
G306.3 -0.9 shows very high abundance of Ca which along with other characteris-
tics classify it as a Ca-rich transient. The elemental abundances and a shell-type
X-ray morphology of the SNR (G299.2 -2.9 suggest a type la SN. The detection of
the Fe-L line emission at E~ 1.23 keV (Smith et al. (2001)) in the X-ray spectra of
the SNRs supports the presence of line emissions from highly ionized elements in
the hot plasma. Such line features are typical in SNR spectra and provide further
diagnostics for the plasma temperatures, ionization states and elemental compo-
sitions. The reduced chi-square values obtained from the spectral fitting for all
the sources indicates that the models used in the analysis provides a statistically
reasonable representation of the observed spectra. The normalization parameters
can be further used to calculate the emission measures of the SNRs.

Overall, the study highlights the diversity of the physical and dynamic con-
ditions present in the Galactic supernova remnants. The results showing dif-
ferent temperatures, elemental abundances and ionization states suggest differ-
ences in their evolutionary stages and interactions with the surrounding interstel-
lar medium. These findings contribute to the deeper understanding of the physical
processes that govern the evolution of SNRs and their role in enriching the sur-
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rounding interstellar medium and in turn affecting the chemistry of an galaxy in
which they lie.

Future missions (for example: the NewAthena mission) that incorporate higher
resolution X-ray spectroscopy, multiwavelength observations and spatially resolved
spectral analysis will provide better insights into the structure and evolution of
these supernova remnants. These observations would help us better constrain the
progenitor types, environmental conditions and explosion mechanisms that shape
the observed SNR properties.
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