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Abstract

Aims. I study the diffuse X-ray emission observed in the field of view
of the supernova remnant (SNR) JO506-7009 in the Large Magellanic
Cloud (LMC) by XMM-Newton. 1 want to understand the nature of this
soft diffuse emission and learn the origin and properties of the SNR in
the study. I also investigate the nature of a dense region near the SNR,
seen in the optical images.

Methods. 1 analysed the XMM-Newton spectra of the diffuse emission
of the SNR. An X-Ray-loud center is seen in a faint optical shell. The data
were processed using XMM-ESAS and fit using XSPEC. Further, MCELS,
MAGMA and H1 Parkes All-Sky Survey were used to get a better under-
standing of the SNR and the dense clouds in the immediate environment.

Results. The analysis of the spectra shows that the soft X-ray emis-
sion arises from the hot gas of an old SNR. The central emission has
a spectrum dominated in the medium energy band (700 — 1100 eV), with
the deduced Fe abundance in excess of solar and not consistent with
the LMC abundance. A standard Sedov analysis implies an SNR age of
~ 41000 years. The type of the supernova explosion could not be deter-
mined conclusively. There is a molecular cloud complex and an H « region
with spatial correlation with the SNR. The initial mass function reveals 3
massive stars in the latter region, of which one is still active. The HI map
shows no cavity and thus negates the possibility of this region being an
H1I region.
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CHAPTER 1
Introduction

Most stars explode at the end of their lives. Such stellar explosions known
as supernovae expel stellar material and drive shock waves into the inter-
stellar medium (ISM). These explosions are extremely luminous and can
outshine an entire galaxy. What this big event does to the surrounding
medium remains long after the event as a structure known as a super-
nova remnant (SNR). This remnant contains accounts of where and how
the explosion occurred (Dang et al. [2024]). Therefore, motivated to find
the origin and evolution of SNR JO0506-7009, an SNR located in the LMC,
the x-ray emission of this region is analysed and studied in this thesis.
The host galaxy, the Large Magellanic Cloud, is an irregular dwarf galaxy,
which has been the subject of extensive research on SNRs since their ini-
tial scientific detection by Mathewson and Healey [1964] and holds sig-
nificant interest in the search for SNRs because it is nearly face-on to
our position in the universe (Delmotte [2004]), it has low foreground ab-
sorption and is relatively close, at a distance of 50 kpc (Pietrzynski et al.
[2019]).

The motivation of supernova (SN) studies goes far beyond curiosity
about a single object because supernova remnants are vessels of the past,
holding tales of ages. Supernova studies offer valuable insights into both
the stars that preceded these dramatic events and the environments in
which they occur. By analysing the spectra of the remnants, we can
deduce the distribution and composition of the surrounding interstellar
medium (ISM) and trace the material ejected by the progenitor star. This
analysis allows us to reconstruct the progenitor’s characteristics at the
time of its demise and, for example, provides a crucial testbed for models
of stellar evolution. The detection of neutrinos from SN 1987A in the LMC
offered compelling confirmation of core-collapse supernova models, lend-
ing significant weight to the theoretical framework. Brakenridge [2025]
studies SNRs near Earth and speculates how supernovae may have af-
fected Earth’s atmosphere during the late quaternary.

The next three chapters will introduce the physics needed to under-
stand this thesis, then Chapter 5 will present the data processing and
methods of X-ray spectral analysis along with introducing other data
used in this thesis, and then the results will be presented and discussed
in chapters 6 and 7.
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CHAPTER 2
Star: Formation and Evolution

A star is a body bound by self-gravity, radiating energy from an internal
source (Prialnik [2009]). Thus, a star is born when a body of gas fulfills
these two conditions and is dead when either of these is broken. This
chapter will introduce how these conditions are fulfilled and broken as
well the internal source of energy.

2.1 Interstellar Medium

While stars appear to be in just empty space for naked eyes, they are
immersed in a medium of gas and dust, the interstellar medium (ISM); as
explained in Prialnik [2009]. This pervasive medium, primarily composed
of gas and dust, constitutes a significant fraction of a galaxy’s baryonic
mass. In the Milky Way, the ISM accounts for approximately a few per-
cent (~ 10°M.) of the total galactic mass, predominantly confined to a
thin disk with a thickness of less than 10° light-years and a diameter of
~ 10° light-years, concentrated around the galactic midplane. Despite
its galactic-scale distribution, the average particle number density within
the ISM is exceedingly low, on the order of one particle per cubic centime-
ter, corresponding to a mass density of ~ 1072'kg m~3.

The dominant elemental constituent of the galactic gas, serving as the
primordial material for star formation, is hydrogen, comprising approxi-
mately 70% of the ISM’s mass. This hydrogen exists in various forms de-
pending on the local physical conditions: molecular hydrogen (H:), neu-
tral atomic hydrogen (H1), and ionized hydrogen (H11). Helium constitutes
the majority of the remaining mass. The distribution of interstellar ma-
terial is far from uniform; instead, it is organized into discrete structures
known as nebulae, which are localized enhancements in gas and dust
density. While some nebulae, such as planetary nebulae, supernova
remnants, and nova shells, represent transient phases of stellar evolu-
tion, their eventual dissipation contributes to the broader ISM, enriching
it with processed material. The ISM exhibits a wide range of densities,
from relatively dense clouds with number densities reaching thousands
of particles per cubic centimeter to a more diffuse intercloud medium
with densities significantly below one particle per cubic centimeter.

The ISM also contains giant molecular clouds, characterized by high
densities (1 — 3 x 10®* m~3 and higher), low temperatures (as low as 10 K),
significant dust content, and substantial masses (up to 10° M) spanning

3
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approximately 100 light-years. These dense, cold molecular clouds are
the primary sites of star formation within galaxies.

2.2 Molecular Clouds

Molecular clouds are interstellar clouds of gas and dust in which molecules
can form (Buhl [1973]). There are many academic uncertainties about a
molecular cloud, including their definition (Chevance et al. [2020]) and
lifetime (Hygate [2020]). Theoretical models suggest that molecular clouds
are the largest structures in galaxies that can become self-gravitating
and evolve independently of galactic dynamics, driven mainly by inter-
nal physics. This is supported by recent observational findings, which
indicate that these clouds represent fundamental, independently evolv-
ing units that determine how stars form within galaxies (Chevance et al.
[2020] and references therein).

Molecular clouds exhibit a complex hierarchical structure, often ap-
pearing as dense clumps and filaments on all scales embedded within
a more diffuse envelope (Klessen et al. [1998]). Turbulence plays a cru-
cial role in shaping this structure, creating density fluctuations that can
eventually lead to gravitational fragmentation where the large, unstable
mass of gas breaks apart into numerous smaller, denser pieces or frag-
ments, each with the potential to further collapse and form individual
stars or multiple star systems. Fragmentation starts with the dissipa-
tion of small-scale features by pressure, while the large-scale fluctua-
tions start to collapse onto themselves and into filaments and knots.
Subsequently, these dense regions, known as cores, collapse under self-
gravitation when they exceed the Jeans mass, a critical mass at which the
inward force of gravitation overcomes the outward pressure. Stars form
within these cores of giant molecular clouds (GMCs) that have abundant
molecular hydrogen (Prialnik [2009]).

GMCs are not static entities, but rather dynamic structures that un-
dergo a continuous cycle of evolution. This lifecycle can be broadly di-
vided into three key phases, each characterized by distinct physical pro-
cesses and open questions. The first phase involves the assembly of
GMCs from a more diffuse interstellar medium. This tenuous material
can exist in either atomic or molecular form, a state determined by the
midplane gas pressure of the host galaxy. GMC formation can be trig-
gered by various mechanisms, including gravitational instability, turbu-
lent motion, and large-scale shocks. A central question in this phase is
understanding how these formation mechanisms vary depending on the
galactic environment. Once formed, GMCs enter a period of star forma-
tion. Within these clouds, the densest regions, under the influence of
their own gravity, begin to decouple from the turbulent flow. This leads
to the collapse of these regions and the subsequent birth of stars. How-
ever, the efficiency of this process, with only about 1% of the cloud’s mass
converted into stars per cloud-scale free-fall time, remains a significant
puzzle. Chevance et al. [2020] describes two scenarios to explain the low
Star Formation Efficiency (SFE) and Star Formation Rate (SFR) in molec-
ular clouds: (i) slow and efficient, (ii) fast and inefficient. Magnetohydro-
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dynamics play a significant role in slowing down star formation. Weaker
magnetic support enhances the efficiency of star formation, resulting in
the formation of star clusters. If the star formation is quick, the stellar
feedback mechanisms can disrupt the cloud. Early disruption of a star-
forming cloud leads to inefficient conversion of gas into stars. The final
phase of a GMC's life is its dispersal. The ultimate fate of a GMC is heav-
ily dependent on the characteristics of the stars it forms. If the GMC gives
rise to massive stars, their photodissociating radiation, powerful stellar
winds, and eventual supernova explosions can disrupt and disperse the
cloud. In this scenario, the dominant feedback mechanism responsible
for this dispersal is the main question. Alternatively, if the GMC primar-
ily forms low-mass stars, its dispersal may be driven by more gradual
processes, such as local galactic dynamics or galactic shear, particularly
if the cloud is not gravitationally bound (Chevance et al. [2020]).

In addition to gravitationally bound MCs, less denser molecular gas is
also found in galaxies. 99% of molecular gas is H,. However, no perma-
nent dipole moment and cold temperatures make it almost impossible to
observe directly. The alternate approach is to probe with other molecules,
commonly carbon monoxide (CO). CO is the second most abundant in-
terstellar molecule after molecular hydrogen (Saberi et al. [2019]). Every
molecular cloud will have CO emission. For this detection, the J =1 -0
transition line of CO at 115 GHz is the best match with the higher optical
thickness of the 2CO(1 — 0) line and the low gas density needed to excite
this line (Dame et al. [2001]). Moreover, the photodissociation boundaries
are closer for CO and H; (Saberi et al. [2019]) and, generally, for each gas
clump the observed CO line intensity is proportional to the molecular gas
mass and the conversion requires only the use of a conversion factor X.¢
(Narayanan et al. [2012]). With lower metallicity than our galaxy, Xqc for
LMC is larger than that of the Milky Way (Israel [1997]; Lebouteiller et al.
[2019]).

Stars form in MCs and then can slowly drift away. Long living stars
can thus be found farther away from their parent clouds than short living
stars. Low mass stars tend to live longer than high mass stars. Therefore,
a simple inference can be made, that the high mass stars and hence their
SNRs can be found near the parent MCs (Makarenko et al. [2023]). Huang
and Thaddeus [1986] studies 26 outer Galaxy SNRs and concludes that
roughly half of them are found near molecular cloud complexes. The
study notes the statistical improbability of a spatial coincidence resulting
from a superposition. Spatial correlation is the evidence commonly used
to claim SNR-MC associations (Zhou et al. [2023]). An SNR can shape the
neighboring MCs (Jiang et al. [2010]).

The H.E.S.S. Collaboration (Aharonian et al. [2008]) detects TeV ~-ray
emission from the W28 region coincident with molecular clouds. This
emission is commonly explained by the hadrons accelerated in the shock
of a supernova remnant interacting with the nearby MCs after escaping
the shock front. The proton-proton interaction here followed by the pion
decay produces the y-ray emission. Abdo et al. [2010] detects the y-ray
emission from the W28 region in the GeV regime. Thus, high-energy
cosmic rays can be traced to MC-SNR associations.
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As we saw earlier, stars form in the GMCs. The minimum Jeans mass
is ~ 0.003 M, and the maximum ~ 0.1 M (Forgan and Rice [2011]), and
the lower stellar mass limit is 0.08 M. That is, the minimum Jeans mass
is about an order of magnitude lower than the lower stellar mass limit.
Therefore, not everything that is formed in these cores becomes a star,
some end up as brown dwarfs. Brown dwarfs dim and cool with age, but
stars become brighter and hotter with age.

2.3 Stars

The collapsing cloud that will later become a star is now, at this point
in its evolution, called a protostar. As the protostar shrinks, it spins
faster, conserving angular momentum. This spin flattens the surround-
ing material into a rotating disk, known as an accretion disk, which feeds
material onto the growing protostar. Eventually, the core of the protostar
becomes hot and dense enough to ignite nuclear fusion. The primary
fusion process is hydrogen fusion, where hydrogen atoms fuse to form
helium, releasing tremendous amounts of energy in the process. This en-
ergy creates an outward pressure that balances the inward pull of gravity,
establishing a state of hydrostatic equilibrium. At this point, the proto-
star is officially born as a star, and it enters the main sequence phase of
its life.

A star spends the majority of its life in the main sequence, steadily
fusing hydrogen into helium in its core. The star’s position on the main
sequence is determined primarily by its mass. Massive stars are hotter,
brighter, and have shorter lives, while low-mass stars are cooler, fainter,
and live much longer. Our Sun, a low mass star, has been in the main
sequence for about 4.6 billion years and is expected to remain there for
another 5 billion years. During this stable period, the star’s size, lumi-
nosity, and temperature remain relatively constant.

As the star continues to burn hydrogen, the core gradually accumu-
lates helium. Eventually, the hydrogen fuel in the core is exhausted.
What happens next depends critically on the star’s mass.

For stars like our Sun, with masses less than about 8 times the mass
of the Sun, the end of the main sequence marks the beginning of a se-
ries of dramatic transformations. With no hydrogen left in its core, the
core begins to contract under its own gravity. However, hydrogen fusion
continues in a shell surrounding the core. The contracting core heats
up, causing the outer layers of the star to expand dramatically. The star
becomes a red giant, a bloated, cooler star, hundreds of times larger than
its original size. As the core continues to contract, it eventually becomes
hot enough to ignite helium fusion, where helium fuses into carbon and
oxygen. This phase is relatively short-lived.

Eventually, the helium fuel in the core is also exhausted. The star,
now with a carbon-oxygen core, is unable to reach the temperatures re-
quired for further fusion. The outer layers of the star are gently ejected
into space, forming a beautiful, expanding shell of gas called a planetary
nebula. The exposed core, now composed primarily of carbon and oxy-
gen, is extremely hot and dense. It no longer undergoes fusion, but it



2.4. SUPERNOVAE 7

continues to radiate heat. This stellar remnant is called a white dwarf.
Electron-degeneracy pressure prevents the white dwarf from collapsing
further. They slowly cool and fade over billions of years, eventually be-
coming a cold, dark remnant.

Stars significantly more massive than the Sun (>~ 8 M) follow a much
more dramatic and violent path at the end of their lives. They evolve into
red supergiants. These massive stars have enough gravity to compress
their cores to temperatures and densities high enough to fuse helium into
carbon and oxygen, and then carbon and oxygen into even heavier ele-
ments, such as neon, silicon, and finally iron. Iron is the end of the line
for nuclear fusion in stars. The fusion of iron does not release energy;
instead, it consumes energy. At this point, the core can no longer oppose
the immense inward gravitational force. The core collapses catastrophi-
cally in a fraction of a second, an event known as supernova. Low mass
stars can also end up in SNe. These mechanisms are detailed in the next
section.

2.4 Supernovae

A supernova (SN) is an enormous explosion at the end of a star’s life
caused by the instability of the collapsing core. This explosion releases
a huge amount of energy (~ 10° erg). During the supernova, elements
heavier than iron, such as gold, silver, and uranium, are synthesized in
a process called nucleosynthesis. The outer layers of the star are blasted
into space at incredible speeds, enriching the interstellar medium with
these heavy elements. Supernovae can also induce star formation by
compressing cold clumps of the ISM and leading to their gravitational
collapse.

Supernovae can be classified into different groups based on their spec-
tra and light curves, mainly into type I SNe and type II SNe, and then
further into different subgroups. Hydrogen lines are absent in the former
and present in the latter. By the nature of their formation, SNe can be
separated into thermonuclear or type Ia, formed by the thermonuclear
explosion of a white dwarf, or as core-collapse (CC) SNe, formed by the
collapse of the stellar core. These two types of SNe are discussed here,
based on Seward and Charles [2010] and Vink [2012].

A white dwarf survived an explosion because its mass was less than
the Chandrasekhar limit (1.4 M), where the degenerate electron pressure
stabilized the inward gravitational collapse. However, this white dwarf
can increase its mass by merging with another white dwarf or by accret-
ing mass from a star or brown dwarf and reach a point where the inward
force dominates. The subsequent increase in temperature facilitates C/O
burning, and the resulting energy disrupts the white dwarf, exploding as
a type Ia SN. Type Ia supernovae are observed in all types of galaxies,
including older ones and galactic halos, where star formation is absent.
This suggests that their progenitors are old, less massive stars that have
already lost their hydrogen envelopes during their evolution, corroborat-
ing the classification criterion of the absence of spectral hydrogen lines.
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However, CC SNe are observed almost exclusively in the arms of spiral
galaxies and in irregular galaxies. These are two places of star forma-
tion. Therefore, CC SNe are believed to have young progenitors. The core
collapse of a massive star (> 8 M ;) is assumed to cause a CC SNe. The
light curves of the two types of SNe are significantly different. The light
curves of type Ia SNe have a sharp maximum with luminosities of the
order of 10° L., followed by a quick exponential decay that flattens with
time. Whereas, the maxima of the CC SNe are broader and lower, fol-
lowed by an exponential decay. While the light curves of all type Ia SNe
are similar, owing to the quick ignition at the same mass limit, the light
curves of CC SNe can differ from one SN to the other. Therefore, as the
light curves are influenced by the initial stellar mass and the evolutionary
stage, CC SNe are assumed to happen from different types of progenitors.

The elementary compositions of these two types of SNe are also signif-
icantly different. Obviously, massive progenitor stars of CC SNe can fuse
nuclei up to Fe with the highest binding energy. When these iron nuclei
form a degenerate core, the Si burning continues in a shell around this
core, adding more Fe to the core, thereby increasing the core mass. Thus,
the core crosses the Chandrasekhar limit and the degeneracy pressure of
the electrons can no longer stabilize the core against gravity. Thereafter,
the core contracts, increasing the temperature. At these higher temper-
atures, the iron decomposes into lighter nuclei. However, in type Ia SNe
where the the progenitor white dwarfs have mostly carbon and oxygen,
the explosion creates radioactive *Ni. The radioactive decay of *Ni syn-
thesizes iron. Therefore, type Ia SNe will have more iron compared to
lighter elements, while CC SNe will have more lighter elements than iron.
This trend in abundance is a significant probe in identifying the type of
explosion from a remnant of the SN.

The fate of the core collapsed in the supernova depends on its mass.
If the core’s mass is between about 1.4 and 3 solar masses, the core col-
lapses into a highly dense object called a neutron star. Neutron stars
are composed almost entirely of neutrons, packed together so tightly that
a teaspoonful of neutron star material would weigh billions of tons on
Earth. They spin rapidly and have intense magnetic fields, sometimes
emitting beams of radiation that we detect as pulsars. If the core’s mass
is greater than about 3 solar masses, even neutron degeneracy pressure
cannot prevent further collapse. The core continues to collapse until it
forms a singularity, a point of infinite density. The gravity of this singu-
larity is so strong that nothing, not even light, can escape. This object is
called a black hole.

Additionally, there has been another type of SN theorized, called Pair
Instability (PI) SN. These are explosions of highly massive (140-260 M,)
stars whose cores contract as the outward pressure from the core de-
creases due to pair production as a result of high-energy gamma rays
interacting with the nuclei of the core (Chen et al. [2014]). Here, as the
core temperature and density increases steeply, explosive burning of oxy-
gen and silicon is triggered, releasing energy up to 10° erg. This explosion
completely unbinds the star, and as opposed to other SN explosions, no
compact object is left behind. Whalen et al. [2025] shows how these cores
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could have harbored the first water in the universe; 100 — 200 Myr after
the big bang.

While the supernova explosion itself can only be visible for a few
weeks, the remainder of this extremely powerful explosion has a shock-
ing effect on the ambient medium that this remainder can exist for up to
~ 100000 years. This remainder, which is the ejecta of the explosion and
the ISM swept up by the shock front, is a structure known as a supernova
remnant.

2.5 Supernova Remnants

SNRs are the structures formed from the material ejected during a su-
pernova explosion and its interaction with the surrounding ISM.

Following the explosive death of massive stars or the thermonuclear
detonation of white dwarfs, SNRs evolve through distinct phases, each
characterised by unique physical processes. Supernova explosions, whether
core-collapse or Type Ia, release vast amounts of energy, typically on the
order of 10°! erg, propelling stellar material into the surrounding ISM
at velocities exceeding 10,000 km/s. This ejected material, enriched with
heavy elements synthesized during the star’s life and the explosion, forms
the initial structure of an SNR. Ackermann et al. [2013], Giuliani and AG-
ILE Team [2011] etc. shows how SNRs accelerate cosmic rays to ~ 10—100
TeV and Sushch et al. [2025] shows how SNRs can accelerate cosmic rays
to PeV ranges in extreme conditions. The interaction between the high-
velocity ejecta and the ambient ISM generates shock waves, which heat
and compress the surrounding gas, creating a dynamic and evolving sys-
tem. The initial conditions, such as the progenitor star’s mass, the explo-
sion mechanism, and the density of the surrounding ISM, significantly
influence the SNR’s subsequent evolution. The evolution of SNRs is typi-
cally divided into four stages: the free-expansion phase, the Sedov-Taylor
phase, the radiative phase, and the merging phase. Each stage is gov-
erned by distinct physical processes and timescales, influenced by the
explosion energy, ejecta mass, and ISM density.

In the free-expansion phase, the ejecta travel at nearly constant ve-
locity, unimpeded by the surrounding ISM. This phase lasts until the
swept-up mass from the ISM becomes comparable to the ejecta mass,
typically a few hundred years. The shock front moves supersonically,
heating the ISM to temperatures of 10°~10® K, producing X-ray emission
observable by telescopes like Chandra and XMM-Newton. The remnant’s
radius grows linearly with time, approximated as R  t.

As the swept-up mass exceeds the ejecta mass, the SNR enters the
Sedov-Taylor phase, characterized by adiabatic expansion. The shock
front decelerates, and the remnant’s evolution is described by the self-
similar Sedov-Taylor solution, where the radius scales as R  t*°. The hot
interior, with temperatures around 107 K, emits X-rays, while the shock
continues to sweep up ISM material. This phase, lasting several thousand
years, is critical for studying the energy transfer from the supernova to
the ISM.
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As the shock velocity decreases below approximately 200 km/s, ra-
diative losses become significant, marking the transition to the radiative
phase. The shocked gas cools, forming a dense shell that emits strongly
in optical and ultraviolet wavelengths. Forbidden lines, such as [O III] and
[S II], dominate the spectra, providing insights into the chemical compo-
sition and ionization state of the remnant. The radius evolves as R o t!/4,
and this phase can last tens of thousands of years, depending on the
ambient density.

In the final stage, the SNR’s shock velocity approaches the ISM’s tur-
bulent velocity, typically 10-20 km/s. The remnant loses its distinct
structure, blending into the ISM. This phase, which can last hundreds of
thousands of years, marks the dispersal of the SNR’s energy and enriched
material into the galactic environment, influencing future star formation
and ISM dynamics.

The interaction also drives turbulence in the ISM, contributing to its
multiphase structure. Hot, ionized gas from the SNR interior coexists
with cooler, neutral regions, creating a complex interplay of thermal and
magnetic pressures. Magnetic fields, amplified by shock compression,
play a role in confining cosmic rays accelerated within SNRs, which fur-
ther influence ISM dynamics.

SNRs are observed across the electromagnetic spectrum, each wave-
length revealing distinct physical processes. In X-rays, the hot plasma
in the Sedov-Taylor phase produces thermal bremsstrahlung and line
emission, allowing astronomers to probe temperature, density, and com-
position. Optical observations reveal filamentary structures in the ra-
diative phase, with emission lines providing diagnostics of shock ve-
locity and ionization. Radio emission, primarily synchrotron radiation
from relativistic electrons, indicates cosmic ray acceleration and mag-
netic field amplification (Onic¢ et al. [2012]). Recent advances in multi-
wavelength observations, combined with numerical simulations, have
enhanced our understanding of SNR evolution. For instance, the Ata-
cama Large Millimeter/submillimeter Array (ALMA) has detected molec-
ular emission from SNRs, revealing interactions with dense molecular
clouds(Sano et al. [2021]).

While SNRs are the direct outcome of one SN explosion, the extreme
explosive energies of multiple explosions can create cavities in the ISM,
known as superbubbles. Unlike individual supernova remnants where
the energy input is instantaneous, superbubbles result from the cumula-
tive energy injection over millions of years, creating large-scale structures
that significantly impact galactic dynamics.

2.6 Superbubbles

Superbubbles are expansive, hot cavities in the ISM, typically spanning
hundreds of parsecs, formed by the combined effects of multiple super-
nova explosions and stellar winds from massive stars in OB associations
or star clusters.

Superbubbles originate in regions of active star formation, where mas-
sive stars (M > 8 M.,) form in clusters. The overlapping shock waves from
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the SN events coalesce, forming a single, expanding cavity surrounded by
a dense shell of swept-up ISM material. The energy input, often exceed-
ing 10° erg over the lifetime of the star cluster, inflates the superbubble,
creating a low-density, high-temperature interior with temperatures of
10°-10® K. The initial conditions, including the number of massive stars,
the ambient ISM density, and the magnetic field strength, govern the size
and evolution of the superbubble. In dense star-forming regions, such as
those in spiral arms, superbubbles can grow to diameters of 100-1000 pc,
reshaping the surrounding ISM.

While superbubbles carve out vast, hot regions through mechanical
energy, HII regions, in contrast, are primarily shaped by the intense ion-
ising radiation emitted by massive stars, creating glowing, ionised nebu-
lae within or near these same star-forming environments.

2.7 HI11 Region

Hot massive stars radiate ultraviolet radiations that photoionise the sur-
rounding medium, creating a cloud of hot plasma called H1I region. This
plasma contains ionised Hydrogen and free electrons at about 10*K (Rouan
[2011]).

The formation happens when a massive star begins to emit ionising
photons. As these photons travel outwards, the neutral hydrogen atoms
in the surrounding interstellar medium is ionised. An ionisation front
propagates outwards until a balance is reached between the rate of ion-
ization and the rate of recombination of electrons and protons. This equi-
librium defines the Stromgren radius, Rg, within which virtually all hy-
drogen is ionised.

As hydrogen is available, new stars can form inside HI1I regions. How-
ever, the ionising radiations of the central massive star will threaten this
process of star formation. HII regions are good tools in understanding
a galaxy, as these regions are used to obtain a large-scale picture of the
star-formation processes in galaxies (Kennicutt and Hodge [1980]) or to
constrain galactic chemical evolution theories(Carigi et al. [2019]).
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CHAPTER 3

X-ray Astronomy

3.1 The Genesis and Evolution

The discipline of X-ray astronomy represents a relatively nascent field
within the astrophysical sciences, emerging less than a century ago. Its
inception was contingent upon the technological advancements that en-
abled the transcendence of Earth’s atmospheric barrier for astronomi-
cal observations. The inherent opacity of the terrestrial atmosphere to
X-ray radiation, stemming from its absorption and interaction with at-
mospheric constituents, necessitated extraterrestrial platforms for detec-
tion. Before the advent of balloon-borne, rocket-based, and ultimately
space-based methodologies, astronomical inquiry was confined to the op-
tical, near-infrared, and radio portions of the electromagnetic spectrum,
wavelengths that exhibit minimal atmospheric attenuation. The advent
of space-based astronomy inaugurated access to previously inaccessi-
ble spectral regimes, including X-rays, gamma rays, ultraviolet, and in-
frared emissions, thereby significantly expanding the observable electro-
magnetic landscape.

The first successful detection of extraterrestrial X-ray emission was
achieved in 1949 by Friedman (Friedman et al. [1951]), who deployed an
X-ray detector on a rocket to attain sufficient altitude for the first X-ray
imaging of the Sun. Given the solar X-ray luminosity as a benchmark, it
was initially posited that stellar X-ray emission would be too feeble for de-
tection from more distant celestial objects, leading to the prevailing notion
of a sparsely populated X-ray sky. This paradigm shifted decisively thir-
teen years later with a rocket experiment conducted by (Giacconi et al.
[1962]), an event widely recognized as the genesis of modern X-ray as-
tronomy. While the primary objective of this mission was the investiga-
tion of lunar X-ray emission, the data unexpectedly revealed an X-ray
source of considerably greater intensity than anticipated. This serendip-
itous discovery was subsequently identified as Scorpius X-1 (Giacconi
et al. [1964]), a low-mass X-ray binary and the brightest extrasolar X-ray
source in the sky. Giacconi’s seminal contributions to the initiation and
development of X-ray astronomy were acknowledged with the Nobel Prize
in Physics in 2002. The detection of unforeseen extrasolar X-ray sources
catalyzed the field, driven by the imperative to identify novel emitters,
characterize their X-ray properties, and elucidate the physical processes
responsible for the generation of such high-energy radiation.

Following this foundational discovery, a series of balloon-borne exper-
iments were conducted, offering the advantage of extended observation
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durations, spanning hours or even days, in contrast to the brief data ac-
quisition windows afforded by rocket flights. A pivotal advancement oc-
curred in 1970 with the launch of UHURU (Jagoda et al. [1972]), the first
dedicated X-ray astronomy satellite. Within its initial operational day,
UHURU amassed a greater volume of X-ray data than all preceding rocket
and balloon missions combined (Arnaud et al. [2011]) and executed the
first all-sky survey in the 2-20 keV energy band. The launch of the Ein-
stein Observatory (Giacconi [1980]) in 1978 marked another significant
milestone, as it was the first satellite equipped with X-ray focusing op-
tics, enabling unprecedented sensitivity in observations. Subsequently,
in 1990, the German ROSAT (Roentgen Satellit) mission (Trtimper [1982])
was launched, which detected over 150, 000 sources during its all-sky sur-
vey in the 0.1-2.5 keV energy range. These pioneering missions laid the
groundwork for the sophisticated X-ray observatories that continue to
shape our understanding of the high-energy universe.

Contemporary advancements in X-ray astronomy continue to push
the boundaries of our understanding of the high-energy universe. Build-
ing upon the legacy of missions like XMM-Newton and Chandra, signif-
icant progress has been achieved in enhancing the capabilities of X-ray
telescopes. These advancements encompass improved spectral resolu-
tion, enabling finer distinctions in the energy of detected X-rays; superior
spatial resolution, allowing for more detailed imaging of cosmic sources;
and enhanced timing resolution, crucial for studying dynamic phenom-
ena such as pulsations and flares. Furthermore, the overall sensitivity of
X-ray telescopes has been significantly increased, allowing for the detec-
tion of fainter and more distant objects.

A notable recent development is the successful launch of the X-Ray
Imaging and Spectroscopy Mission (XRISM) in September 2023. This
collaborative mission between JAXA and NASA, with European Space
Agency (ESA) participation, is now operational and provides high-resolution
X-ray spectroscopy of the most energetic objects and events in the cos-
mos, probing the evolution of the Universe and the structure of space-
time.

Looking towards the future, several ambitious X-ray observatory projects
are underway. The NewATHENA (Advanced Telescope for High-ENergy
Astrophysics), a flagship mission of the ESA, is in its development phase,
with a planned launch in 2037. NewATHENA will operate in the 0.2 — 12
keV energy range and promises to offer spectroscopic and imaging capa-
bilities that exceed those of current generation observatories by at least
an order of magnitude. Its primary goals include mapping hot gas struc-
tures, determining their physical properties, and tracing the evolution of
black holes and galaxy clusters.

These ongoing developments and future missions underscore the con-
tinued dynamism of X-ray astronomy, promising groundbreaking discov-
eries and a deeper understanding of the extreme environments and phe-
nomena that shape our Universe. Future chapters will delve into the
physical mechanisms responsible for X-ray production and the advanced
detector and optics technologies that underpin these cutting-edge obser-
vatories.



3.2. X-RAY PRODUCING PROCESSES 15

3.2 X-ray Producing Processes

Various high-energy mechanisms can generate X-rays. These processes
can be broadly categorised into thermal processes and non-thermal pro-
cesses involving thermally distributed particles. This section provides
an introduction to some of the key mechanisms relevant to X-ray astro-
physics.

3.2.1 Processes Occurring in Thermal Gases

Black-Body Radiation

Black-body radiation can constitute a form of thermal X-ray emission.
A black body is an idealized object characterized by zero reflectivity and
thermodynamic equilibrium. Consequently, an object that absorbs all
incident radiation must also re-emit it. The emitted spectrum of a black
body is radiated isotropically in all directions and exhibits a characteristic
shape described by Planck’s law:

where:
* B,: spectral radiance in Wsr~! Hz ! m~2
¢ v: frequency of the emitted radiation

¢ T: temperature of the black body

h: Planck constant

kp: Boltzmann constant
¢ ¢: speed of light in vacuum

The shape of this spectrum is solely dependent on the temperature
of the black body, independent of the frequency and incident angle of
the absorbed radiation. The temperature of the black body can be de-
termined from the peak of the emitted spectrum via Wien’s displace-
ment law, which states that the frequency at maximum intensity, vy,
is given by vp.. = 5.879 x 10 x THz/K (or in terms of wavelength ),
Amax = 22288 Km). Many astrophysical objects, such as stellar photo-
spheres, emit black-body radiation. For the peak of the emitted spec-
trum to fall within the X-ray regime, a black-body temperature of approx-
imately 10° — 108 K is required. Such high temperatures are encountered,
for instance, on the surfaces of young neutron stars.

Thermal Bremsstrahlung

Bremsstrahlung, or "braking radiation,” is emitted whenever a charged
particle is deflected by an electric field. This occurs, for example, when an
electron passes sufficiently close to an ion for electromagnetic interaction
to take place. This interaction causes the electron to change direction,
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resulting in the emission of a photon. As the electron radiates, it loses
kinetic energy. Thermal bremsstrahlung is produced when the emitting
plasma is in thermal equilibrium, meaning all particle species share the
same temperature and follow a Maxwell-Boltzmann velocity distribution.
The emitted radiation forms a continuum spectrum with an exponential
cutoff at higher energies. The intensity / of this emission is given by:

I x Z*neni/kpT exp(—hv /kgT)
where:
* 7: atomic number of the ions
* n.: electron density of the plasma

* n,;: ion density of the plasma

kp: Boltzmann constant

e T: temperature of the plasma

h: Planck constant
¢ v: frequency of the generated radiation

Significant amounts of X-rays are produced through thermal brems-
strahlung when the plasma temperature exceeds ~ 10°K. In addition to
this continuum emission, such plasmas typically exhibit line emission
resulting from fluorescence.

Fluorescence Lines

In plasmas where heavier elements are not fully ionized, typically at tem-
peratures below ~ 5 x 107K, a substantial fraction of energy can be ra-
diated away through fluorescence lines. These lines arise from the de-
excitation of an electron to a lower energy level within an atom, accom-
panied by the emission of a photon. If the plasma temperature is above
~ 2 x 10°K, these transitions can occur in the X-ray regime. X-ray line
emission can originate from energy transitions in the inner electron shells
of heavy elements. One mechanism for this is the capture of an electron
by a highly ionized particle into an upper shell, followed by the sub-
sequent de-excitation of the electron under photon emission. Another
process leading to line emission is the collision of a particle with a high-
energy electron. This collision can eject an electron from an inner shell
of the particle, and an X-ray photon is produced when an electron from
an outer shell transitions to fill the inner shell vacancy. The energies
of these transition lines are characteristic of each atomic species, and
specific temperatures are required for each transition to be significant.
Consequently, these lines serve as valuable diagnostics for determining
the chemical composition and temperature of a plasma in thermal equi-
librium.
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3.2.2 Non-Thermal Processes

Synchrotron Radiation

When a charged particle, moving at relativistic speeds with a velocity com-
ponent perpendicular to magnetic field lines, traverses a magnetic field, it
emits synchrotron radiation. This radiation arises from the Lorentz force,
which compels the charged particle to spiral around the magnetic field
lines. The continuous change in the particle’s direction of motion results
in the emission of electromagnetic radiation. The resulting spectrum from
an ensemble of charged particles in a magnetic field is determined by the
energy distribution of the particles and the strength of the magnetic field.
If the underlying population of charged particles, typically electrons, fol-
lows a power-law energy distribution, the emitted synchrotron spectrum
will also exhibit a power-law form with a peak intensity at a frequency v

given by:
2meB ( E )2
UV =
MeC  \ MeC2

* ¢: elementary charge of an electron

where:

* B: magnetic field strength
* m.: mass of an electron

* ¢: speed of light

* E: energy of the electron

The generation of X-ray synchrotron radiation necessitates a relativis-
tic population of electrons and a strong magnetic field, typically on the
order of ~ 10°G.

Comptonization

Another significant non-thermal process in various astrophysical envi-
ronments is comptonization, which is a consequence of the inverse Comp-
ton effect. The Compton effect itself describes the scattering of a photon
by a charged particle, predominantly electrons, wherein the photon loses
energy and the charged particle gains energy due to the recoil. This oc-
curs when the energy of the photon (F = hv) exceeds the energy of the
charged particle (F = ymc?, with v = 1/4/1 — v2?/c? being the Lorentz fac-
tor). The energy loss of the photon manifests as an increase in its wave-
length A, described by:

h
A=) ;=\ =—(1-
A=A — N\ mc( cos @)
where:
¢ A): change in wavelength of the photon

* )\;: wavelength of the photon after scattering
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Ai: wavelength of the photon before scattering

h: Planck constant

* m: mass of the particle

* ¢: speed of light

* ¢: scattering angle of the photon

Notably, the change in wavelength depends on the scattering angle,
but not on the initial energy of the photon.

Conversely, if the particle energy is greater than the photon energy,
the inverse process occurs: the photon gains energy (is up-scattered),
and the particle loses energy. This inverse Compton effect is prevalent
in astrophysical hot plasmas or populations of energetic electrons, such
as in the coronae of black holes. When inverse Compton scattering oc-
curs repeatedly and the scattered photons can subsequently escape the
population of hot particles, it can lead to effective cooling of the plasma.
This process, termed comptonization, results in a characteristic spectral
shape for the observed emission from the hot particle population, typi-
cally exhibiting a power-law with a high-energy exponential cutoff.

The physical processes outlined in this section are fundamental to
understanding the origin of X-ray emission from a multitude of cosmic
sources. The subsequent section will discuss various methods employed
to detect this high-energy radiation.

3.3 Detection of X-ray Emission

This section discusses the various techniques and technologies employed
for the detection of X-rays. The first part focuses on different non-focusing
and focusing imaging techniques, while the second part details X-ray de-
tectors, with a particular emphasis on modern, imaging semiconductor
detectors.

3.3.1 Imaging Techniques

Imaging X-rays presents a significant challenge due to their absorption by
conventional glass lenses and the requirement for very shallow incident
angles for reflection from mirror surfaces (Staubert [2008]). The follow-
ing subsections discuss different non-focusing and focusing techniques
utilized in X-ray imaging systems.

Non-Focusing Optics

The earliest optical systems employed for X-ray imaging were non-focusing
optics, primarily utilizing collimators. These devices consist of tubes fab-
ricated from X-ray opaque materials, positioned in front of the detector
to restrict its field of view (FOV) to a specific region of the sky. The first
x-ray source outside the solar system was recorded by a rocket with three
Geiger counters, where seven individual mica windows were attached to
the entrance apertures of each of these three counters (Giacconi et al.
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[1962]). Collimators were also implemented on the UHURU satellite. To
address the substantial physical dimensions of traditional collimators,
honeycomb collimators were developed. These comprise a dense array
of small collimator tubes arranged in a honeycomb pattern. This design
significantly reduces the overall size of the collimator, albeit at the cost
of a diminished effective detector area due to the opaque walls of the
honeycomb structure partially obstructing incident radiation.

As these non-focusing optics provide no inherent spatial information
about the source’s location within the FOV, single-pixel detectors can be
used without any loss of positional data. However, even without spatially
resolving detectors, information regarding the number of sources within
the FOV and their celestial coordinates can be acquired through the use
of rotation modulation collimators (RMCs). These devices consist of two
grids of X-ray absorbing material placed in front of the detector, with
one grid undergoing rotation relative to the other. The resulting tempo-
ral variation in the detected X-ray flux, known as a light curve, exhibits
a specific frequency and modulation pattern that is dependent on the
source’s position within the FOV. The frequency of this signal enables
the determination of the projected source image’s distance from the ro-
tational axis of the collimator, while the phase of the modulation curve
yields information about the position angle of the projected source im-
age. This technique marked a considerable improvement in the imaging
of cosmic X-ray sources, allowing for the discrimination of multiple point
sources within a shared FOV. This type of optics was utilised, for exam-
ple, on the High Energy X-ray Experiment (HEXE) onboard the MIR space
station (Reppin et al. [1985]).

While non-focusing optics were instrumental in early X-ray astron-
omy, their limited angular resolution and sensitivity prompted the de-
velopment of focusing optics. Grazing incidence mirrors, such as Wolter
telescopes, revolutionized X-ray imaging by concentrating photons onto
a small detector area, significantly improving sensitivity and resolution
(Wolter [1952]).

Focusing Optics

The advent of focusing optics represented a transformative development
in X-ray astronomy, enabling substantially enhanced sensitivity and spa-
tial resolution. Owing to the high energy of X-ray photons, conventional
refractive optics are impractical. Instead, X-ray telescopes leverage the
principle of grazing incidence reflection.

Wolter Telescopes: The most successful and widely adopted design
for focusing X-rays is the Wolter telescope. This configuration employs
a series of nested, coaxial, and confocal mirrors. The primary designs
include: the Wolter Type I, consisting of a paraboloid followed by a hyper-
boloid (Fig 3.1); the Wolter Type II, also a paraboloid and hyperboloid but
with a virtual focal point between them; and the Wolter Type III, employ-
ing a paraboloid and an ellipsoid. Incident X-rays strike the surface of the
first mirror at a very shallow angle and are reflected to graze the surface
of the second mirror, ultimately converging to a focal point. The nesting
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Figure 3.1: Schematic illustration of the arrangement of mirrors in a
Wolter type I telescope.

of multiple mirror shells concentrically increases the effective collecting
area of the telescope.

The extremely shallow grazing angles (typically less than a few degrees)
are necessitated by the fact that the refractive index of most materials for
X-rays is slightly less than unity. According to Snell’s law, this condition
leads to total external reflection when the incident angle is sufficiently
small. The critical angle for total external reflection is energy-dependent,
decreasing with increasing X-ray energy. This energy dependence im-
poses a limitation on the effective energy range of grazing-incidence tele-
scopes.

Contemporary X-ray observatories such as Chandra (Weisskopf et al.
[2002]) and XMM-Newton (Jansen et al. [2001]) utilize Wolter Type I op-
tics with multiple nested mirror shells, achieving arcsecond-level angular
resolution and high sensitivity. The precise fabrication and alignment of
these intricate mirror systems are paramount for obtaining high-fidelity
X-ray images.

Alternative Focusing Techniques: While Wolter telescopes constitute
the dominant technology, alternative focusing techniques have been ex-
plored or are currently under development for specific energy ranges or
specialized applications. These include:

¢ Kirkpatrick-Baez (KB) Microscopes: Employing two orthogonal, con-
cave cylindrical mirrors to achieve X-ray focusing. Primarily utilized
in laboratory settings and for specialized imaging tasks.

* Multilayer Coatings: The application of thin layers of different ma-
terials to mirror surfaces can enhance reflectivity at higher X-ray
energies and larger grazing angles through the phenomenon of con-
structive interference. This technology is incorporated into some
hard X-ray telescopes.
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* Diffractive Optics (e.g., Fresnel Zone Plates): These optical elements
utilize diffraction to focus X-rays. While presenting fabrication chal-
lenges for high efficiency in astronomical applications, they hold po-
tential for future lightweight X-ray telescope designs.

The development and implementation of focusing X-ray optics represent
a crucial milestone in the field, enabling detailed imaging of cosmic X-ray
sources and facilitating significant advancements in our understanding
of high-energy astrophysical phenomena.

Another method for identifying individual sources and determining
their position within the FOV involves the use of coded masks. This
imaging technique necessitates spatially resolving detectors. The coded
masks are placed in front of the detectors and consist of intricate patterns
of an X-ray absorbing material (e.g., tungsten) interspersed with X-ray-
transmissive apertures. The pattern is specifically designed such that the
shape of the shadow cast upon the detector by an X-ray source is unique
to the source’s position within the FOV. Consequently, the source’s loca-
tion can be reconstructed by deconvolving the recorded shadow pattern.
This technique remains valuable today for imaging hard X-rays (2 20
keV), which are only efficiently reflected at very small incidence angles,
thus requiring large focal lengths that are challenging to implement in
satellite missions.

A significant enhancement in the sensitivity and resolution of X-ray
imaging systems was achieved with the launch of the first X-ray focusing
optics on the Einstein Observatory satellite in 1978 (Giacconi [1980]).
Focusing X-rays using mirrors presents a non-trivial challenge due to the
small incident angles required for their reflection. This critical angle for
reflection increases with the atomic number and density of the reflecting
material and with the wavelength of the incident radiation. To maximize
this angle, the reflective surfaces of X-ray mirrors are often coated with
elements such as gold or iridium, which possess a high atomic number
and density.

For photons with energies of 1 keV, the critical angle for reflection is
only approximately 1°. Such small reflection angles would necessitate
very long focal lengths. To mitigate this, a specialized mirror configura-
tion known as a Wolter-I mirror is employed in X-ray astronomy (Wolter
[1952]). In this configuration, the X-rays undergo two reflections: first
from a paraboloidal mirror shell and then from a hyperboloidal mirror
shell. This double reflection allows for a considerable reduction in the
focal length, for example, to approximately 7 metres for photons with an
energy of around 15 keV. To compensate for the limited effective area of
each individual mirror shell, which arises from the small reflection angle
for X-rays, multiple mirror shells with varying radii are nested coaxially
and confocally within each other.

Wolter-I mirror telescopes are commonly utilized in modern X-ray as-
tronomy, as exemplified by the X-ray telescopes of XMM-Newton, each
comprising 58 nested mirror shells with a minimum separation of 1 mm
between individual shells. Typically, such focusing optics are used in
conjunction with a spatially resolving X-ray detector to enable accurate
image reconstruction. Some of these detectors are introduced in the fol-
lowing section.



22 CHAPTER 3. X-RAY ASTRONOMY

3.3.2 X-ray Detectors

Since the discovery of X-rays in 1895 (Rontgen [1895]), X-ray detectors
have undergone rapid development. The devices employed have evolved
significantly, with continuous improvements in performance. This sec-
tion provides a concise overview of the different types of detectors used
in X-ray astronomy, with a particular focus on modern semiconductor
detectors.

The Beginning

The discovery of X-rays (Roéntgen [1895]) were on conventional optical
film plates, which are also sensitive to X-ray photons. Later, in 1908,
proportional counters were developed, which were essentially capacitors
filled with a noble gas (Rutherford and Geiger [1908]; Pfeffermann [2008]).
When X-rays enter the proportional counter, electron-ion pairs are gener-
ated via the photoelectric effect. An applied voltage across the capacitor
separates these electron-ion pairs and accelerates primarily the electrons,
which subsequently collide with other atoms. This process leads to the
creation of further free electrons, which are attracted by the anode and
can be measured as a current. With appropriate voltage settings, the
number of electrons generated is proportional to the energy of the inci-
dent photon.

For the detection of hard X-rays with energies exceeding 15 keV, inor-
ganic scintillation counters can be utilized (Kendziorra [2008]). These
detectors consist of a scintillator crystal coupled to a photomultiplier
tube. When an incident X-ray photon strikes the scintillator, it can be
absorbed through the photoelectric effect, and the resulting photoelec-
tron can excite multiple atoms within the crystal. As these excited atoms
subsequently undergo radiative de-excitation, they emit photons in the
optical wavelength range. These optical photons then interact with the
photomultiplier, generating free electrons via the photoelectric effect at
the photocathode. These photoelectrons are subsequently accelerated
and amplified through a series of dynodes within the photomultiplier by
applied electric fields. The resulting output current allows for the mea-
surement of both the intensity and the energy of the incoming X-ray ra-
diation.

Currently, semiconductor detectors are the most prevalent type of de-
tectors used in astronomy for X-ray detection. These will be discussed in
detail in the following subsection.

Semiconductor Detectors

In contemporary X-ray astronomy, semiconductor detectors are the most
commonly employed type of detector. In these devices, photon detec-
tion is based on the internal photoelectric effect within a doped semi-
conductor material (e.g., silicon). Incident photons with energies greater
than or comparable to the material’s band gap can create electron-hole
pairs within the semiconductor lattice. To prevent immediate recombina-
tion of these charge carriers, an applied voltage is used to separate the
electron-hole pairs and store the electrons in a potential well present in
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each pixel. This fundamental concept is implemented in various types of
semiconductor detectors, with the primary differences lying in the read-
out mechanisms.

A widely used type of semiconductor detector is the charge-coupled de-
vice (CCD), which is read out by sequentially shifting the photon-induced
charges through the device until a readout node is reached. In a CCD,
each pixel typically comprises three electrodes onto which different volt-
ages can be applied. During the detector’s exposure time, the photo-
electrons generated within each pixel are accumulated under the central
electrode. Following the integration period, the voltages applied to the
electrodes are manipulated to cause the collected electrons to shift from
pixel to pixel along a pixel row until they reach a readout node. Once
each pixel in a row has been read out sequentially using this method,
the readout cycle for that row is complete, and a new integration period
can commence. The time required for a complete readout cycle depends
on the number of pixels per row and represents a trade-off between en-
ergy resolution and timing resolution. This readout method offers the
advantage of enabling a large number of pixels to be read out by a single
readout node and associated electronics.

Another class of semiconductor detectors is the active pixel sensor
(APS). In these devices, each pixel is read out individually, for example,
by measuring the locally amplified voltage generated by the electrons ac-
cumulated within a pixel without the need for charge shifting. Since the
readout process does not destroy the collected charge, a signal can be
read out multiple times to improve the energy resolution. Subsequently,
the pixel is actively cleared of these electrons. A pixel configured in this
manner is often located within the center of a macropixel. A macropixel
consists of a selectable number of drift rings arranged around a central
pixel. The drift rings are cathodes held at progressively less negative
potentials towards the pixel center. This potential structure guides the
electrons collected within a macropixel towards the central pixel, where
the readout occurs. The variable number and shape of the drift rings pro-
vide significant flexibility in the size and geometry of a macropixel. The
primary advantage of active pixel sensors is their high readout speed (ap-
proximately 2 us per line), which is a consequence of the direct readout
mechanism that eliminates the need for charge shifting. Furthermore,
the local amplification of the signal before readout contributes to a better
energy resolution.
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CHAPTER 4

XMM-Newton

XMM-Newton is an X-ray satellite of the European Space Agency (ESA),
launched on December 10, 1999. In this more than a quarter-century of
operations, this telescope has observed stars (e.g., Karmakar and Young-
blood [2025]), neutron stars (e.g., Pires et al. [2025]), X-ray binaries (e.g.,
Avakyan et al. [2025]; La Palombara et al. [2025]), supernovae (e.g., Re-
guitti et al. [2025]), supernovae remnants (e.g., Vink [2001]), and pulsars
(e.g., Alford et al. [2025]). Named after Sir Isaac Newton, reflecting his
contributions to spectroscopy and gravity, XMM-Newton is a cornerstone
of ESA’s Horizon 2000 programme, designed to investigate interstellar
X-ray sources through high-throughput spectroscopy and simultaneous
imaging in X-ray and optical/ultraviolet wavelengths Watson et al. [2001].

XMM-Newton is equipped with three primary scientific instruments:
the European Photon Imaging Camera (EPIC), the Reflection Grating Spec-
trometer (RGS), and the Optical Monitor (OM). The spacecraft, measuring
10 meters in length with a 16-meter solar array span and weighing 3.8
metric tons, comprises four main sections: the Focal Plane Assembly
(FPA), the service module, the mirror support platform, and the mirror
modules (ESA: XMM-Newton SOC [2013]). The FPA houses the focal-
plane instruments, including two RGS readout cameras, one EPIC pn-
CCD, two EPIC MOS-CCD detectors, and associated electronics. Each of
the three X-ray telescopes contains 58 nested gold-plated nickel mirrors
in a Wolter I geometry, optimized for grazing incidence to focus highly en-
ergetic X-rays with a focal length of 7.5 meters and an angular resolution
of 6 arcseconds (full width at half maximum). Radiators attached to the
EPIC and RGS instruments passively cool the CCDs to mitigate radiation-
induced noise, with EPIC MOS-CCDs operating at approximately —120°C
and the pn-CCD at similar low temperatures ([European Space Agency,
2012]).

XMM-Newton operates in a highly elliptical 48-hour orbit around Earth,
inclined at 40degrees, with a perigee of 7,000km and an apogee of 114, 000
km. This orbit, synchronized to be exactly twice Earth’s rotational period,
ensures optimal contact with ground stations at Kourou and Yatharagala,
enabling real-time data transmission to the Mission Operations Centre at
ESOC, Darmstadt, Germany. For approximately 40 hours per orbit, the
satellite remains outside Earth’s radiation belts, allowing extended, unin-
terrupted observations of celestial X-ray sources. The orbit’s eccentricity
maximizes observation time, supporting the mission’s goal of sensitive
imaging and spectroscopy down to a limiting flux of 107'6 erg/s/cm?.
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Among XMM-Newton’s instruments, the EPIC is the primary imaging
spectrometer, consisting of three cameras: two Metal-Oxide-Semiconductor
(MOS) CCD detectors and one pn-CCD detector, each positioned at the
focus of an X-ray telescope. The EPIC provides moderate spectral res-
olution in the 0.1 to 15 keV energy range, comparable to the Advanced
Satellite for Cosmology and Astrophysics (ASCA), and is highly sensitive
to low surface brightness emission, enabling detailed studies of extended
sources like supernova remnants and galaxy clusters. The two MOS-CCD
cameras share their mirror modules with RGS grating arrays, which di-
vert approximately 40% of incoming X-rays to a secondary focus for high-
resolution spectroscopy, while the pn-CCD camera benefits from a fully
open telescope for maximum throughput. The EPIC’s CCDs are critical
to its performance. These silicon-based semiconductor detectors convert
X-ray photons into electron-hole pairs via the photoelectric effect. The
charge is then read out and digitized to determine the photon’s energy
and position. The MOS-CCDs offer higher spatial resolution (6 arcsec-
onds), while the pn-CCD provides greater quantum efficiency and faster
readout, ideal for bright sources. To counteract ionizing radiation dam-
age, the CCDs are cooled to reduce dark current to lower the MOS-CCD
temperature from —100°C to —120°C, significantly improving data quality.
The temperature maintenance is realised using three-stage radiator sys-
tem combined with heaters. The EPIC’s ability to register photon arrival
time, energy, and direction supports temporal variability studies, such as
those of X-ray binaries and pulsars.

The RGS, mounted on two of the X-ray telescopes, provides high-
resolution spectroscopy in the 0.35 to 2.5 keV range. By dispersing X-
rays into their constituent wavelengths using grating arrays, the RGS
reveals detailed spectral features of elements like oxygen and iron, aid-
ing in the study of physical conditions in sources such as active galac-
tic nuclei and binary systems. The OM, a 30-cm diameter optical/UV
telescope, observes the same regions as the X-ray telescopes in ultravi-
olet and visible wavelengths, offering complementary data. In orbit, its
sensitivity is equivalent to a 4-meter ground-based telescope, supporting
multi-wavelength studies of X-ray sources.

XMM-Newton’s integrated design, combining high-throughput X-ray
telescopes, sensitive instruments, and a strategic orbit, has enabled ground-
breaking observations of diverse astrophysical phenomena. The EPIC,
with its advanced CCD technology, remains central to the mission’s suc-
cess, delivering high-quality imaging and spectroscopy that continue to
advance our understanding of the X-ray universe.



CHAPTER 5
Data and Processing

5.1 X-ray

The observation from the X-ray satellite contains different types of data,
including unwanted data. The background components in an XMM-
Newton observation can be broadly classified into three: electronic back-
ground, photon background, and particle background. The field-of-view
will also have many point sources, contaminating the emission from our
extended source of interest. Therefore, the data need to be processed, fil-
tered and background-subtracted to obtain useful information about the
source. The subject SNR was faint and located in the Large Magellanic
Cloud (LMC), i.e., ~ 50 kpc away. All the three detectors were operated in
MEDIUM Filter and Full Frame mode during this observation. The expo-
sure time was 40.7, 40.7 and 41.4 ks for the MOS1, MOS2 and pn detectors
respectively. After discussing the XMM-Newton data and handling, this
chapter briefly introduces other data used in this thesis.

5.1.1 Analysis with XMM-ESAS

The XMM-Newton Extended Source Analysis Software (XMM-ESAS) pack-
age provides the tools required for the analysis of spectra and images of
extended diffuse emission. It functions in producing images capturing all
identified background and foreground elements, facilitating the isolation
of true cosmic X-ray emissions. The background /foreground components
managed by XMM-ESAS encompass the quiescent particle background
(@PB), soft proton flares (SPF), and to a certain extent, solar wind charge
exchange (SWCX). XMM-ESAS aids spectroscopy by producing the spec-
trum of the QPB for the observation (Snowden et al. [2011]). In these
spectra produced by MOS and pn detectors of the telescope, the MOS
spectra are more reliable than the pn spectrum. There are two reasons
for this credibility issue, one being the poor statistics of the pn corner
data. Secondly, a previously underestimated sensitivity of pn corner data
to SPFs has been identified by the ESAS team. Consequently, the current
pn QPB spectra may not be entirely free of residual SPF emission.

The analysis begins with recreating the event files. There are two ways
to achieve this: "the chains” and "the procs”, done by the tasks emchain
or epchain and emproc or epproc respectively. Both processes have the
same end result, but the path is different. The chains did not work in
this analysis and hence the procs were used.
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The subsequent task is emanom to exclude the anomalous state CCDs
in the further processing. The emanom task evaluates the (2.5 — 5.0 keV)/
(0.4 — 0.8 keV) corner hardness ratio to identify anomalous chip, states
Snowden et al. [2011]. This task reveals that there are no counts in the
soft band as the count rate was sufficiently low. Although in this case
it would be impossible to determine the anomaly of chips, the data are
useable as there are no counts in the soft band.

Next is the task espfilt to filter the soft proton (SP) flares, which
works by creating two light curves in the2.5 — 8.5 keV band, and creates
an X-ray count rate histogram from the FOV data. This process does not
eliminate all the traces of SP contamination from the data, but rather only
removes time intervals exhibiting significant count rate enhancements.
This is evident in Figure 5.1 where the absence of accepted data (green) in
light curve indicates a probable residual SP contamination that is filtered.

The next action is to identify and remove the point sources, as they
are not the subject here, and thus abate the noise in the data. For this
the ESAS package offers the cheese task which integrates both MOS and
pn data for source detection, generating images and exposure maps in a
selected single band or in selected soft, hard, and total (combined) bands.
It produces source lists that can subsequently be used to create source-
excluded spectra and to generate masks for image processing. However,
the automatic cheese always counted the subject source as a point source
and hence the cheese filter was employed manually. The manual way of
identifying point sources is using the task stinky cheese where all the
regions are marked at first and then the regions of interest are manually
deleted from the list of sources, thus producing a region file with only
point sources. A mask is then generated with this region file using the
task makemask, and the SNR is not masked, but the point-sources.

Once the point sources are removed, the QPB spectra is created, which
is a two-step process that requires mosspectra and mosback for mos de-
tectors or pnspectra and pnback for the pn detector. While the mosspectra
and pnspectra extract QPB spectral information from the corner spec-
tra from each 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 mosback and pnback combine this information to
create two final products: the QPB spectrum for a specific region within
the observed field-of-view and an image of the QPB component in a cho-
sen band. The mosback and pnback does an augmentation of the corner
spectra from a database of corner data extracted from the public archive,
because of the relatively low count rate in the corner data. Figure 5.1
shows the temporal filtering results for the detector mos1.

5.1.2 Facilitating Image Production

To facilitate the generation of images, it is imperative to ascertain: 1)
the magnitude and spectral characteristics of the residual SP emission,
and 2) the intensity of the solar wind charge exchange (SWCX) emission.
Binning was done by using the Ftool grppha and the data was grouped
with a minimum of 100 counts per channel for the first spectral fit. For
the spectral fitting process of multiple regions which are linked, the task
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Figure 5.1: Temporal filtering results for the MOS1 detector. The upper panel plots
the light curve histogram derived from the smoothed light curve for the 2.5—8.5 keV band
from the field-of-view (FOV) and the blue vertical lines show the range for the Gaussian
fit, the green curve shows the Gaussian fit, while the red vertical lines show the upper
and lower bounds for filtering the data, the middle panel displays the 2.5 — 8.5 keV band
FOV light curve, and the lower panel displays 2.5 — 8.5 keV band light curve from the
unexposed corners of the instrument. In the bottom two panels green points indicate
accepted data while black points indicate data excluded by the filtering algorithm.

proton scale from version 20.0 of XMM-SAS was used to average total
soft proton intensity from the detector map for a specified region. The
older version was called for this task as the 21.0 version’s protonscale
was found faulty for my case.

With the areas determined by the proton_scale, an XSPEC model was
used to fit full-field (excluding point sources) spectra. The cosmic X-ray
background, the instrumental lines, the solar wind charge exchange and
the residual soft proton flares are fit to the data. With the fitted values
of the SP component from XSPEC, the task proton is used to produce
images in detector coordinates of the model residual SP contamination.

5.1.3 Modelling and Fitting with XSPEC

The reduced spectra were modelled and fit using XSPEC (Arnaud [1996]).
XSPEC is a general X-ray spectral-fitting program with a wide range of
theoretical models and the options to easily add these models together.
The different models used for the fits were vnei (variable non-equilibirum
ionisation) model for the ejecta, apec (Astrophysical Plasma Emission
Code) model for the background, and TBabs and TBvarabs for the ab-
sorption by the intervening ISM.

In our observation, the x-ray ejecta undesirably entered a chip gap in
the pn detector. Consequently, in addition to the spectral analysis per-
formed on the combined mos1, mos2 and pn, a separate spectral analysis
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was performed using a data combination that excluded the pn detector
(Fig 5.2).
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Figure 5.2: The regions used for spectral analysis, indicated on the three-color XMM-
Newton images where the red layer is the X-rays in the range 300 eV - 700 eV, green 700
eV - 1100 eV and blue 1100 eV to 1500 eV. The combined images are shown for (a) MOS1,
MOS2, and pn detectors, and (b) MOS1 and MOS2 detectors only.

For the spectral fitting of the ejecta, a background fit was also re-
quired, and these regions are marked in Fig 5.3, where region marked as
1 is the background region used for the first fit and the region marked as
2 is the region used for the latter fit. The following chapter will explain
the first (Fig 6.5) and latter (Fig 6.6) fits in detail.

The background regions used for different fits

Declination
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Figure 5.3: The regions from which the background was fit for the x-ray spectra,
marked in the three-color image of XMM-Newton.

5.1.4 eROSITA

Other than the dedicated observation from XMM-Newton, the data from
extended Roentgen Survey with an Imaging Telescope Array (eROSITA)
(Predehl et al. [2021]; Sunyaev et al. [2021]) was also helpful, particularly
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in the primary detection by Zangrandi et al. [2024]. This X-ray telescope
conducts all-sky survey in the medium X-ray energy band (0.2-10 keV).
Zangrandi et al. [2024] applied a Gaussian gradient magnitude (GGM)
filter, which calculates the magnitude of the gradient of an image using
Gaussian derivatives, on the eRASS:4 images.

5.2 Optical

The optical data in this thesis is from Magellanic Cloud Emission Line
Survey (MCELS) (Smith and MCELS Team [1999]) supplemented by the
narrow-band filters H o (\. = 65634 , FWHM = 30 A), [S11] (\. = 6724A,
FWHM = 50 A) and [O111] (\. = 5007A, FWHM = 50 A). I used continuum-
subtracted images around the emission lines. These images were taken at
the University of Michigan (UM) Curtis Schmidt telescope at Cerro Tololo
Inter-American Observatory (CTIO).

5.3 Radio

The radio continuum data from the Australian Square Kilometre Array
Pathfinder (ASKAP), in particular, the publicly available four-pointing mo-
saic of the LMC is also used in the thesis. The radio-continuum image
covers 120 deg? at 888 MHz. The sensitivity of the map at 888 MHz is 58
pJy beam~! (Filipovi¢ et al. [2022]).

The Magellanic Mopra Assessment (MAGMA) (Wong et al. [2011]; Wong
et al. [2017]) data is used to locate the molecular clouds in the LMC.
MAGMA is a CO mapping survey of the Large and Small Magellanic
Clouds using the 22-m Mopra Telescope of the Australia Telescope Na-
tional Facility. For the LMC, the angular resolution was 11 pc in the
CO(1-0) line. This can resolve only the large giant molecular clouds.
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CHAPTER 6

The Supernova Remnant J0506-
7009

This section presents a detailed analysis of the subject SNR of this study.
The thesis will first introduce its host galaxy, the Large Magellanic Cloud
(LMC), providing a context for its formation and evolution, and then
present the spectral analysis and discuss the SNR. Subsequently, the
thesis will delve into the immediate environment surrounding the SNR,
examining the characteristics of the interstellar medium in its vicinity,
including its presence within a superbubble and its proximity to massive
stars. This analysis is crucial for understanding the physical processes
that shape the remnant and interpreting the observational data.

6.1 The Large Magellanic Cloud

The Large Magellanic Cloud hosts our subject SNR. The LMC is a satellite
galaxy of Milky Way galaxy, at a distance of ~ 50 kpc from our solar
system (Pietrzynski et al. [2019]). Compared to our Galaxy, the gas-to-
dust ratio is ~ 4 times higher(Koornneef [1982]) and the metal abundance
~ 3 —4 times lower(Rolleston et al. [2002]). Zangrandi et al. [2024] reports
a total of 77 confirmed SNRs in the LMC along with 47 candidates.

6.2 The Supernova Remnant

The SNR J0506-7009 is located at RA = 05" 06™, Dec = —70° 09’ (J2000.0).
The eROSITA observation of the area including the subject SNR is shown
in figure 6.1 and the SNR as observed by MCELS is presented in Figure
6.2. The contours marked in the MCELS data are S11/H « > 0.67. This in-
dicates a shocked nebula (Fesen et al. [1985]). Furthermore, we see radio
emission (Figure 6.3) corresponding to the elliptical forward shock in the
optical emission, which also indicates a SNR. After the blast wave passes
through a cloud as it expands to the ambient medium, the shocked inter-
stellar material cools down. This cooling can be seen as optical emission
in older remnants (Fesen et al. [1985]). Figure 6.4 shows the remnant as
seen in eROSITA, MCELS and ASKAP with contours marking dominant
X-ray emission, shock or non-thermal emission. The figure is taken from
Zangrandi et al. [2024]. Here, for the second image, Gaussian gradient
magnitude (GGM) filter is applied to the eROSITA count rates. Therefore,
the X-ray spectrum was fit with the source modeled as an SNR. It should
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be noted here that the estimation of the forward shock from the optical
was by eye. We not only see the elliptical shell, but also a circular shell,
which is marked in Figure 6.2. This circular shell is assumed to be the
forward shell of the remnant in the calculations later-on. Makarenko
et al. [2023] explains how [S11] lines traces the thin shell of the forward
shock.

SNR J0506: 7009 in eROSITA flux map
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Figure 6.1: SNR J0O506-7009 as seen by eROSITA

SNR J0506-7009 in the MCELS composite optical image (RGB =Ha [Sii] [Oiii]) SNR J0506-7009 in the [Sii}/Ha ratio map of MCELS
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Figure 6.2: The SNR in MCELS data. (a) The three-color image from the MCELS data
is a superposition of Ha emission in red, [S11] in green and [O111] in blue. The X-ray
emitting region used for the spectral analysis is marked in yellow and the visually fitted
optical extent of the SNR in cyan. The contours marked in the MCELS data (b) are [S1]]
/ Ha ratio > 0.67.

Figure 6.3 shows the region of X-ray emission used for the first spec-
tral analysis and the figure 6.5 is the best fit for this emission. The fit
results are tabulated in 6.1.

10506-7000

SNR J0506-7009 in the MCELS Data SNR J0506-7009 in the MCELS Data
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Figure 6.3: The region of the SNR used for the first X-ray analysis.
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eROSITA — GGM MCELS ASKAP
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Figure 6.4: The eROSITA count rate three-colour image with red: 0.2-0.7keV, green:
0.7-1.1 keV, and blue: 1.1-5.0keV; the GGM filter image applied to the eROSITA count
rate; the MCELS three-colour image with red: H «, green: [S11], and blue: [O111]; and the
ASKAP radio continuum image in the upper panel, in order from left. The white ellipses
shows the area of higher X-ray emission from whoch the count rates were determined.
The cyan (red) contours in the eROSITA three-colour image show the detection at 1 ¢
(30) over the background in the energy band 0.2-1.1 keV. The contours in the optical
image represent [S11]/Ha > 0.67. The contours in the radio image show the non-thermal
emission calculated. Figure from Zangrandi et al. [2024]
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However, we see that this X-ray emission extends into a circular struc-
ture in the MCELS (6.5). Therefore, separate fits were done for this region
split into two, based on this structure seen in the optical wavelengths
(7.2). The processed spectra were fit using c statistics (Fig. 6.6) and the
fit results are tabulated in table 6.2. First the region a was fitted and then
the same model was used to fit b, allowing only the absorbing foreground
Hydrogen density(/Ny) to be free. Hence, only the fit results of region a
are shown here. Three fits were made — a: freezing neither Oxygen nor
Iron abundances, b: freezing Oxygen abundance to the observed LMC
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Parameter Value

H column density (units) < 0.022 - 10%*
Temperature kT (keV) 0.7670.05
Iron abundance (X/X) 0.78%5%

Ionization timescale 7 (10''s/cm?®) > 1.35- 10!

Normalization K (107¢/cm®) 474758210705

Table 6.1: The first fit data.
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Figure 6.6: The spectra and the fit for the region a.

ISM average of 0.21 Z, (Maggi, P. et al. [2016]) and c: freezing Oxygen
abundance to the generalized LMC average 0.5 Z; (Russell and Dopita
[1992]). The values of absorbing Hydrogen column density Ny could not
be well constrained for the region a and hence was frozen to 0.00 cm—2.
The absorbing Hydrogen column density Ny of the region b is 0.8870%)
x10*> cm~2. This suggests the presence of a Hydrogen dense nebula in
the foreground of the remnant, and the X-ray emission of region b is ei-
ther part of the region a and is absorbed by the cloud, or is a different
source.

The abundance ratio of Oxygen to Iron is signficant in typing the rem-
nant. The [O]/[Fe] abundance ratios are listed in table 6.3. The ratio for
the LMC, [O]/[Fe]Lmc, is 0.60 (Maggi, P. et al. [2016]). As CC-SNe pro-
duce large amounts of light elements, such as O, Ne, Mg, or Si, compared
to a small amount of Fe, and Type Ia SNe predominantly produce Fe,

OIFe] < 1 indicates a Type la progenitor (Maggi, P. et al. [2016]). Ac-

(O)/[FelLmc
cordiﬁg to (Bozzetto et al. [2014]), the O/Fe ratio is expected to be 0.3-0.7
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Parameter (Unit) fit(a) fit(b) fit(e)
Temperature k7" (keV) 0.7615:53 0.7615:55 0.7615:53
Oxygen abundance (X/Xc) 0.75%32 0.21frozen 0.5 rozen
Iron abundance (X/X) < 5.82 1.197033 1.241058
Ionization timescale 7 (10*!s/cm?) > 1.45 > 1.2 > 1.435
Normalization K (107¢/cm?) 13.2 154754 1497762
Fit Statistic (dof) 2082.84(6007) 2056.99(6006) 2054.66(6006)

Table 6.2: Spectral fit results. Uncertainties are estimates of upper and lower 90 %
confidence ranges. The limits couldn’t be constrained for some parameters.

for Type Ia events. Here, the oxygen abundance could not be well con-
strained, but the estimated abundances indicate that the SNR studied
here is likely to be from a Type Ia SN explosion. To provide a better feel-
ing on what abundance ratio to expect in either case, I derived this ratio
for LMC SNRs having a well secured type (Table 6.2).

[Ol/[Fel e

[Ol/[FelLmc
LMC  0.60 1
Fita <0.72 < 1.2
Fit b 01823  0.3+011
Fitc 0407015 0.67%02

Table 6.3: Abundance ratios of O and Fe

An ionization timescale in the order of 10''s/cm?® indicates that the
SNR is in Sedov phase. With the radii from the images and the estimated
normalization factor, the mass of the X-ray emitting region, the age of the
remnant and the shock velocity were calculated (Leahy et al. [2024]). The
radius R is given by

R =D -tan(f)pc (6.1)

where R is the radius in parsecs, D is the distance in parsecs, and 6 is the
angular size in radians. The distance to LMC is 49.59 4+ 0.09(statistical) &+
0.54(systematic) kpc (Pietrzynski et al. [2019]). So, D = 49.59+0.63 is taken
for the calculations.

The normalisation factor K is given by

10"
=1 D? -/neanV (6.2)

where f n.ng dV is the emission measure. Therefore, the emission mea-
sure EM is given by

EM = K - (47D?) - 10"*em™°. (6.3)

Now, the ambient hydrogen density is estimated using the ratio of the
electronic density to the ambient hydrogen density ;= = 1.21 (Warth,
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SNR O Fe O/Fe
Type Ia
J0508-6830 0° > 1.1 -
J0508-6902° 0° > 2.01 —
J0511-6759 0° 11.4 -
J0534-6955 0.14 4 0.01 3.4 0.41
J0534-7033 — 1.26 —
J0547-6941 0.261032 2.3 0.11
cc

J0526-6605 0.30 0.41 0.73
J0535-6602 0.23 0.28 82
J0536-6735 1.57 0.04 39.25
J0453-6829 0.17 0.28 0.61

J0506-7009™W 021 <x <420 186 <z <582 0.13<z<0.72

Table 6.4: O and Fe abundances (X/X) of various SNRs in the LMC. ® Values from
Bozzetto et al. [2022]. W This work. Else, values from Maggi, P. et al. [2016]. “The
abundance is pegged at zero.

Gabriele et al. [2014]). Also, the swept-up X-ray emitting mass M, is
calculated as (Pannuti et al. [2014])

M, = fmgngV,. (6.4)

The filling factor f is assumed to be unity and the volume V, considered
here is the volume of the X-ray emitting ellipsoid. my is the mass of the
hydrogen nucleus, 1.67 x 1072* g. We find that M, = (1.09 &+ 0.6) x 103! g,
which is (5.5 £ 3) M.

The age is given by

R 2
t=| ————=| -10%ears. (6.5)
(14 (2)Y 5)

We assume an initial explosion energy of 1-10°! ergs. From the HI
density contours of the LMC presented in Mathewson and Ford [1984],
the location of the SNR in the LMC is expected to have an HI surface
density less than 1 -10%! and above 4 - 10*atoms/cm?. Coherently, in the
HI column density image of the LMC in Kim et al. [2003], where the in-
tensity range is 0 to 6 x10?'H — atomem ™2, the location of the SNR has
negligibly low counts. Therefore, a HI density of 1 x 10*cm~? is assumed.
Further, assuming a uniform distribution of this particle surface density
over the thickness of 360 pc (1.111 x 10*cm ) (Kim et al. [1999]), which
is the diameter of the shell, the ambient particle density is calculated
as Nege = 0.9atoms/cm?®. But, Kim et al. [2003] calculates a mean ambi-
ent particle density ng;, = 2. It is noted that the SNR is located further
away from the centre of the super bubble, and that the diameter as the
thickness is an over-estimate.
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Now that we have the age ¢ and the radius R, we can estimate the

shock velocity using

2R
Vs = —
5t

where v, is the shock velocity.
These results are tabulated in Table 6.5

(6.6)

(3.89 4 0.779) x 10 cm

(4.734+0.95) x 10! cm

Effective X-ray Radius 12.62 £ 2.345 pc
Semimajor Axis 15.33 £ 3.07 pc
Semiminor Axis 9.91 £ 1.98 pc

(3.06 4 0.61) x 10! cm
Volume (X-ray emitting region) (1.85 4 0.829) x 10° cm?

Forward shock Radius 25+£5 pc
Emission Measure (EM) (4.23709%) x 10°6 cm—6
Hydrogen Density (ny) 0.035 4 0.012 cm ™
X-ray emitting mass 5.5 £ 3.08 Mg
Age (n =10.9) 41000 £ 2000 years
Shock velocity (n = 0.9) 240 + 50 km/s
Age (n = 2.0) 61000 £ 3000 years
Shock velocity (n = 2.0) 160 + 33 km/s

Table 6.5: Characteristics of the SNR

6.3 The Environment

The SNR is located in a super giant shell tabu-
lated as SGS4 in Kim et al. [2003]. In addition,
it is located in the region mentioned as SGS LMC-
8 in Meaburn [1980] (figure 6.7). To mark this
SGS LMC-8 region in the Ho map, the NASA/IPAC
Extragalactic Database was used to convert the
B1950 coordinates to the J2000 coordinates. The
dimensions of the SGS LMC-8 were given in par-
secs, which were converted to degrees assuming

that the authors would have used a distance of 50 Figure 6.7:

The Super

kpc to the LMC. Also, the complete circle as in the Gjant Shells hosting the
figure (red) was not marked in Meaburn [1980], but remnant (blue).

an arc that would be a north-east segment on this

circle. Meaburn [1980] identified this region as a potential supergiant
shell as filaments were not detected around their complete circumfer-
ences. According to the SIMBAD catalog, there are interstellar media,
H-II regions, molecular clouds, young stellar objects, white dwarf candi-
dates and a post-AGB star candidate identified in the vicinity of the SNR

(figure 6.8).
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Figure 6.9: The molecular cloud complex indicated by CO intensity map. a: MAGMA
CO integrated intensity. The regions of high CO intensity marked in (b) the three-
color XMM-Newton image (R:0.3 — 0.7 keV; G:0.7 — 1.1 keV; B:1.1 — 1.5 keV),(c) in three-
color MCELS image (R:Ha; G:[S11]; B:[O111]), (d) in IR map by SPITZER and (e) in radio
continuum observed by ASKAP.

The Objects around SNR J0506-7009 in the Ha map of LMC The red crosses tOW&rdS the
T T ey, T bottom of the green region are
two ISMs, the blue M mark
molecular clouds, the magenta
H mark H-II regions, Y mark
young stellar objects and the
yellow P marks a post-AGB star
candidate.

Analysing the MAGMA CO
luminosity map indicates a re-
gion of high CO intensity near
the SNR. This is marked in
figure 6.9. It is likely that
the SNR interacts with this
dense region, as the bound-
aries of the X-ray ejecta and
the CO intense cloud coin-
cide. Fukui et al. [2008] lists
a small molecular cloud at
RA = 05"06™,Dec = —70°10’
(J2000.0). The X-ray morphology of an SNR is believed to be affected by
the interaction with dense clouds (Rho and Petre [1998]). The X-ray emis-
sion and the CO intensity contours (Fig 6.9) agree to this influence. Op-
tical emission with low S11/Ha correlates only with the absence of X-rays
in the south-west of the remnant’s X-ray emission (Figure 6.2), where
this molecular cloud is reported. In the MCELS three-colour composite
image, we see a circular region at this location. It is interesting how the
region of high Ha emission coincides with a dense molecular cloud.
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Figure 6.8: Objects around the remnant.

6.4 Typing of the SNR

The metal abundances, morphology and neighbourhood are important
indicators of the type of the explosion. Here, the [Fe] abundance and
[O]/[Fe] abundance ratios favor a Type la explosion. The estimated x-ray
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emitting mass also supports this possibility. However, the mass estimate
from the fit with its wider range of uncertainty inhibits from making a
conclusive statement.

The molecular cloud complex hinted by intense CO emission lines
and IR data by SPITZER shows spatial anti-correlation with the SNR.
The proximity of a molecular cloud indicates a CC scenario (Slane et al.
[2016]; Makarenko et al. [2023]). Jiang et al. [2010] lists 64 galactic
SNRs (34 confirmed ones, 11 probable ones with strong evidence but not
conclusive yet, and 19 possible ones yet to be determined with further
observations) that are in physical contact with MCs, of which only one is
a known Type Ia SNR.

The X-ray emitting source region is nearly circular and mirror-symmetric.
This can be seen in the X-ray image produced by combining only mos1
and mos2 detectors, as the edge of the source falls in the chip gap of the
pn detector. Peters et al. [2013] infers statistically that Type Ia SNRs are
more circular and mirror symmetric than the CC SNRs. However, there
are many counterexamples to this pattern. The spatial anti-correlation
with the clouds hints at a possible interaction between the clouds and
the remnant, and this could have significantly affected the shape of the
remnant.

In the optical images (Figure 6.2), near the x-ray emitting SNR region,
centered at RA = 05" 06™, Dec = —70° 10’ (J2000.0), a unique region is seen
(Figure 7.1). This can be seen as a dark circle in the S11/H « image (Fig.
6.2 (b)) or as an orange circular region in the MCELS composite RGB
image (Fig. 6.2 (a)). The author found this interesting to investigate into
what is happening in this region, calling it region SW (Figure 7.1).
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CHAPTER 7

The Neighboring Region J0506-
7010

J0506-7010 in the MCELS Data

08:00.0

Declination
-70:10:00.0

12:00.0

07:00.0 30.0 5:06:00.0 05:30.0

Right ascension

Figure 7.1: Region SW in the MCELS three-color image.

The first assumption about the region SW was that it is masking the x-ray
emission from the ’tail’ of the SNR, as we see still fainter x-ray emission in
region b (Figure 7.2). With high Ha emission, this could be an H1II region.
By assuming the distance to this object to be the distance to the LMC
(49.59 + 0.63 kpc), the radius, and the shape to be spherical, the volume
are estimated and listed in Table 7.1.

Radius 16.44 + 3.29 pc
(5.07 +1.01) x 10" cm
Volume (5.47 +2.45) x 10 cm?

Table 7.1: Radius and Volume of the Orange object

This region SW has no peculiar x-ray emission in the XMM-Newton
observation, but apparently a portion of the SNR’s x-ray emission is cov-
ered by this region. This region, the region b (Fig 7.2), is studied for its
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Figure 7.2: The regions from which the x-ray spectra were analysed, marked in the
three-color images of XMM-Newton (left) and MCELS (right).

The lines used for the PV diagrams
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Figure 7.3: The lines along which the PV diagrams were generated for the region SW.

x-ray emission, freezing the parameters to the fitted values of region a
(fit (c)), except the absorbing hydrogen density, Ny, of the xspec model
TBVarabs. The hydrogen densities of both regions are compared in Table
7.2. The difference in the absorbing Hydrogen density, ANy, estimated to
be (0.840.1)-10*> cm~2, indicates the higher hydrogen density of the small
region in the orange object. Although the hydrogen density of an H1I re-
gion need not necessarily be uniform, this hints at the Hydrogen density
of the region SW region. Table 7.2 also shows that the x-ray luminosity
is affected by the region SW. These suggest that the region SW is dense
in Hydrogen and is positioned in front of the SNR. This region was fur-
ther investigated by using the published H1 velocity data from Kim et al.
[2003] observed with ATCA and Parkes telescope. The position-velocity
(PV) diagrams of this region was generated to check for characteristic
gaps or cavities (Figure 7.4). The lines along which the PV diagrams are
generated are shown in Figure 7.3. No characteristic signatures of an
H1I region was observed in this data cube, refuting the possibility of the
region SW being an H1I region.
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Figure 7.4: The PV diagrams of the region SW generated from the H1 Parkes data.
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[SH/[OIN] ratio map
;I"- s w. (e -

08:00.0

-70:10:00.0

______

12:00.0

07:00.0 30.0 5:06:00.0 05:30.0

13 39 91 195 404 817 1639 3300 6583

Figure 7.5: The ionisation structure shown by the [S11]/[O 111] ratio.

Pellegrini et al. [2012] present a modern development, demonstration
and application of ionisation parameter mapping (IPM) to assess the op-
tical depth of H1I regions. A low [S11/0111] ratio indicates highly ionised
medium and a high [S11/0111] ratio indicates a sharp transition in the
ionisation. Figure 7.5 shows the continuum subtracted log [S11/O111] ra-
tio map of this region. This ionisation structure reveals that the region
SW is ionised and a partial shell of sharp ionisaton transition. However,
this does not show a distinct structure and suggests negation to the pos-
sibility of region SW being an H I region.

Region Luminosity (103* erg/s) Ny (10%? cm™2)
Unabsorbed Absorbed Difference AL

a 1.251999 1.051000 0.20 <0.08

b 2.01+9:99 0.7075:51 1.31 0.88%009

Difference 0.76 —0.35 0.8+0.1

Table 7.2: Luminosities and equivalent H densities of regions a and b

Two massive stars and three young stellar objects (YSOs) were found
in this region (Fig 7.6). One YSO was outside the region, but quite close.
These are the two stars seen between the evolutionary tracks of 7 and 9
M in the color magnitude diagram (CMD) (Fig 7.7) plotted on the stellar
population from Zaritsky et al. [2004]. This CMD was plotted using the
MESA Isochrones and Stellar Tracks (MIST) (Dotter [2016]; Choi et al.
[2016]; Paxton et al. [2011]; Paxton et al. [2013]; Paxton et al. [2015]).
With this number of existing massive stars, the initial mass function (Fig
7.8) was estimated using the Salpeter model (Salpeter [1955]) and thus
the star formation history (SFH) too. The SFH reveals the existence of
three massive stars (> 8 M) in this region. These numbers reinstate the
possibility of this region being an H1I region.
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The Massive Stars and YSOs in the Region J0506-7010
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Figure 7.6: The massive stars (black cross) and YSOs (blue Y) in the region SW marked
in the three-color image from the MCELS data, a superposition of Ha emission in red,
[S11] in green and [O111] in blue.
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Figure 7.7: Left: CMD with Geneva isochrones (Z = 0.008). Right: CMD with MIST
evolutionary tracks (1-9 Mg).
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Figure 7.8: IMF fitted to the Salpeter model (AN/dM o M ~2:3%).
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CHAPTER 8
Summary, Conclusion & Outlook

The motivation of this thesis was primarily to get a better understanding
of the X-ray loud object at RA = 05"06™, Dec = —70° 09’ (J2000.0), which
was confirmed by Zangrandi et al. [2024] as a SNR. The S11/Ha ratio
confirms the region is shocked (Chapter 6). The main part of this thesis
is the XMM-Newton analysis of the remnant (Chapter 5,6). The X-ray
spectra was modeled with various XSPEC models where the ejecta was
modeled using vnei model. The fit reveals a thermally ionised plasma and
an Iron abundance higher than the average value for the LMC (Chapter
6). A comparison with the optical images estimates it to be old (41000£2000
years). The age, shock velocity (240 + 50 km/s), ionisation time-scale (2
1 x 10" s/cm?) and radio emission suggests that the remnant is likely
at the end of the Sedov phase (Woltjer [1972]). The calculations hint
that the progenitor star was likely massive. The metal abundance ratios
favor a core-collapse scenario for the origin of the remnant. An X-ray
observation with a higher resolution that can better constrain the metal
abundances, particularly, the abundances of Fe with O, Mg or any other
alpha elements, can be useful in securely typing the remnant.

The H o emission map suggests an HII region neighbouring the rem-
nant. This region was investigated using the HI1 map and [S11]/[O 111] ratio
map, both of them refuted the possibility of this structure being an H1I
region. The X-ray data and fit suggests that this structure is absorbing
the X-ray emission from the remnant. Further, a color magnitude dia-
gram was plotted for this region and the IMF estimated. These suggest
the existence of three massive stars, two of which are still alive (Chap-
ter 7). A detailed analysis of this region will help to confirm if this is
an HI1I region or not. The proximity of the likely HII region along with
proximal massive stars favors a core-collapse scenario. A detailed study
of this region in the IR and a better understanding of the dust and the
magnetohydrodynamics of this region will be insightful.

MAGMA data suggests a molecular cloud having apparent spatial anti-
correlation with the X-ray ejecta of the SNR (section 6.3). This proximity
also favors a core-collapse scenario. It is highly likely that the X-ray
morphology was shaped by interaction with this cloud complex. An ob-
servation of this region in higher energies (v rays) can show if particles are
accelerated at this shock front, and confirm the interaction. Or an X-ray
observation with good sensitivity in the > 6 keV range can tell us about
non-thermal X-rays which we expect in an SNR-MC interaction. Suzuki
et al. [2024] and Morikawa et al. [2025] proposes that the interaction of
particles formed in the SNR shell with clouds can result in a neutral iron
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line emission at 6.4 keV. Also, OH maser emission line at 1720 MHz can
be a tracer of the remnant’s shock expanding into the molecular cloud
(Yusef-Zadeh et al. [2003]).

With a bright H o region, a molecular cloud complex, YSOs and mas-
sive stars nearby, and being in a superbubble, a detailed study of the
interactions around this SNR alone can tell us significantly more about
how influential a star is. In essence, the field-of-view of this XMM-Newton
observation is particularly interesting, but the resolution was limiting. A
detailed multi-messenger analysis can give us a significantly better un-
derstanding of the universe.
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