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Abstract

When stars reach the end of their lifetime some of them explode in a supernova. The
remainders of these violent explosions are so called supernova remnants (SNRs). Depend-
ing for instance on the type of the supernova, the density and distribution of the ambient
medium, and the time that has passed since the explosion the morphology of the super-
nova remnant shows different characteristics. Therefore, these remainders can give hints
about the composition and the properties of their progenitors before their death. Super-
nova remnants can be observed in all wavelength bands — from the radio and infrared via
optical and UV light up to X-rays and v-rays. X-ray emission provides insights into the
extreme conditions inside a supernova remnant.

The latest mission that performs an all-sky survey in the X-ray regime is the eROSITA
mission which was launched in July 2019. During its all-sky survey phase it will cover
many supernova remnants and will allow to further investigate these objects. Predictions
for this mission so far mainly concentrated on point-like sources and extended sources like
supernova remnants were not in the focus of these studies. Therefore, the aim of this
thesis is to investigate two supernova remnants in prospect of the eROSITA mission and
to give first insights into the visibility of SNRs by eROSITA. Before going into a detailed
analysis the theory behind supernovae and supernova remnants as well as the principles
of X-ray telescopes will be explained. In order to be able to predict the results of the
eROSITA all-sky survey phase regarding supernova remnants it is necessary to study the
basic properties of a supernova remnant. For this task the Galactic SNR 1006 was chosen.
Due to its position above the Galactic plane in a relatively clean environment it is possible
to derive an undisturbed description of a supernova remnant. The information on the
properties of the supernova remnant 1006 obtained from the analysis of XMM-Newton
data will then be used as an input for simulations of this object during the eROSITA
all-sky survey phase.

Finally, a calibration observation of the supernova remnant N132D located in the Large
Magellanic Cloud which was obtained at the beginning of the eROSITA mission will be
investigated. This study allows to evaluate the performance of the eROSITA instrument
regarding supernova remnants during a pointed observation instead of an all-sky survey
observation. Furthermore, this analysis will give hints on the visibility of supernova rem-
nants and the ability to determine their properties during the all-sky survey phase of the
eROSITA mission.



Zusammenfassung

Manche Sterne explodieren in einer Supernova, sobald sie das Ende ihres Lebens erreicht
haben. Die Uberreste einer solchen Explosion werden Supernova Uberreste genannt. In
Abhéngigkeit von beispielsweise dem Typ der Supernova, der Dichte und der Verteilung
des umliegenden Materials oder der Zeit, die seit der Explosion vergangen ist, weisen
Supernova Uberreste eine unterschiedliche Gestalt und Form auf. Aus diesem Grund
konnen sie Hinweise auf die Zusammensetzung und die Eigenschaften der Sterne geben, aus
denen sie entstanden sind. Supernova Uberreste konnen in allen Wellenlingen-Bereichen
beobachtet werden — von Radio und Infrarot {iber optisches und UV-Licht bis hin zu
Rontgen- und Gammastrahlung. Die Emission im Rontgenbereich erlaubt Einblicke in die
extremen Bedingungen im Inneren eines Supernova Uberrests.

Die neueste Mission, die eine komplette Durchmusterung des Himmels im Roéntgenbe-
reich durchfiithrt, ist die eROSITA-Mission, welche im Juli 2019 gestartet wurde. Wahrend
der Phase, in der sie den kompletten Himmel abscannt, wird sie viele Supernova Uberreste
beobachten und es so ermoglichen, diese Objekte weiter zu untersuchen. Bisherige Vorher-
sagen flr diese Mission hatten sich meist auf punktférmige Quellen konzentriert, wes-
halb ausgedehnte Objekte wie Supernova Uberreste nicht im Fokus ihrer Studien standen.
Deshalb ist das Ziel dieser Masterarbeit, zwei Supernova Uberreste im Hinblick auf die
eROSITA-Mission zu untersuchen und erste Einblicke in die Sichtbarkeit von Supernova
Uberresten durch eROSITA zu geben. Zu Beginn werden die Theorie hinter einer Su-
pernova und ihrem Uberrest ebenso wie die Grundprinzipien von Rontgenteleskopen er-
klart. Um Vorhersagen iiber die Ergebnisse der Himmelsdurchmusterung von eROSITA in
Bezug auf Supernova Uberreste treffen zu kénnen, ist es notwendig, die Eigenschaften eines
solchen Objektes zu studieren. Dafiir wurde der galaktische Uberrest 1006 ausgewahlt, der
es aufgrund seiner Lage oberhalb der galaktischen Ebene in einer relativ reinen Umgebung
erméglicht, eine ungestérte Beschreibung eines Supernova Uberrests zu erzielen. Informa-
tionen iiber seine Eigenschaften wurden anhand der Auswertung von XMM-Newton-Daten
erhalten und werden als Input fiir die Simulationen dieses Objekts fiir eROSITA dienen.

AbschlieBend wird eine Kalibrationsbeobachtung des Supernova Uberrests N132D ana-
lysiert, welcher sich in der Groflen Magellanschen Wolke befindet. Die Auswertung dieser
Beobachtung, die zu Beginn der eROSITA-Mission durchgefithrt wurde, erlaubt es, die
Leistungsfihigkeit des eROSITA-Instruments in Bezug auf Supernova Uberreste anhand
einer gezielten Beobachtung anstelle eines Himmelsscans zu beurteilen. Dadurch gibt
die Auswertung dieser Beobachtung Hinweise auf die Sichtbarkeit von Supernova Uber-
resten und die Moglichkeit, ihre Eigenschaften zu bestimmen, wiahrend der Himmelsdurch-
musterungsphase der eROSITA-Mission.
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1 Introduction
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Figure 1.1: The atmospheric window (taken from https://i.stack.imgur.com/p8dDO.
png; accessed on 2020 April 4). Only the emission of some wavelength bands
reaches the Earth’s surface. Others like X-rays are blocked by the atmosphere.

Astronomy is not only fascinating a small number of experts but also a large number of
laymen. Thinking of astronomy the first thing that comes to someone’s mind is the night
sky with its multitude of stars. Although it is not visible in the night sky the most well
known star is our Sun. This picture will be followed by an image of the Earth, our planet.
Continuing these thoughts even further might lead to black holes, the probably most
famous extremes of our universe. But there are more extreme objects like an explosion of
a star, a so called supernova. The remainder of such an explosion, a supernova remnant,
can give hints on the composition and properties of the star before its death. These objects
can be studied in all wavelength bands from radio via infrared, visible light, and UV to
X-rays and ~v-rays. The extreme conditions inside supernova remnants are investigated
best in X-rays. However, unlike the situation of radio and visible light it is not possible to
observe X-ray emission from the Earth’s surface. As visualized in Fig. the atmospheric
opacity varies as a function of the wavelength. In particular X-ray emission is blocked by
the atmosphere and does not reach the Earth’s surface. Therefore, it is necessary to place
X-ray telescopes above the Earth’s atmosphere in space. In this thesis two X-ray telescope
missions are presented which were used to study the properties of two supernova remnants
and to predict the possibilities of the most recently launched X-ray telescope mission in
the prospect of supernova remnants.


https://i.stack.imgur.com/p8dDO.png
https://i.stack.imgur.com/p8dDO.png
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The thesis is structured as follows: at first the theory of supernovae and supernova
remnants is explained in chapters [2] and [3] respectively. This is followed in chapter [ by
an introduction to the working principle of X-ray telescopes and an overview of the two
missions (XMM-Newton and eROSITA) of which observations were analyzed. Chapter [5]
describes the data analysis of the first supernova remnant, SNR 1006, studied in this
thesis. The results of this analysis were used to perform simulations of that remnant for
the recently launched X-ray telescope mission eROSITA in chapter[7] Before the results of
the simulations are presented, chapter [f] gives an introduction to the simulation software.
Finally, in chapter §| a calibration observation of the second supernova remnant, the LMC
SNR N132D, taken by the new instrument was analyzed. The major results of the work
presented in this thesis are summarized in chapter [9}



2 Supernovae

Even few hundreds of years ago the sudden appearance and fading of very bright objects
on the sky has been observed. These objects can reach luminosities up to those of galaxies,
which can be nicely seen in Fig. where the images of two photo plates are shown. In
the earlier taken plate on the left a galaxy is visible, whereas in the right image also a new
source can be seen with a luminosity comparable to that of the galaxy. Nowadays, we know
that these phenomena mark the end of the lifetime of stars and we call them supernovae
(SNe). Supernovae play an important role in our understanding of the universe. They give
insights in the chemical evolution of the universe, are an important energy source for the
interstellar medium (ISM), and some special types of them can be even used as standard
candles in cosmology. Since these events are quite rare, only 2—3 events per century occur
in a typical spiral galaxy like the Milky Way. Their remainders, the so called supernova
remnants (SNRs), reveal details about the explosion mechanism and probe the immediate
surroundings of the SN. In addition, they allow to study collisionless shocks and particle
acceleration (Vink, |2012). But what exactly are supernovae? And how are they created?

C 14 Hisis22
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e —
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Figure 2.1: Comparison of plates for SN1999d. The supernova was discovered on 1999
May 29 by the Lick Observatory Supernova Search. The left image shows the
host galaxy observed in 1996, whereas the right image was taken in June 1999.
The bright new source is a supernova of Type Ia (taken from Vitale, 2004, but
image property of Pedro Re).

Supernovae are caused by the explosion of stars. Historically, one distinguished two
types of SNe called Type I and Type II (see Fig. . This distinction goes back to
Minkowski (1941) and is based on optical observations. SNe without hydrogen in the
spectrum were classified as Type 1. Consequently, those showing hydrogen in their spectra
where classified as Type II. These classes are further subdivided into Type Ia showing
silicon absorption lines and Type Ib and Ic, which both do not show silicon absorption
lines. The difference between Type Ib and Ic is that Type Ib supernovae show helium
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Figure 2.2: Classification of SNe (taken from 2012).

absorption lines in their spectra, whereas Type Ic SNe do not. Supernovae of Type II
can be subdivided based on their lightcurves into Type IIP (plateau), Type IIL (linear
lightcurve), and Type IIb, which evolves into a Type Ib supernova. There is one more
type which is not listed in Fig. the Type IIn SNe. This type is characterized by
narrow hydrogen emission lines, which are thought to come from a dense circumstellar
environment. Its place in the diagram is not quite clear (Vink, 2012, Filippenko (1997}
Helder et al., 2012).

According to the explosion mechanism, the current understanding is that there are only
two different types of SNe, namely the thermonuclear SNe and the core collapse SNe. Only
the Type la supernovae belong to the thermonuclear SNe, whereas all the other types are
core collapse SNe (Vink, [2012; Helder et al., [2012).

2.1 Core collapse supernovae

Core collapse supernovae mark the end of the lives of massive stars (M 2 8 Mg) (see
‘Woosley & Janka), 2005, for a review). Once the star reaches the silicon burning phase
and produces iron in its core, its end is near since it cannot gain energy from the nuclear
fusion of iron. The core starts to collapse, either into a neutron star if the degeneracy
pressure of the nucleons is strong enough to balance gravitation, or into a black hole if
it is not and the collapse ends in a gravitational singularity . The amount
of gravitational energy liberated by this process is approximately 10%3 erg. Most of this

energy is released in form of neutrinos (Vink, [2012).
The explosion mechanism works as follows (see, e.g., 2018): The iron core
produced by silicon burning contracts until the electrons become a degenerate gas. Con-

traction becomes even more rapid once the degenerate core’s mass surpasses the Chan-
drasekhar limit (1.4 M) because at this stage the electron degeneracy pressure is not
capable of opposing self-gravity. Two types of instabilities develop. Firstly, electron cap-
ture accelerates the infall of matter, and secondly, the temperature rises unrestrained
due to a low temperature sensitivity of highly degenerate gas. At some point, photons
get energetic enough to disintegrate nuclei, which consumes energy. This loss of energy
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then turns the collapse into almost free fall. This process continues until photons become
energetic enough to break helium nuclei into protons and neutrons. Eventually, the free
protons can capture the free electrons and turn into neutrons. This process absorbs energy
as well as reduces the pressure, making the core collapse continue further. Finally, the
neutron gas becomes degenerate which generates sufficient pressure to halt the collapse.
But this abrupt deceleration leads to some rebound of matter resulting in pressure waves
being sent outwards into the infalling material. The shock wave even gains in strength
due to absorption of neutrinos by the compressed matter. This finally leads to an eruptive
explosion during which the outer layers of the star are expelled. The ejected material
therefore consists mainly of hydrogen, helium, carbon, oxygen, magnesium, silicon, and
sulfur (Irrgang, 2018). As described above the distinction of core collapse supernovae to
some extent was based on the presence or absence of absorption lines of certain elements
in the spectra. For example, the absence of hydrogen and helium can be understood as the
explosion of stars that have lost their hydrogen- and helium-rich envelope as a result of
stellar wind mass loss or through binary interaction (Vink, 2012)). Depending on its mass
the remnant becomes either a neutron star or a black hole. Core collapse SNe have been
observed in arms of spiral galaxies, where the young giant stars are located, but rarely in
elliptical galaxies (Vitalel 2004).

2.2 Thermonuclear supernovae

In contrast to a core collapse supernova the progenitor of a thermonuclear supernova is
not a massive star but a white dwarf (WD). White dwarfs represent the final stage in
the lifetime of non-massive stars (M < 8 Mg). WDs are compact objects characterized
by high surface temperatures and an internal pressure supplied by degenerate electrons.
No nuclear reaction takes place in a WD. Usually, it slowly cools via radiating thermal
energy away (Irrgang, 2018). But white dwarfs in a binary system can accrete matter from
their companion, for instance via Roche-lobe overflow or through stellar winds. Once a
C/0O white dwarf has accreted a critical amount of material it undergoes a thermonuclear
runaway process, which will result in an explosion completely disrupting the progenitor.
This evolution is sketched in Fig. A merger of two white dwarfs leads to the same
result. Since the properties of the progenitor before the explosion are always similar,
SNe of Type Ia can be used as cosmological standard candles (Vinkl 2012)). For this,
an empirical relation between the peak brightness and the post peak decline rate of the
lightcurve can be used (Phillips et al., [1992). Lightcurves of SNe of Type Ia consist of a
fast rise and an exponential decay with a characteristic time of 55 days (Vitale, [2004)). The
determination of distances to SNe of Type Ia also gives evidence that the expansion of the
universe is accelerating. For the discovery of that fact, Saul Perlmutter, Brian P. Schmidt,
and Adam G. Riess received the nobel prize in QOHH Thermonuclear supernovae happen
in all types of galaxies (Vitale, |2004). During the explosion process an energy amount of
105! erg is released. Only 1% of this energy is emitted as visible light. The major part is
available as kinetic energy to blow up the ejected material at a speed > 10" ms~! (Vitale,
2004; Soderberg et al., [2008; Helder et al., 2012).

! https://www.nobelprize.org/prizes/physics/2011/summary/ (accessed on 2019 June 19)
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Figure 2.3: One mechanism to create a Type la supernova starting from a binary system

with two normal stars (taken from |Seward & Charles|, |2010D.




3 Supernova Remnants

Supernova remnants (SNRs) form after a supernova explosion and are a fascinating kind of
astronomical sources. So far, about 300 SNRs in the Milky Way are known (Green, 2019).
Inside the remnants interstellar gas is heated to temperatures of 10 —107 K. Furthermore,
they add heavier chemical elements to the ISM, which were produced inside the progenitors
or during the explosion. In addition, in the shock wave particles get accelerated to highly
relativistic energies. Accelerated electrons produce synchrotron radiation, which makes
SNRs bright radio sources. But they are also visible in other wavelength bands. For
instance, in X-rays the emission of the thermal plasma can be observed. Non-thermal
X-ray emission from electrons can also be detected in some young supernova remnants
(Sasaki, 2019; Helder et al., 2012; Koyama et al., [1995; Vink} 2012]).

3.1 Classification of Supernova Remnants

Naively, one would hope to be able to classify the remnants of supernova explosions in
the same manner as the explosion itself into thermonuclear and core collapse SNRs. But
often it is not possible to determine the origin of a remnant. For young remnants this can
be done via X-ray spectroscopy. Contrary, in old SNRs the emission mainly comes from
shocked interstellar gas, which means one has to rely on secondary indicators. The most
reliable indicator is the presence of a neutron star inside the SNR. In this case, the origin
of the remnant is a core collapse supernova (Vink, 2012)). However, chance alignment has
to be considered as well (Kaspi, [1998)). A second indicator is the location of the remnant.
Massive stars, the progenitors of core collapse SNe, can be found in star forming regions
or in an OB association (e.g. Westerlund} |1969) since they are still quite young when they
end their lives. But this cannot be taken as a proof for such an origin. On the contrary,
a location high above the Galactic plane supports the hypothesis of a thermal SN origin.
An example for that case is SN 1006 (Stephenson & Green, [2002).

These considerations show that it is difficult to establish the supernova origin of an
SNR. Therefore, remnants are classified based on their morphology. The first recognized
classes were shell-type SNRs, plerions, and plerionic composite SNRs. Shell-type SNRs
are characterized by a limb brightened shell which is produced by the blast wave sweeping
up interstellar medium and creating a shell of shock heated plasma (Vink, 2012). Famous
examples of this type are Tycho’s and Kepler’s SNRs or the Cygnus Loop (Schaudel, 2003).

In the case of a neutron star being created in a core collapse SN, it may be expected to
rotate rapidly. Due to this rotation it looses energy, which produces a wind of relativistic
electrons and positrons. This terminates in a shock, where the particles are accelerated to
ultra-relativistic energies. Now the particles can diffuse away from the shock and create
a nebula of relativistic electrons and positrons (Vink, 2012)). These emit via synchrotron
radiation (radio to soft 7-ray bands) and inverse Compton scattering (soft y-ray band to
TeV band) (see |Gaensler & Slane, [2006] for a review). The resulting nebula is called a
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pulsar wind nebula. The most prominent example is the Crab Nebula (Vink, 2012), which
is associated with the supernova of 1054 (Stephenson & Green, 2002)). Since remnants like
this do not exhibit a shell, but only bright central emission, they are called plerions. The
name derives from the Greek word “pleres” which means “full” (Weiler & Panagial, |[1978)).
Pulsar wind nebulae can be found around both young and old pulsars. It is debated if
pulsar wind nebulae should be referred to as supernova remnants since the central emission
is powered by the pulsar wind and not by the supernova explosion (Vink, [2012).

The last traditionally distinguished class are the plerionic composite SNRs. These are
characterized by showing a shell and a plerion in radio as well as in X-rays. Examples for
this class are Kes 75 and Vela (Sasaki, 2019). Here the central emission again comes from
a pulsar wind nebula. Energetic pulsars with ages < 20,000 years are expected to already
exhibit a pulsar wind nebula while they are still surrounded by the supernova remnant
shell (Vink, |2012). Therefore, both the shell and the plerion are visible.

Imaging capabilities of X-ray satellites like Einstein and ROSAT improved the classifi-
cation since the 1980s (Vink} [2012). They revealed that there is another class of SNRs,
called the mixed morphology SNRs (Rho & Petre, 1998)). This type shows a shell-type
morphology in radio but a plerionic one in X-rays (White & Long, 1991; Rho & Petre,
1998)). In general, these supernova remnants are relatively old and are associated with
dense ISM (Vink, [2012) as the central emission comes from shocked clouds or, sometimes,
also from a pulsar wind nebula (Sasaki, 2019).

Nowadays, sometimes even further types of SNRs are distinguished. For instance Type
Ia SNRs or oxygen-rich SNRs. The latter ones are likely the remnants of the most massive
stars and show enhanced oxygen abundances (Vink} 2012).

3.2 Evolution of Supernova Remnants

Like almost everything in the Universe supernova remnants are not stable but follow a
specific evolution, which can be divided into four phases. These phases are called free
expansion phase, Sedov phase, radiative phase, and merging phase. One should always
keep in mind that this categorization into four phases is a simplification. It might not
always be possible to assign a certain phase to a remnant. Even worse, different parts of
a remnant can be in different phases (Vink, 2012).

3.2.1 Free expansion phase

In the first evolutionary phase of SNRs the expansion is dominated by the ejecta and lasts
a few hundred years. During a supernova explosion approximately 10°° —10°! erg of kinetic
energy are available for ejecting masses in the order of few solar masses. The speed of the

ejecta v = /2FE/M,; is on the order of 10" ms~!, whereas the sound speed in the ISM

is on the order of 10#ms~!. This means the ejecta’s motion through the ISM happens

with a supersonic velocity, which causes the formation of a shock wave (Vitalel, 2004).
This shock wave, in turn, sweeps up the ambient ISM. However, the mass of the swept up
material is negligible compared to the mass of the ejecta. Characteristic properties of this
phase are a constant temperature within the supernova remnant and a constant expansion
velocity of the shell (Seward & Charles, 2010). An example of an SNR in free expansion
phase is the remnant of SN1987A. It is one of the youngest supernova remnants known
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so far. Fig. shows how its size changed from 1996 until 2003. The image shows the
remnant in the optical (HST), the X-ray (Chandra), and the radio (ATCA) wavelength
regime. Especially in X-rays and radio the increase of its size can be clearly seen.

Chandra

Figure 3.1: Expansion of SNR1987A in optical (HST), X-rays (Chandra), and radio
(ATCA) (taken from https://www.spacetelescope.org/static/archives/
images/original/opo0409r. jpg; accessed on 2019 August 29).

3.2.2 Sedov phase

The second evolutionary phase, the Sedov phase, is often also called the Sedov-Taylor or
adiabatic phase. It is reached when the mass of the material swept up by the shock wave
starts to become higher than the mass of the ejecta. In addition, the energy radiated away
by the shell is still small compared to the internal energy of the SNR in this phase (Seward
& Charles, 2010). The kinetic energy in terms of expansion energy is converted into
internal energy of the system, which means the total energy stays roughly constant. This
is the explanation why this phase is also called the adiabatic phase (Wilms| 2018). Only


https://www.spacetelescope.org/static/archives/images/original/opo0409r.jpg
https://www.spacetelescope.org/static/archives/images/original/opo0409r.jpg
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the initial energy deposited by the explosion Ey and the density of the ISM n determine
the rate of expansion. While the forward shock is still moving away from the center of the
supernova explosion, the interaction of the shock wave with the surrounding interstellar
medium forms an additional shock wave that is directed inwards, the so called reverse
shock (Seward & Charles, 2010). The formation of the reverse shock is a consequence of the
internal part of the remnant being less affected by the resistance of the swept-up material,
which slows down the external shock. Therefore, the relative velocity between the internal
part and the external shock increases, generating a reverse shock (Vitale, 2004). The
boundary between the ejecta and the circumstellar material is called contact discontinuity.
Only the material between these two shock fronts is hot because the interstellar gas has
been heated and compressed by the expanding ejecta. The material in the central region
is still expanding freely. Since only the shocked material is hot enough to emit X-rays, the
bright observed shells in young supernova remnants are formed (Seward & Charles, 2010).
An example of a contact discontinuity is shown in Fig. The figure depicts a color
composite image of the SNR E0102-72 in X-rays, radio, and in the optical wavelength
regime. The radio observations in red trace the forward shock, which is expanding into
the surrounding material. In contrast, the X-ray emission in blue results from gas that has
been heated by the reverse shock wave. This means, the contact discontinuity is located
at the border between the radio and the X-ray emission since it separates the regions of
shocked ejecta and shocked ISM. The optical emission in green shows filaments of dense
clumps of colder gas within the remnant.

The shell of an SNR is Rayleigh-Taylor unstable and breaks into clumps since the shell
of dense, shocked ejecta is gradually decelerated by lower density shocked circumstel-
lar material (Blondin & Ellison, 2001). As the ejecta push against the shocked ISM at
the contact discontinuity of an expanding remnant, the Rayleigh-Taylor instability causes
finger-like structures, which protrude ahead of the originally spherical contact discontinu-
ity. These structures themselves are unstable and the consequent turbulence leads to a
mixing of the SNR’s ejecta with the gas that was just shocked by the outer blast wave
(Seward & Charles, 2010). A famous example where material is ejected beyond the outer
blast wave is given by the SNR Cassiopeia A. An X-ray image of this source is depicted
in Fig. For instance, at the left-hand side of the image material can be seen which is
clearly beyond the outer blast wave forming a jet-like structure. The results of a 3D sim-
ulation of Rayleigh-Taylor instabilities are illustrated in Fig. The density of shocked
and unshocked material is color-coded. White represents the density of unshocked cir-
cumstellar material, whereas black denotes the high density of the shocked ejecta. The
figure shows that the forward shock remains spherical, although finger-like structures are
formed (Blondin & Ellison, 2001)).

This second evolutionary phase lasts between 10,000 and 20,000 years (Sasakil, 2019)).

3.2.3 Radiative phase

The radiative or snowplow phase, is the third phase in the evolution of a supernova
remnant. It begins after the shell has cooled down to around 5 x 10°K (Vink, 2012;
Helder et all 2012)). Due to the decreasing temperature of the plasma electrons start to
recombine with heavier atoms. The energy radiated away from the shell by this process
can be observed as UV and optical line emission forming filaments (Vitale, [2004). This
energy loss, in turn, cools the shell even faster. Therefore, the shell shrinks and becomes
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Figure 3.2: Composite image of the supernova remnant E0102-72, which is located in the
Small Magellanic Cloud. In blue the X-ray image of Chandra is shown. In
red radio observations taken with ATCA are depicted. Green symbolizes the
optical wavelength regime represented by observations of the HST (Credit: X-
ray: NASA/CXC/SAQO, Optical: NASA/HST, Radio: CSIRO/ATNF/ATCA;
taken from https://chandra.harvard.edu/photo/2000/0015multi/e0102_
multi.jpg; accessed on 2020 March 03). In the image the forward as well as
the reverse shock and the contact discontinuity are visible.

more dense. The expansion is no longer driven by energy conservation, but by pressure
and, finally, momentum conservation (Sasaki, 2019; Helder et al., 2012). At the end of
this phase, which lasts for about 100,000 years, most of the internal energy of the system
has been radiated away (Vitale, |2004).

3.2.4 Merging phase

The end of the radiative phase also marks the end of the supernova remnant. As soon
as the shock velocity becomes comparable to the turbulent velocity and the temperature
behind the shock becomes comparable to the temperature of the ambient ISM, the remnant
starts to get fainter and fainter and dissolves into the ISM (Sasaki, 2019)). In the course
of the merging, the elements which were produced during the supernova mix into the ISM
and lead to a chemical enrichment. Furthermore, a huge amount of energy is released
by an SNR. This energy heats the ISM, which would be much cooler without the energy
injected by supernova remnants (Vitale, 2004).

3.3 Analytical description

Nowadays, there are analytical models describing the different phases in the lifetime of a
supernova remnant. The early evolution can be described by a model by (Chevalier| (1982).
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Figure 3.3: Chandra image of Cassiopeia A. Red denotes the 0.5—1.5keV band, green
the 1.5-2.5keV band, and blue the 4.0-6.0keV band. In this image mate-
rial ejected beyond the nominal radius of the forward shock can be clearly
seen (Credit: NASA/CXC/SAQ; taken from https://chandra.harvard.
edu/photo/2013/casa/; accessed on 2019 November 5).

The density distribution of the freely expanding ejecta is approximated by a powerlaw,
Pej X ve_j”, where n = 7 for thermal SNe, and n = 9—-12 for core collapse SNe. These
values are justified by numerical simulations. According to |Chevalier| (1982) a self-similar
solution of the form Ry o 7 can be applied (notation convention taken from [Vink, [2012).
Ry denotes the shock radius. The expansion parameter § is given by § = Z—i‘:’, where
s represents the powerlaw index of the distribution of a stationary medium with which
the shock interacts. This model describes a self-similar velocity, pressure, and density
structure. But it is important to stress that it only applies for the early evolution of an
SNR, when the reverse shock has not reached the inner most ejecta (Vink, 2012).

Once the inner most ejecta are reached by the reverse shock, the Sedov-Taylor model
applies (Sedov, 1959; Taylor, 1950). This model makes two main assumptions. The first
one is that the explosion energy Ej is instantaneously injected into a uniform medium
with uniform density pg. And the second one that no energy losses occur (Vink, 2012).
The model describes the adiabatic evolution of a spherical explosion. Since the solution is
self-similar it is valid at all times after the explosion, therefore, the independent variables
are r and ¢ (Borkowski et al.,|2001). The Sedov-Taylor model takes the continuity equation
as well as the Euler equations for the adiabatic flow in a spherically symmetric geometry
into account. Additionally, it respects the conservation of energy (Sasaki, |[2019; Borkowski
et al., 2001)).

The first step of the self-similar approach is to introduce a dimensionless variable that

connects r and t: £ = r/R(t) (Sasaki, [2019).
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Figure 3.4: 3D simulated Rayleigh-Taylor instabilities. The colors depict the gas density
which is scaled to the density of the preshock gas. White represents the low
density of the unshocked circumstellar material and black the high density of

the shocked ejecta (taken from |Blondin & EllisonL |2001[).

Since in the Sedov phase the energy is conserved, the sum of the kinetic and the internal

energy must be constant:

1 /4 4
Eo~ 5 (%) poR3v? + Apgv? (g) R?® = const. (3.1)

kinetic energy

internal energy

Here, A denotes a constant. Solving the equation for v = dR/d¢ yields

dR [ Ep\'/?
a () m e
Separation of variables then gives
E 1/5
R (p—(‘j) 215 (3.3)

(Wi, 2018)

Inserting this into the dimensionless variable £ yields

(BT s
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where [ is a proportionality constant. At the boundary of the shock wave & = 1 holds.
Therefore, the radius of the shock can be written as

E 1/5
Ry=a (0) 205 (3.5)
Po

with o = 1/4. Using this result, the expansion velocity of the outer blast wave is

dR, 2 (Eo\'® ;5 2R,
s = = — _— t = — .
ST T % (po ) 5t (36)

(Sasaki, 2019; Vink, 2012).

Truelove & McKee|(1999) developed an analytical model to smoothly connect the models
of phase I and phase II.

The radiative phase can be described by the “thin shell” model. This model assumes
that the whole mass and the kinetic energy of an SNR is concentrated in a thin shell just
behind the outer blast wave shock. Contrary, the interior of the remnant is filled with a
very hot and thin gas, whose mass is negligible but which contains most of the internal
energy of the SNR. The gas in the central region of the remnant is so thin that the cooling
time is larger than its age. In this case, the pressure-driven snowplow model holds (Sasaki,
2019). Here, the expansion pressure of the dense and cool shell sustains the pressure of
the hot interior (Schaudel, 2003). According to|McKee & Ostriker| (1977)) the radius of the
remnant increases as Rs o t2/7. In the momentum-driven snowplow model, the expanding
shell cannot be sustained any longer by the pressure and expands only due to conservation
of radial momentum. In this case the radius of the supernova remnant evolves as Rg o ¢1/4
(Oort, [1951)).

3.4 X-ray emission from Supernova Remnants

3.4.1 Thermal X-ray emission

Shocks created by supernova remnants have two characteristic properties: firstly, they can
be assumed to be optically thin, which holds to a very good approximation. Secondly,
the ionization distribution of atoms is often out of equilibrium, which is described by
the term non-equilibrium ionization (NEI). In general, in coronal plasmas excitations and
ionizations are predominantly caused by electrons colliding with ions. Most of the spectral
characteristics of thermal emission is determined by the electron temperature, which not
necessarily is the same as the ion temperature. Contrary, the most important spectroscopic
effect of the ion temperature is thermal line broadening. However, this effect is difficult
to measure with the current generation of X-ray spectroscopic instruments (Vink, 2012).

Thermal continuum emission

In general, thermal continuum emission is caused by bremsstrahlung (free-free emission),
recombination continuum (free-bound emission), and two-photon emission. The latter is
produced by radiative electron transitions from a meta-stable quantum level (Vink, 2012).
In particular for metal-rich plasmas in young SNRs free-bound and two-photon emission
can be the dominant source of continuum emission (Kaastra et al., 2008]).
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Bremsstrahlung is a result of the collision of a free electron and an ion. If for the emitted
photon energy E holds E < kT, then the bremsstrahlung spectrum is flat. Whereas, for
E > kT it drops exponentially (Kaastra et al., 2008]). For solar or sub-solar abundances,
the main collision partners of the electrons are protons and helium ions (Vink, 2012).
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Figure 3.5: Sketch of the process of radiative recombination (taken from Hell, 2017).

The recombination continuum, free-bound emission, occurs during radiative recombina-
tion (Kaastra et all [2008). A sketch that illustrates this process is given in Fig. A
free electron is captured by an ion releasing a photon with the sum of the kinetic energy
of the electron and the binding energy of the recombined ion (Hell, 2017)). Free-bound
emission shows a sharp edge near series limits since the energy difference for levels with
high principal quantum number n is small. In the situation of photo-ionized or overion-
ized plasmas, where kT < hv, free-bound emission results in narrow emission peaks near
series limits of lines. These features are called radiative-recombination continua and are
for instance observed in mature SNRs (Vink, [2012]).

The process of two-photon emission is in particular important for hydrogen- or helium-
like ions. If these ions get excited via a collision with a free electron, they can deexcite
from this meta-stable state via a second collision with a free electron. For low densities,
like in supernova remnants, the probability for collisional deexcitation is low. In this case
the deexcitation can happen via two-photon emission (Kaastra et al.l [2008).

Non-equilibrium ionization

The simple reason why plasmas of SNRs are often out of ionization equilibrium, in the so
called non-equilibrium ionization, is, that not enough time has passed since the plasma
was shocked. The densities in supernova remnants are so low that per ion only a few
ionizing collisions have occurred since the medium was shocked (Itoh, [1977). The number
fraction of atoms in a given ionization state is a differential equation and a function of
net, with the electron density n.. The parameter n.t is also called the ionization age of
the plasma. But neither k7, nor n. are expected to be constant in time (Vink, [2012).
The main effect of non-equilibrium ionization in young SNRs is that the ionization states
at a given temperature are lower than in the collisional ionization equilibrium situation.
For temperatures which are relevant for young SNRs (k7. = 0.5—-4keV) an ionization time
of approximately n.t ~ 102 cm™3s is needed to reach collisional ionization equilibrium.
In contrast, typical values for SNRs are n.t = 10° -5 x 10'2cm™3s, meaning that the
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plasmas of most supernova remnants are not in collisional ionization equilibrium (Vink,

2012; Seward & Charles| 2010).

Line emission diagnostics

The line emission in supernova remnants results from collisional excitation of ions, which is
dominated by collisions between electrons and ions. In this process the excitation happens
either directly or through recombination. Due to the low density, it can be assumed that
most ions are in the ground state. Additionally, once an excitation occurs, collisional
deexcitation or further excitation or ionization can be neglected because of the low density.
One result of this is that the ionization balance can be treated independently of the line
emission properties (see [Mewe, (1999, for a full treatment).

An important aspect of line emission in non-equilibrium plasmas is inner shell ionization.
During this process an electron from an inner shell is removed whereas higher level atomic
shells are still filled. The result is an ion with a hole in one of the innermost shells. One
possibility for this ion to deexcite is to fill the hole and use the energy from that transition
for further ionization. These transitions are called Auger transitions and no radiation
is emitted. Another possibility to deexcite is via radiation, which is called fluorescence
(Vinkl 2012).

One important diagnostic tool for the state of the supernova remnant plasma is iron
line emission. It allows to draw conclusions about the average electron temperature and
the ionization age. For an electron temperature kT, 2 2keV, Fe K-shell emission can be
observed for all ionization states of iron and its average line energy provides information
about the dominant ionization state. In contrast, Fe L-shell emission occurs for lower tem-
peratures. But together, Fe K- and L-shell emission can be used to accurately determine
the ionization state of a plasma (Vink, 2012)).

Furthermore, Ka line emission from low ionization states of iron can be a result of dust
grains embedded in hot SNR plasmas (Borkowski & Szymkowiak, [1997). If a hot electron
penetrates a dust grain, an inner shell ionization inside the grain can be induced, whereas
the emitted photon can escape from small grains. Additionally, nearly neutral iron is
slowly released into the hot plasma due to the destruction of dust grains in hot plasmas
via dust sputtering. As a result, a broad range of ionization stages of Fe inside the plasma
are present (Vink, [2012)).

Another line diagnostic tool is given by the triplet line emission from He-like ions. It is
available in high resolution spectroscopy (E/AE 2 200) (Vink, 2012) and consists of three
prominent lines, which are called resonance, intercombination, and forbidden (see Gabriel
& Jordan, 1969; Mewe, 1999; Liedahl, |1999; [Porquet et al.l [2010). Some ratios between
these lines are interesting for studying supernova remnants since they are sensitive to
temperature and ionization state of the plasma (Mewe & Schrijver] 1978} |Liedahl, [1999;
Vink, [2012).

3.4.2 Line emission associated with radioactivity

Line emission in SNRs can not only be caused by collisional processes but also by ra-
dioactivity. Radioactive elements can be produced either during the lifetime of the star or
during the supernova explosion. The most important radioactive element is °Ni, which
decays in 8.8 days into °®Co, which subsequently decays into °Fe in 111.3 days (see Diehl
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& Timmes, 1998, for a review). This chain is the dominant source of energy for expanding
supernova ejecta during the first year after the SN explosion and has also a significant
imprint on the lightcurves of supernovae. Furthermore, 5°Fe is the most abundant iron
isotope in the universe. Type Ia SNe contribute to that by producing typically an amount
of 0.6 M, per explosion (Vink, [2012). In contrast, in core collapse SNe #4Ti is produced
with expected yields of 107°~10~% M, (e.g. Prantzos, 2011). This isotope has a decay
time of 85years (Ahmad et al., [2006), which is much longer compared to that of “°Ni.
For the supernova remnant phase *Ti is interesting because of two reasons: firstly, it is
sensitive to the expansion speed of the inner layers of the ejecta as its yield is determined
by the amount of a-particles left over after the initial stages of explosive nuclear burning
(Arnett, 1996} Vink, [2012). Secondly, the isotope is sensitive to the mass cut, which de-
scribes the boundary between what is accreted onto the proto-neutron star and what will
be ejected, and also to explosion asymmetries (Nagataki et al., [1998]).

A direct sign of radioactivity are v-ray lines associated with their decay (as predicted
by |Clayton & Silk, [1969). Since daughter products of radioactive elements are usually
not in their nuclear ground states, they rapidly deexcite through the emission of ~-ray
lines. It might also be that the daughter products have a vacancy in the K-shell, resulting
in a K-shell transition, which emits in X-rays (Vink} [2012]). These transitions could be
detected by future X-ray telescopes such as ATHENA (Bookbinder, 2010)).

For the investigation of SNRs, the Ka line emission of **Ti and °’Ni is of particular
interest since the decay times are compatible with the lifetimes of supernova remnants. K-
shell transitions also have the advantage that the spatial resolution of soft X-ray telescopes
is in general better than that of hard X-ray or v-ray telescopes. Nevertheless, it should
be noted that these line transitions are not unique. In addition, K-shell transitions are a
function of the ionization state of the atom, which complicates matters even more (Vink,
2012).

3.4.3 Non-thermal emission

Non-thermal emission from supernova remnants consists of X-ray synchrotron radiation
and non-thermal bremsstrahlung. In principle inverse Compton scattering could be an-
other source of non-thermal radiation, but for SNRs it is only important in the GeV up
to TeV ~-ray band (Hinton & Hofmann, 2009). Nevertheless, for magnetic fields inside an
SNR it is not expected to be important in the soft X-ray band (Vink, 2012).

X-ray synchrotron radiation

One source of synchrotron radiation are relativistic electrons gyrating in a magnetic field
(Ginzburg & Syrovatskij, [1967). In astrophysics, the electron population which is emitting
synchrotron radiation mostly is a non-thermal one and can be well approximated by a
powerlaw distribution. Synchrotron radiation covers a wide band of frequencies, ranging
from radio to X-rays. Most SNRs are radio synchrotron sources, where the synchrotron
radiation comes from the remnant’s shell. For composite SNRs also embedded pulsar
wind nebulae can be the origin of the synchrotron emission. The discovery that X-ray
synchrotron radiation is not only emitted by a pulsar wind nebula but also by young SNR
shells was made relatively recently (Koyama et al., 1995} Vink} 2012). The first time it was
confirmed for the remnant of SN 1006 based on ASCA data, which indicated that emission
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from the edges of the remnant’s shell is dominated by non-thermal emission from electrons
accelerated to energies of ~ 100 TeV within the shock front (Koyama et al., [1995).

Considering a relativistic electron with energy E, which moves in a magnetic field with
strength B, it will emit synchrotron radiation with a maximum emission at the character-
istic frequency vy, which is given by

18 Ey ?
Vepb = 1.8 x 10°°B | —— | Hz, (3.7)
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where B, ~ /2/3B denotes the component of the magnetic field perpendicular to the
motion of the electron (Ginzburg & Syrovatskii, [1965|). The typical magnetic field strength
in supernova remnants ranges between 10 and 500 G, which means electrons with energies
in the range of 10—100 TeV are emitted (Vink} 2012)). It is possible that these electrons are
responsible for many of the detected TeV 7-ray emission (e.g. /Aharonian et al., {2001} 2004).
However, it is still under debate which radiation process dominates the TeV emission from
SNRs as pion production as well gives rise to TeV 7-ray emission (see Hinton & Hofmann,
2009, for a review).

For relativistic electrons with a powerlaw shaped energy distribution, the spectral index
a of the synchrotron flux density spectrum is related to the photon index of the X-ray
emission via I' = o + 1. Typical photon indices of X-ray synchrotron spectra of young
supernova remnants range between 2 and 3.5, which means the slope is rather steep.
This is an indication for a rather steep underlying electron energy distribution (Vink,
2012)). It can be shown (see Zirakashvili & Aharonian, 2007, for a detailed derivation)
that one requirement for X-ray synchrotron radiation is a relatively high shock velocity
> 2,000kms~!. Such high shock velocities are only encountered in young supernova
remnants (Vink, [2012]).

Non-thermal bremsstrahlung

A second contribution to non-thermal X-ray emission from supernova remnants is non-
thermal bremsstrahlung. Bremsstrahlung caused by a population of non-thermal dis-
tributed electrons has been considered as a possible source of X-ray continuum emission
for almost 30years (e.g. Asvarov et al. 1990; Vink et all |1997; Bleeker et al., 2001;
Laming, 2001)). The electrons that produce X-ray bremsstrahlung have non-relativistic
to mildly relativistic energies. Therefore, identifying non-thermal bremsstrahlung would
allow to obtain information about the low energy end of the electron cosmic ray distri-
bution. However, the contribution of non-thermal bremsstrahlung is probable not enough
to identify it with the current generation of hard X-ray telescopes (Vink, [2012). Since
Coulomb interaction between thermal and non-thermal electrons thermalizes the low en-
ergy tail of the electrons on relatively short timescales, non-thermal bremsstrahlung can
only be expected in a narrow region close to the shock front (Vink, 2008) or for SNRs that
have an overall low ionization age like in SNR 1006. But there, the X-ray continuum is
overwhelmed by synchrotron radiation. Furthermore, a low ionization age is caused by a
low plasma density, which consequently makes the bremsstrahlung emissivity small (Vink]
2012).
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3.5 Particle acceleration by Supernova Remnants

SNRs are one candidate source for cosmic rays (Ginzburg & Syrovatskij, 1967) up to
energies of 3 x 10 eV (Blandford & Eichler, [1987; Berezhko & Vélk, 2007 [Vink, [2012).
In particular, they are the only known sources to provide enough power for the Galactic
cosmic ray production. Furthermore, non-thermal radio emission from supernova remnants
as well as the detection of X-ray synchrotron radiation provide clear evidence for particle
acceleration in SNRs (Vink, |2012). Observations tell us that particle acceleration mostly
takes place during the early SNR stages, such as the free expansion or the Sedov phase
(Helder et all 2012)). The main acceleration process is the so called first order Fermi
process, which is also often referred to as diffusive shock acceleration (Axford et al., 1977}
Bell, 1978; |Blandford & Ostriker} [1978). In this process particles scatter back and forth
across the shock front while scattering elastically on either side of the shock due to the
presence of a turbulent magnetic field (Vink, 2012; Seward & Charles, 2010). In the
course of this process, the particles gain energy with every repetition (Sasaki, 2019; Bell,
1978} |Seward & Charles, 2010). There are two requirements for diffuse shock acceleration.
Firstly, a strong shock is needed. And secondly, the velocities of particles on either side of
the shock are randomized (Bell, 1978)). One major uncertainty of diffuse shock acceleration
is how charged particles are injected into this process (Vinkl, 2012).

Recently, in the supernova remnant of the SN 1006 TeV emission has been detected
(Acero et all 2010)). For the origin of the y-ray emission two major scenarios are known.
In the leptonic model relativistic electrons interact with low-energy photons, which causes
inverse Compton up-scattering of photons. Additionally, bremsstrahlung is emitted by the
interaction of the non-thermal electrons with ions in the SNR (Miceli et al., [2012; Sasakil,
2019). The second scenario describes a hadronic model. Here, proton-proton interaction
produces neutral 7¥s, which subsequently decay into y-ray photons (Miceli et al. 2012;
Sasakil, 2019). This process is believed to be enhanced in SNRs near high-density clouds,
where the probability of colliding protons is higher (Sasaki, 2019). Furthermore, the
hadronic scenario would directly prove that SNRs can accelerate cosmic rays up to PeV
energies (Miceli et al., 2012).

One way to reveal the presence of particle acceleration in SNRs is to investigate the shock
dynamics since the interaction of high-energy particles with the plasma is predicted to
increase the shock compression ratio and to decrease the postshock temperature (Berezhko
& Ellison, 1999; Decourchelle et al.,|2000; Blasi, |2002; Vink et al.,2010]). This effect is also
known as “shock modification”. For an observational test of these predictions accurate
diagnostics of thermal X-ray emission from the shocked ISM is necessary. However, in
SNRs with efficient particle acceleration the contribution of the ISM in the X-ray spectra is
usually masked out by bright synchrotron emission and by thermal emission from shocked
ejecta (Miceli et al., 2012]).



4 X-ray telescopes

4.1 Basic principles

In this chapter some basic principles of X-ray telescopes and X-ray detectors will be
explained. In addition, two examples of X-ray telescopes are mentioned. The first one is
the telescope XMM-Newton, which celebrated its 20th anniversary in 2019. In chapter
observations of the supernova remnant 1006 taken with XMM-Newton are investigated.
The second example is eROSITA, which was recently launched (July 2019). Simulations for
this X-ray telescope are presented in chapter [7] of this thesis. Before showing the examples,
the basic principles of X-ray telescopes and detectors are described in the following.

4.1.1 Wolter telescopes

Paraboloid
— Hyperboloid
]

FOCAL
SURFACE

Figure 4.1: Sketch of the light path in XMM-Newton’s open X-ray telescope (taken from
ESA: XMM-Newton SOC, [2019).

The short wavelength of X-ray radiation results in a small critical angle of reflection.
The critical angle for X-ray reflection can be described by
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A typical X-ray wavelength is A ~ 1nm, resulting in a critical reflection angle of 6, ~
1°. Usually, iridium or gold are chosen for the mirror material due to their density. In
order to focus the incoming light to the focal point of the telescope two mirrors are used.
Contrary to the case of optical telescopes, where two parabolic mirrors are used, for X-ray
wavelength a paraboloid and a hyperboloid are utilized. Mirrors of this type are called
Wolter telescopes ,@ The combination of parabolic and hyperbolic mirrors
allows to shorten the focal length below ~ 10m. A small focal length in turn facilitates
to launch the telescope on a rocket, which is necessary as Earth’s atmosphere is opaque
for X-ray radiation. Furthermore, to increase the effective area of the telescope, several
mirror shells are nested. A mirror where photons are reflected at small angles is called
a “grazing incidence telescope”. A sketch of the light path in XMM-Newton is shown
in Fig. Additionally, on the top left corner the arrangement of the two mirrors is
depicted. The quality of a telescope is characterized by its sensitivity, its resolution, its
effective area, and its efficiency to reject stray light. Stray light is caused by photons from
a nearby source, which are scattered singly by the mirrors and reach the camera. One
way to reduce stray light is to implement an X-ray baffle in front of the mirrors to shadow
the singly reflected photons. The effective area describes the ability of a mirror to collect
radiation at different photon energies (ESA: XMM-Newton SOC, [2019).

4.1.2 X-ray CCDs
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Figure 4.2: Sketch of the structure of an X-ray CCD. An incident X-ray photon excites
electrons, which are accumulated in potential wells and read out with three

phased pulses (Wilms after .

With the use of a Wolter telescope, X-rays coming from an astronomical source are
focused onto the focal point of the telescope. The next step in the detection of these
photons is to measure the signal via a charge-coupled device, abbreviated with CCD. The
working principle of X-ray and optical CCDs is the same. Nevertheless, due to the higher
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Figure 4.3: Artist’s impression of XMDM-Newton (Credit: ESA/D.
Ducros, taken from https://sci.esa.int/web/xmm-newton/-/
18015-xmm-newton-spacecraft; accessed on 2019 November 19).

energy of X-ray photons and the resulting larger penetration depths, a larger detector
volume is needed. Fig. illustrates the basic structure of an X-ray CCD during exposure.
CCDs make use of the mechanism of a pn-junction, which means that incident X-ray
photons excite electron-hole pairs. The excited electrons are accumulated in potential wells
and transferred to the read out via phased pulses. This mechanism allows to determine

the individual location and energy of an incoming photon 2016)).

4.2 XMM-Newton

The X-ray Multi-Mirror observatory (XMM-Newton) is a cornerstone mission of the Eu-
ropean Space Agency’s Horizon 2000 programme and was launched on 1999 December
10 (Jansen et al. 2001). An artist’s impression of the spacecraft in flight is depicted
in Fig. [£.3] The orbit of the XMM-Newton spacecraft is highly eccentric with a period
of ~ 48hours (Jansen et al. [2001)). A sketch of XMM-Newton’s orbit is depicted in
Fig. The 10 m long spacecraft (Jansen et al.,|2001) carries different instruments: two
Reflection Grating Spectrometers (RGS; |den Herder et al., |2001)), the European Photon
Imaging Camera (EPIC; consisting of an EPIC PN (Striider et al., 2001)) and two EPIC
MOS imaging detectors (Turner et al., |2001)), and an Optical Monitor instrument (OM;
Mason et al.,2001). A sketch of the telescope’s payload is displayed in Fig. The three
CCD cameras of the EPIC instrument can be used for X-ray imaging, moderate resolution
spectroscopy, and X-ray photometry. The resolving power E/AFE ranges between 20 and
50 for the EPIC cameras. The two spectrometers of the RGS instrument are essentially
identical and allow high-resolution X-ray spectroscopy and spectro-photometry. Here, the
resolving power is on the order of 200—800. Finally, the OM instrument provides optical
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Figure 4.4: Sketch of the highly elliptical XMM-Newton orbit (figure courtesy of Dornier
Satellitensysteme GmbH; taken from |ESA: XMM-Newton SOC| 42019[)).
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Figure 4.5: Sketch of the XMM-Newton payload (figure courtesy of Dornier Satellitensys-
teme GmbH, modified by Kreikenbohm| 42013[)).
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Table 4.1: Overview of basic characteristics of XMM-Newton (taken from ESA: XMM-
Newton SOC, 2019).

Instrument EPIC MOS | EPIC PN RGS oM
bandpass 0.15-12keV | 0.15-12keV 0.35—-2.5keV 180—-600 nm
sensitivity ~ 10714 (1) ~1071 @ ~8x1075 20.7 mag
FOV 30/ 30/ ~ 5 17
PSF (FWHM/HEW) ®)|  5”/14" 6" /15" N/A 1.4"-2.0"
pixel size 40 pm 150 pm 81 pm 0.476513"
timing resolution (4) 1.75ms 0.03 ms 0.65s 0.55s
spectral resolution () ~ T70eV ~ 80eV 0.04/0.025 A (©) 180 (M

M) in units of ergs™' cm 2

) in units of photonscm ™25~}

() PSF: Point-Spread Function, FWHM: Full Width at Half Maximum, HEW: Half Energy Width
) in fast data acquisition mode

) at 1keV

) in —1%° and —2"9 order, resp.

(M resolving power (A/AX) with UV and optical grism

and UV imaging and grism spectroscopy (ESA: XMM-Newton SOC, [2019). Tab.
presents an overview of the basic characteristics of the instruments implemented onboard
XMM-Newton. As can be seen in this table XMM-Newton features a high sensitivity
and good angular resolution. Furthermore, it allows simultaneous operation of all science
instruments (ESA: XMM-Newton SOC, [2019)).

The mirrors of the X-ray telescopes consist of gold. In front of the mirror system X-
ray baffles are placed, which act as collimators and considerably reduce the amount of
stray light in the field of view (FOV) of the focal plane cameras (Jansen et al.l 2001)).
Nevertheless, for bright extended sources, e.g., some supernova remnants, there might
be degradation in the ability of performing spatially resolved spectroscopy (ESA: XMM-
Newton SOC, 2019).

A further characteristic that influences the quality of an X-ray telescope is its effective
area. The effective area of XMM-Newton’s X-ray telescopes as a function of the photon
energy is plotted in Fig. As it is visible from the figure, the EPIC instrument is
most efficient in the energy range from 0.1 to 10keV with a maximum at ~ 1.5keV.
Moreover, there is a pronounced edge near 2keV, which is related to the Au M edge. As
can be seen in Fig. the MOS detectors are partially obscured by the RGS’ Reflection
Grating Assembly. Due to this fact only ~ 44 % of the incoming radiation reaches these
cameras, which results in lower effective areas than that of the pn (ESA: XMM-Newton
SOC, 2019)). For sources, which are not in the center of the FOV but at a certain distance
from the center, at the so called off-axis angle, less photons finally reach the focal plane
than enter the telescope. This effect is called vignetting and is reflected by a decline of the
effective area with increasing off-axis angle (ESA: XMM-Newton SOC| 2019). Another
property, which depends on the off-axis angle is the point-spread function (PSF). This
property describes how the shape of a point source looks like when being imaged. For
XMM-Newton the core of the on-axis PSF is narrow and varies only little over a wide
energy range from 0.1 to 6keV (ESA: XMM-Newton SOC, 2019)). This means, on-axis
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Figure 4.6: Net effective area of XMM-Newton’s X-ray telescopes as a function of photon
engergy in logarithmic scale (taken from |ESA: XMM-Newton SOCL |2019D.

point sources remain point-like. However, with increasing off-axis angle the shape gets
more and more elongated.

4.2.1 EPIC

As already mentioned, two of the EPIC instruments onboard XMM-Newton comprise
MOS-type detectors and one a PN-type detector. The abbreviation MOS stands for Metal
Oxide Semiconductor. One MOS detector is made of seven individual, identical, front-
illuminated CCD chips, whereas the PN detector consists of a single silicon wafer with
twelve back-illuminated CCD chips. The arrangement of the CCD chips can be seen
in Fig. .8 All EPIC CCDs operate in photon counting mode. Furthermore, there are
several data acquisition modes, namely: Full Frame, Extended Full Frame, Large Window,
Small Window, Timing, and Burst mode. In addition, since the CCDs are also sensitive
to optical, UV, and IR light, aluminised optical blocking filters are implemented. Each
detector possesses its own set of filters, consisting of a thick, a medium, and a thin one.
Unfortunately, CCD6 and CCD3 of MOS1 were hit by micrometeorites in 2005 and 2012,
respectively. After these events, they had to be switched off. Moreover, the impact on
CCD3 also affected MOS1 CCD4 by increasing the noise level. Nevertheless, this CCD is
still in operation. The angular resolution of MOS and PN is 1.1” and 4.1”, respectively. In
general, the readout of PN is much faster than that of MOS (ESA: XMM-Newton SOC,
2019)

When investigating extended sources, the background of EPIC is of particular interest.
It consists of a cosmic X-ray background and an instrumental background. The instru-
mental background itself has two components: one detector noise component, which is
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Figure 4.7: Sketch of the light path in the two XMM-Newton X-ray telescopes with grating
assemblies (taken from ESA: XMM-Newton SOC, [2019).

important for energies below 0.3keV, and a particle induced component. The latter is
caused by soft protons and the interaction of high-energy particles, which have an energy
higher than some 100 MeV, with the structure surrounding the detectors. Fig. dis-
plays the detector background for MOS1 and PN. As it is clearly visible there, another
important component of the background are fluorescence lines from the detector and the
surrounding structure (ESA: XMM-Newton SOC| 2019). For a more detailed description
of the XMM-Newton EPIC background components the reader is referred to |Carter &
Read (2007)).

4.3 The eROSITA mission

The name eROSITA is an abbreviation for extended ROentgen Survey with an Imaging
Telescope Array (Merloni et al., [2012). It is one of the newest X-ray telescopes and was
launched on 2019 July 13. eROSITA was built and is operated by a German consortium led
by the Max Planck-Institute for extraterrestrial physics (MPE). It is the main instrument
onboard the Russian/German Spectrum-Roentgen-Gamma (SRG) mission (Predehl et al.)
2006, 2007}, 2010, [2016,, |2018), which carries the Russian Astronomical Roentgen Telescope
X-ray Concentrator (ART-XC;|Pavlinsky et al., 2007 |Arefiev et al., 2008; Pavlinsky et al.,
2011, 2016, 2018) in addition, another imaging X-ray telescope with a harder response than
eROSITA (Predehl et al., [2018)). eROSITA is planned to be the successor of the failed
ABRIXAS (Predehl, |1999) and the canceled ROSITA mission (Predehl et al. [2003alb).
The presumed lifetime of the mission is 7.5 years. Approximately the first half year is
devoted for reaching its destination at the Langrangian point L2, performing in-flight
calibrations, and a science verification phase. A schematic view of the location of the orbit
of SRG is shown in Fig. [£.10] At the Lagrangian point L2 the gravitational forces and the
orbital motion are balanced. This phase was finished in December 2019. The following
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Figure 4.8: Layout of EPIC MOS2 (left) and EPIC PN (right) cameras (taken from
XMM-Newton SOC, 2019).
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Figure 4.9: Background spectrum for MOS1 (left) and EPIC PN (right) during an obser-
vation with the filter wheel in closed position (taken from [ESA: XMM-Newton|

SOC [2019).
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four years will be used to perform a deep survey of the entire X-ray sky. Finally, at least
three years of pointed observations are intended (Predehl et all 2018)). eROSITA will
perform the first X-ray all-sky survey since the ROSAT all-sky survey (Voges et al., [1999;
Truemper, 1982)). In the soft X-ray band (0.5—2.0keV), eROSITA’s all-sky survey will be
about 30 times more sensitive than ROSAT"s, while in the hard X-ray band (2.0-8.0keV)
it will provide the first ever true imaging survey of the sky (Predehl et al., 2018). The
design-driving science of eROSITA is to study the large scale structure in the Universe, to
test and characterize cosmological models including Dark Energy by detecting very large
samples of galaxy clusters out to redshifts z > 1. Furthermore, the mission will provide
insights in a wide range of astrophysical phenomena, including Active Galactic Nuclei
(AGN), supermassive black holes, accreting binaries, active stars, and diffuse emission
within our Galaxy (Merloni et al., 2012)). Additionally, the survey allows to study time
variability of different sources.

Figure 4.10: Schematic view of the location of the Lagrangian point Ly orbit of SRG
(composite image courtesy of K. Dennerl; taken from Merloni et al.| (2012)).

4.3.1 Technical characteristics

A schematic view of eROSITA’s telescope structure is depicted in Fig. The most
important technical characteristics are summarized in Tab. The X-ray telescope
consists of seven identical mirror modules (Friedrich et al., 2008; Burwitz et al., 2014])
with co-aligned optical axes. Fach of them is made up by 54 nickel mirror shells coated
with gold and carries an X-ray baffle (Friedrich et al., 2014]) in front. The advantages of a
multiple mirror system in contrast to a large single mirror system are mainly a shorter focal
length, which reduces the instrumental background, and a reduced pileup when observing
bright sources (Merloni et al.,[2012). Pileup is defined as the arrival of more than one X-ray
photon in one camera pixel or in adjacent pixels before it is read out (ESA: XMM-Newton
SOC, 2019). During launch the front cover was closed (Merloni et al., 2012).
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Figure 4.11: Schematic diagram of the eROSITA telescope structure (taken from
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eROSITA cameras

Compared to the XMM-Newton PN-CCD (Striider et al., 2001) there are improvements
for the eROSITA cameras (Meidinger et al., 2008, 2011, 2014)). For instance, the CCD has
been extended by a frame store area in order to reduce out-of-time events
. Out-of-time events are photons registered during the readout. There-
fore, wrong detector positions are assigned to these events (ESA: XMM-Newton SOC,
. The eROSITA CCD has 384x384 pixels, which corresponds to an image area of
28.8 mmx28.8 mm or a field of view of 1.03° diameter. The nominal integration time is
50ms. The CCDs are shielded against particle radiation by a massive copper housing
surrounding the entire CCD module. All CCD modules are cooled down to about —90° C
(Merloni et al., 2012).

4.3.2 Survey strategy

During its all-sky survey phase eROSITA will perform one complete scan of the celestial
sphere every half year, resulting in eight scans of the sky in the four years planned for the
survey (Merloni et al.| 2012). Fig. visualizes the observing strategy. The scans of the
celestial sphere are performed in approximate great circles. One circle takes four hours
and is called an eroday. Due to the motion of the satellite around the sun, the plane of the
scans advances, leading to a full coverage of the entire sky in six months. For a rotation
axis facing directly towards the sun, the exposure is distributed relatively uniform over
the whole sky with the exception of the ecliptic poles. These regions are deeply exposed
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towards
the Sun

Figure 4.12: During the all-sky survey phase eROSITA scans the celestial sphere in ap-
proximate great circles. As the scan axis is facing the sun the great scanning
circles are precessing. And due to the motion of the satellite around the sun
the entire sky is covered once in a half year (taken from [Schmid, 2012).

Figure 4.13: Exposure map after the four years of eROSITA’s all-sky survey in equato-
rial coordinates (taken from http://www.mpe.mpg.de/455799/instrument;
accessed on 2020 January 27). Brighter pixels symbolize higher exposure
time.
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Table 4.2: Summary of the technical details of eROSITA (Merloni et al., 2012; [Meidinger|
et al., 2011} 2014)

attribute value
mirror modules 7
mirror shells per module 54
energy range 0.2-10keV
outer diameter 358 mm
angular resolution (at 1.5keV) | < 15" on axis
energy resolution (at 1.5keV) ~ 80eV
CCD size 384 x 384 pixels
CCD pixel size 75 pm
nominal integration time 50 ms
focal length 1.6m
FOV 1.03° diameter

because the great scanning circles overlap there. An average exposure time of about 2.5 ks
is reached (Merloni et al., 2012). In the case of eROSITA the satellite’s rotation axis has
a small tilt with respect to the direction towards the sun. This allows to create larger
areas with deep exposure close to the ecliptic poles . A simulated exposure
map after the four years of all-sky survey is depicted in Fig. Due to the survey
strategy time variability on timescales of few hours up to months can be investigated.
This allows to constrain the nature of certain variable phenomena, e.g., tidal disruption
events. The all-sky survey data will be split equally between the German and Russian
consortia via splitting the celestial sphere through the Galactic center and the Galactic
poles into two hemispheres (Merloni et al., 2012). This scheme guarantees a fair share of
both the Galactic and extragalactic areas (Predehl, 2017).

Figure 4.14: Scheme of the entire sky in equatorial coordinates. The thick red line sym-
bolizes the separation line between the German and the Russian eROSITA
sky. The southern one is the German part (figure courtesy of A. Nishizawa,
IPMU; taken from |Merloni et a1.| 42012[)).
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5.1 Description of SNR 1006
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Figure 5.1: Location of SNR 1006 on the sky in an equatorial coordinate system. In
addition, the Galactic plane is shown in blue.

This thesis is concentrated on the supernova remnant (SNR) 1006, which is located
in the stellar constellation lupus at a right ascension of 15" 02™22.1% and a declination
of —42°05'49"[l Tts position is also visualized in Fig. [5.1 The distance to SNR 1006
was determined to (2.17 £ 0.08) kpc (Long et al., 2003). It is almost circular and with a
diameter of 30’ SNR 1006 has a similar size as the full moon. The physical radius is 9.5 pc
(Long et al. 2003)). The supernova from which the remnant originates was observed in
the year 1006 AD and can be found in, for instance, Chinese and Arabic records from that
time. During daylight it was probably visible for three months and for three years also
during the night with the naked eye. SN 1006 was a thermonuclear supernova of Type
Ia (Seward & Charles, |2010). Its remnant was first identified through its radio emission
(Gardner & Milne, 1965). A few years later, X-ray emission was detected (Winkler &
Laird, [1976), followed by the observation of faint optical filaments (van den Berghl, [1976).

SNR 1006 exhibits two opposed radio, X-ray, and y-ray bright limbs dominated by non-
thermal emission, separated by an inner region of low surface brightness and soft, thermal
X-ray emission (Miceli et al., 2012). Therefore, it can be categorized as a shell-type SNR.
Since the northeast and southwest limbs are significantly brighter than the northwest
and southeast area, SNR 1006 is often classified as a bipolar or barrel-shaped supernova

"http://simbad.u-strasbg.fr/simbad/sim-basic?Ident=Sn+1006&submit=SIMBAD+search (accessed
on 2020 February 1)
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remnant (Long et al., 2003)). The fact that SNR 1006 is almost circular can be explained
by its location above the Galactic plane in a relatively homogeneous environment, in
which the spherical geometry of a point explosion can be maintained (Acero et al., 2010)).
Because of its age, SNR 1006 is expected to be in the Sedov phase of its evolution or at
least in a transition to this phase (Long et al., 2003).

Thermal X-ray emission has been associated with shocked ejecta from the supernova
explosion (Acero et al., 2007; Miceli et al.,|2009). But also a component from the shocked
ISM is possible (Miceli et al.l [2012)). Thermal emission is expected since the initial kinetic
energy of the ejecta is gradually converted into heat as the blast wave is slowed down by the
interstellar medium (Willingale et al., [1996). In addition, an iron overabundance has been
revealed in the interior of the remnant (Yamaguchi et al., 2008|). The non-thermal emitting
limbs of SNR, 1006 are indicative of synchrotron emission from high-energy electrons, which
was observed for the first time in an SNR in X-rays (Koyama et al., 1995). The possibility
of this kind of emission was mentioned about 15years earlier by Becker et al. (1980).
Therefore, particle acceleration is more efficient in these non-thermal limbs (Miceli et al.,
2012). According to Miceli et al.| (2009), the emission at the rim of the shell can be
described by a mixture of thermal emission from plasma in non-equilibrium of ionization
and non-thermal emission.

Why was this source chosen to play a main role in this thesis? First of all, so far,
extended sources have not been considered in detail when making predictions for the
eROSITA mission. Because of that, this thesis will provide first insights in the visibility of
SNRs by eROSITA during its all-sky survey phase. This answers the question of why the
investigation of a supernova remnant was chosen in the prospect of the eROSITA mission.
The question of why specifically the SNR 1006 was chosen, can be addressed on one hand
by its postion on the sky. It is located above the Galactic plane in a region, which is part
of the sky area, for which the German consortium of the eROSITA mission will obtain
data. In addition, due to its location in a relatively clean environment it is possible to
derive an undisturbed description of a supernova remnant, which would be quite difficult
by investigating a supernova remnant, for instance, in the Large Magellanic Cloud (LMC).
Last but not least, the spectrum of SNR 1006 is harder than that of a typical SNR and
allows to predict the expected counts for non-thermal SNRs, which will be detected with
eROSITA.

5.2 Observational details

In this thesis XMM-Newton observations of SNR 1006 have been analyzed. The observa-
tions with ID 0555630101, 0555631001, and 0653860101 are used for spectral modelling.
These were taken on 2008 August 22, 2008 August 28, and 2010 August 28 with expo-
sure times of 46ks, 66ks, and 130ks, respectively. These observations only cover the
south of the supernova remnant. Therefore, two more observations were used to create
a mosaic image of the full remnant. The corresponding observation IDs are 0077340101
and 0143980201. These observations were taken on 2001 August 10 and 2003 August
14 with durations of 66 ks and 31 ks, respectively. Tab. summarizes the considered
observations. All observations were taken in full frame mode with the medium filter.
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Table 5.1: Details of the considered XMM-Newton observations of SNR. 1006 for the spec-
tral analysis and the creation of a mosaic image of the remnant.

obsID date duration [ks| wused for spectral analysis
0555630101 2008 August 22 46 yes
0555631001 2008 August 28 66 yes
0653860101 2010 August 28 130 yes
0077340101 2001 August 10 66 no
0143980201 2003 August 14 31 no

5.3 Data reduction

The data were reduced following the XMM ESAS CookbookE]7 which provides a standard
guideline for the reduction of data of extended sources using the XMM-Newton Extended
Source Analysis Software (ESAS). Only the basic steps are described here. For the ex-
traction of the data the XMM SAS version 16.0.0 was used. Important to note is that
the Observation Data Files (ODF) contain uncalibrated science files. The task odfingest
produces a detailed ASCII summary file, which, amongst others, includes a description of
the instrumental configuration. Moreover, the Current Calibration File (CCF) contains
calibration data and the Calibration Index File (CIF) enables the access to the calibration
files (ESA: XMM-Newton SOC, 2019). After setting up the analysis directory filtered
event files are created with the help of the ESAS tasks epchain, pn-filter, emchain,
and mos-filter. For these files soft proton flares are also filtered out. Furthermore,
CCDs in an anomalous state like CCD6 of MOS1 after the strike of a micrometeorite in
2005@ were excluded from further processing. Afterwards, point sources are detected and
excised with the task cheese with the default parameters, i.e., a PSF threshold to which
the point sources are masked of 0.25. This means that a point source is removed down to
a level at which the surface brightness of the point source is one quarter of the surround-
ing background. In addition, a point source flux threshold of 1.0 x 10~ ergscm 257!
and a minimal separation of point sources of 40.0arcsec is set. In a next step, model
particle background spectra and images are created. This is done via mos-spectra and
pn-spectra and taking into account the filtered source exclusion regions, which were
produced in the previous step. Next, quiescent particle background (QPB) spectra and
images are produced using mos_back and pn_back. Afterwards, the spectra are rebinned
to a minimum of 50 counts per channel via grppha. Before images can be created finally,
it is necessary to recast the produced particle background images from detector coordi-
nates into sky coordinates with the help of the task rot-im-det-sky. Although the data
were already filtered for soft proton flares, it is possible that some residual soft proton
contamination is left. In order to determine its level, a broken powerlaw which is not
folded through the instrumental effective areas is added to the spectral fit model. Addi-
tionally, since the solid angle of the single detectors is not the same, a scaling factor needs
to be introduced. This scaling factor can be determined with the task proton_scale,

®https://heasarc.gsfc.nasa.gov/docs/xmm/esas/cookbook/xmm-esas.html| (accessed on 2020 Jan-
uary 27)

Shttps://xmm-tools.cosmos.esa.int/external/xmm_user_support/documentation/uhb/epic.html
(accessed on 2020 January 27)
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which returns a backscale factor, the area, an average flux, and the scaled average flux for
each detector. Now an image of the soft proton background can be produced by the task
proton. For this task the normalization and the indices of the additional broken powerlaws
need to be stated. The resulting images are also recasted from detector to sky coordinates.
Since no bright source is located nearby, there is no stray light and therefore no correction
needs to be applied. With the images of the quiescent particle background and of the soft
proton background, all components for a background-subtracted and exposure-corrected
image are ready. But before creating a background-subtracted and exposure-corrected im-
age, it is reasonable to combine the MOS1, MOS2, and PN data with comb, which adds the
individual components from the three instruments with proper scalings for different filters
and different instruments. Since typically the counts in an image are too few, the image is
smoothed with the adaptive filter task adapt, which produces a reasonable background-
subtracted and exposure-corrected image. Here, it is done with a smoothing kernel of 50
counts, a threshold for excluding low exposure regions of 0.02, and a binning of 2. If one
uses the images of different observations, a mosaic image can be created. Fig. shows
such a mosaic image of SNR, 1006 for the used 5 observations. Furthermore, three different
energy bands — soft, intermediate, and hard — are color coded in red, green, and blue.

5.4 Sources of background contamination

As a supernova remnant is an extended source with relatively low surface brightness, it
is necessary to not only model the source spectrum but also to have a good knowledge
of the background. A way to do this is also explained in the XMM ESAS Cookbook.
First of all, the instrumental background needs to be modeled. For example the AlK,
and the SiK,, lines for both MOS detectors and the A1K, and the CuK, lines for the PN
need to be modeled. Altogether, the detector lines can be modeled by two Gaussian lines
located at an energy of 1.49keV and 1.75keV for the MOS detectors, and six Gaussian lines
located at 1.49keV, 7.49keV, 7.11keV, 8.05keV, 8.62keV, and 8.90keV for PN. Further
instrumental background which is caused by soft protons is already corrected by separate
model components with diagonal unitary matrices. For simplicity, contrary to the case
of creating images, for spectral modelling a powerlaw is chosen to model the soft proton
contamination instead of a broken powerlaw model.

Another source of contamination is given by the cosmic background. This kind is a sig-
nificant background in all directions of the sky and at all energies, which varies both in in-
tensity and spectral shape over the sky. According to the XMM ESAS Cookbook, the cos-
mic background can usually be modeled by four components. The first one represents the
emission from the Locale Hot Bubble or heliosphere and is given by a cool (E ~ 0.1keV),
unabsorbed thermal component (apec). Another cool (E ~ 0.1keV), but absorbed ther-
mal component describes the emission from the cooler Galactic halo. The third component
represents the emission from the hotter halo and/or intergalactic medium. It is given by an
absorbed thermal component with a higher temperature (E ~ 0.25—-0.7keV). The fourth
and final component is an absorbed powerlaw with a photon index of 1.46, representing
the unresolved background of cosmological sources. Therefore the resulting spectral model
for the cosmic background is apec + (apec +apec + powerlaw) - tbabs. The apec model
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Figure 5.2: RGB composite image of 5 XMM-Newton observations of SNR 1006. The red
channel is assigned to the energy band 0.3—-0.8keV, green to 0.8—2.0keV, and
blue to 2.0-4.5keV.

describes an emission spectrum from collisionally-ionized plasma in thermal equilibriunﬂ
tbabs is a Tuebingen-Boulder ISM absorption model, which describes the gas-phase ISM,
the grain-phase ISM, as well as the molecules in the ISME[

A third source of contamination originates in the solar system and in the near-Earth
environment, the so called solar wind charge exchange (SWCX). This phenomenon occurs
when ions interact with neutral atoms or molecules. During the interaction one or more
electrons are transferred to the ion into an excited state. In the subsequent relaxation
of the ion, a cascade of photons may be emitted. The ions present in the solar wind are
highly-charged oxygen, carbon, and neon. These result in emission of X—raysﬂ

‘https://heasarc.gsfc.nasa.gov/xanadu/xspec/xspecll/manual/node39.html#apec| (accessed on
2020 January 27)

Shttps://heasarc.gsfc.nasa.gov/xanadu/xspec/xspecll/manual/node42.html#tbabs (accessed on
2020 January 27)

Shttps://www2.le.ac.uk/departments/physics/research/xroa/astrophysics-1/SWCX (accessed on
2020 January 27)


https://heasarc.gsfc.nasa.gov/xanadu/xspec/xspec11/manual/node39.html#apec
https://heasarc.gsfc.nasa.gov/xanadu/xspec/xspec11/manual/node42.html#tbabs
https://www2.le.ac.uk/departments/physics/research/xroa/astrophysics-1/SWCX
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5.5 Region definition

region 3

region 4
-41°45'
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Figure 5.3: RGB composite image of 5 XMM-Newton observations of SNR 1006 like in
Fig. 5.2l Here additionally the four used regions for spectral modelling are
plotted in different colors.

Looking at the image of SNR 1006, which can be seen in Fig. it seems that the
southwestern and the northeastern rims of the remnant are dominated by hard X-rays,
whereas the interior is dominated by soft X-rays. Therefore, for modelling the spectrum
of the remnant a hard and a soft component is necessary. The hard component can be
determined using a region covering the southwestern rim of SNR 1006, corresponding to
region 4 in Fig. |5.3l This region was observed in 2010 (obsID 0653860101). Region 1,
shown in red in Fig. also seems interesting since it is darker than its surroundings.
Since there is a hard X-ray source located in the middle of the dark area, region 1 is splitted
into two regions. In order to test if the darker area is caused by higher absorption, two
more regions were chosen, one located above and one below region 1. Both of these regions
have the same size as region 1 but are shifted in order to stay inside the detector area of
the two observations in 2008 (obsID 0555630101 and 0555631001).
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5.6 Spectral modelling

For spectral analyses throughout this thesis the X-ray Spectral Fitting Package XSPEC
(Arnaud, 1996) was used in the version 12.11.0.

A first attempt was to use the fit model of Miceli et al.| (2012)) to model the XMM-Newton
data of SNR 1006. In their paper they use one vpshock component for the ejecta, another
one with solar abundances to describe the ISM, and a non-thermal emission given by srcut.
The vpshock model (Borkowski et al., |2001)) describes an isothermal and optically thin
plasma in non-equilibrium of ionization with a linear distribution of ionization timescale
versus emission measure (Miceli et al., 2012). The srcut model (Reynolds & Keohane,
1999) describes a synchrotron spectrum from electrons with a distribution described by
a powerlaw with an exponential cut-off in a homogeneous magnetic ﬁeld[ﬂ The same
parameters as in Miceli et al. (2012) were fixed. In order to account for the remaining
proton contamination, a powerlaw, which is not folded through the instrumental effective
area, is added to the fit model. The data were fitted in the energy range between 0.3 keV
and 7.0keV. Nevertheless, the fit result was not convincing. A reason for that could be
that Miceli et al.| (2012) used different regions, mainly located at the southeastern rim of
the remnant.

Therefore, the fit models were switched to the model vnei for the thermal components
and powerlaw for the non-thermal emission. The vnei model is a non-equilibrium ion-
ization collisional plasma model. It assumes a constant temperature and single ionization
parametelﬁ Furthermore, only one thermal component was considered. Fitting two ther-
mal components with the element abundances of one of them set to solar values, showed
that the second component does not contribute much to the spectrum and therefore, was
removed.

Instead of analyzing PN and MOS spectra simultaneously, only the PN spectra were
considered. A reason for this is the different behavior of the EPIC PN and the EPIC
MOS instruments. Due to the higher effective area of PN than MOS (as can be seen in
Fig. , the measured intensity of radiation is higher for the PN detector. In order to
avoid difficulties with different normalizations and different instrumental lines, only the
PN data were analyzed as they exhibit the best statistics. Since the regions 1, 2, and 3 were
covered in two observations, for these regions the PN spectra of both observations were
fitted simultaneously. Contrary, region 4 is only included in one observation, therefore
only one PN spectrum was fitted.

The considered energy range is 0.3—10.0keV for all spectra and regions. Also for the
source model absorption has to be taken into account, for which we used the tbabs
Tuebingen-Boulder absorption model. The best fit parameters for the thermal and non-
thermal components as well as the absorption for all four regions can be found in Tab.
The table also shows the reduced x? value of the fit as well as the degrees of freedom
(DoF). The spectra of all four regions, which were binned to a minimum of 50 counts per
channel, together with the best-fit models are presented in Fig. and Fig.

First, the spectrum of region 4 was fitted in order to determine the photon index of the
powerlaw, which should be frozen to this value for the other regions. This results from

"https://heasarc.gsfc.nasa.gov/xanadu/xspec/xspecll/manual/node40.html#srcut (accessed on
2020 January 27)

Shttps://heasarc.gsfc.nasa.gov/xanadu/xspec/xspecll/manual/node40.html#vnei, (accessed on
2020 January 27)


https://heasarc.gsfc.nasa.gov/xanadu/xspec/xspec11/manual/node40.html#srcut
https://heasarc.gsfc.nasa.gov/xanadu/xspec/xspec11/manual/node40.html#vnei
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the consideration that the non-thermal component should show the same characteristics
throughout the whole supernova remnant. Only the strength of the non-thermal emission
should vary. The best fit of region 4 yielded a value of 2.720f8:88$ for the powerlaw
photon index (powerlaw.PhoIndex). According to Sect. this value is in agreement
with literature values of young SNRs. In the fitted model a solar wind charge exchange
line modeled by a Gaussian line with width 0 was included. This line probably results
from a Fe or Ca transition. Its line energy is given by gaussian.LineE in Tab.

In the vnei component the redshift was frozen to 0 and only the abundances of oxygen
(vnei.0), magnesium (vnei.Mg), silicon (vnei.Si), sulfur (vnei.S), and iron (vnei.Fe)
were left free, all other abundances (vnei.H, vnei.He, vnei.C, vnei.N, vnei.Ne, vnei.Ar,
vnei.Ca, and vnei.Ni) were frozen to the solar value. This applies to regions 1, 2, and
3. For region 4 even these metal abundances were frozen to the solar value, meaning that
all element abundances were considered to be solar. Since the powerlaw component was
negligible for regions 2 and 3, it was removed when analyzing the spectra of these regions.
For fitting region 1 the powerlaw photon index was set to 2.720. For all four regions a solar
wind charge exchange line needs to be included, with only slightly different line energy.
In Fig. and Fig. this line is depicted by the dashed lines.

Comparing the fit parameters shows, that the absorption column (tbabs.nH) changes
only slightly in the four considered regions. The lowest value can be found in region 4,
where the absorption column is about one fifth of the value in region 2, where the highest
absorption column was determined. Since the values of the absorption columns of region 1
and region 3 are rather similar, one can conclude that region 1 is not affected by stronger
absorption than the other regions as was suspected when defining the regions for spectral
analysis. This means the reason why region 1 appears darker lies not in a higher absorption
column in the line of sight to this region but might be a result of the intrinsic shape of
the remnant.

The change in the plasma temperature (vnei.kT) of the thermal emission is more or
less on the same level of significance. The coldest temperature was again derived in region
4, the highest in region 2, where the temperature is more than three times higher than in
region 4. The values of region 2 and region 3 are in good agreement with literature values
for young supernova remnants according to Sect. whereas, the values of region 1
and region 4 are slightly below the literature values.

The metal abundances vary quite much from one region to another. In the regions
1, 2, and 3, which are dominated by the thermal component, sulfur is by far the most
abundant element, followed by silicon. In general, most of the varied element abundances
are strongly enhanced compared to the solar values in these regions. For a remnant of a
thermonuclear supernova an enhancement of the abundance of these elements is expected
since in the thermonuclear runaway process fusion was ignited again. And during the
explosion the progenitor star gets completely disrupted, which leads to the ejection of all
material of the progenitor. Therefore, an enhancement in metal abundances is expected.
In the non-thermal dominated region 4 the element abundances are set to the solar value.
Therefore, it is not possible to investigate the difference in metal abundances between the
thermal and non-thermal dominated regions.

It is remarkable that the ionization timescale (vnei.Tau) of the thermal component is
highest in region 4, followed by region 1. However, for all regions the ionization timescale
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agrees with literature values according to Sect. This means the assumption that
the plasma is in non-equilibrium ionization holds.

Looking at the reduced y2-value the best fit was achieved for region 3. However, for
regions 2 and 4 very good fits were reached as well. The fit to the spectrum of region 1 is
a little bit worse but nevertheless considered to be good.

The absorbed flux values in the energy range 0.3—10.0keV (see Tab. are in good
agreement for regions 1, 2, and 3 where the values of the absorbed fluxes are (1.442 +
0.020) x 10~ ergs™! em~2 for region 1, (1.631‘8:8}16) x 10~ B ergs™ em~2 for region 2, and
(2.9240.04) x 1073 ergs~! em~2 for region 3, respectively. The value of region 4 is with
(11.0479:526) x 10713 erg s~ cm ™2 slightly higher, which can be explained by the fact that
more hard photons were detected in this region.

5.7 Estimating the age of SNR 1006

The previously derived best-fit results can be utilized to estimate the age of the supernova
remnant 1006. Assuming that the remnant has already entered the adiabatic phase of its
evolution the Sedov-Taylor model holds, which was described in Sect. In particular
rewriting equation yields a formula for the radius of the blast wave in units of parsec.
To derive this equation one needs a value for o which can be obtained from calculations
and yields a value of 1.15 (see, e.g., Truelove & McKee, [1999).
Furthermore, one can define an energy F5; which describes the explosion energy in units
of 10°! erg, i.e.,
Es1 = Eo/(10°Y) (5.1)

with Ey the explosion energy in units of erg. In addition, the age of the remnant can be
expressed in units of 104 years, i.e.,

ty =t/(10% - 365.25 - 24 - 3600) (5.2)

with the age t in units of seconds. Converting the mass density pg into a particle density
ng yields

= % = % * o (5.3)
with the number of particles N in a volume V and the mass M of these particles. The
mean number of particles and their mass can be estimated by assuming that 90% of the
particles in the interstellar medium are given by hydrogen and 10% by helium. This
assumption neglects the small amount of heavier elements. Since the particles are ionized
the hydrogen atom is separated into two particles (one proton and one electron) with the
mass of one proton m,, assuming that the mass of the electron is negligible. In the case
of helium one yields three particles for one helium atom: one helium core (consisting of
two protons and two neutrons) and two electrons. Considering the mass of the electrons
as negligible the mass of these constituents is given by 2m, and 2m,, with the mass of a
neutron m,,. Therefore, the mean number of particles is given by

no

N=09-2+01-3=2.1. (5.4)
—_—— N
90% H 10% He
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The mean particle mass can be calculated accordingly by

M =09-mp+0.1-(2my,+2m,) =1.1my+0.2m,. (5.5)
———
90% H 10% He

With the considerations above one can rewrite equation into

1/5
R:a.<EO>/ 25

£0
1051 . Ex 1/ 4 2/5
—-115- [ — 5L - (10* - 365.25 - 24 - -t 5.6
5 <nO'M/N (0 365.25 3600 4) (5.6)
E 1/5
:4.54-1019'(51> 7,
no

where R is given in units of cm. Converting R into units of parsec yields

E 1/5
R=14.72- (“) R (5.7)
no

When taking into account for instance heavier elements than H and He in the derivation
one ends up with a slightly smaller prefactor of 14, i.e.,

1/5
R=14- (E“”l) Y (5.8)

no

where E5; denotes the explosion energy in units of 10°! erg, ng represents the density of the
uniform ambient medium in units of cm™3, and ¢4 describes the age in units of 10% years
(Seward & Charles| 2010).

Furthermore, in order to obtain an equation for the age of the supernova remnant one
can derive an equation for the temperature T immediately after the shock by assuming
that the expansion velocity of the remnant equals the outer shock velocity, i.e.,

T =1.0x10". (Ef’l) -R73, (5.9)
ng
where the temperature 7' is given in units of K (Seward & Charles, 2010).

The radius R of the blast wave can be derived considering the situation depicted in
Fig. An extended source with radius R at distance d to the observer is seen under
the viewing angle §. Therefore, the radius R can be calculated via

R =4d-tan (g) . (5.10)

The distance to SNR 1006 was determined to (2.17 £ 0.08) kpc (Long et al., [2003|) and
the viewing angle 6/2 is 929.6”. These values translate into a radius of the remnant of

(9.8 £ 0.4) pc which is in good agreement with the value of 9.5 pc stated by |Long et al.
(2003).
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Solving equation for the term Ejs;/ng, i.e.,

Ean T 3

— _ . A1
no 1.0 x 1010 ’ (5.11)

allows to replace this term in equation After solving equation for the age t4 this
yields

R 5/2 T 5 —1/2 T —1/2
th= [ = R — 1475/2. <> . 192
4 (14) <1.0 SETIURRA ) 1.0 x 1010 R (5.12)

The temperature T can be calculated from the plasma temperature vnei.kT of the best-
fit results. First the mean value of the three regions dominated by the thermal emission
(region 1, 2, and 3) was determined. Then this mean value and the plasma temperature
derived for region 4, which is dominated by the non-thermal emission, were used to calcu-
late an average value for the whole remnant. This average has a value of (0.44 £ 0.04) keV
which translates into a temperature of T' = (5.2 4 0.5) x 106 K.

Inserting the derived values for the temperature T" and the radius R results in an age ¢ of
(5.940.4) kyr. Since the supernova of which SNR 1006 is the remainder was observed in the
year 1006 AD, the real age of the remnant is approximately 1000 years, i.e., the estimated
age is by a factor of ~ 6 too high. On one side the determination of the temperature adds
quite some uncertainty to the derived age. For the calculation of the temperature T' only
the four previously defined regions were considered. As can be already seen from these
regions the plasma temperature vnei.kT varies from one region to the other. Not only
between the regions dominated by the thermal and the non-thermal emission there is a
clear difference in the plasma temperature derived by the spectral fits visible. Also for
the three regions dominated by the thermal emission varying plasma temperature values
were determined. This leads to the conclusion that the plasma temperature varies over the
whole remnant. Therefore, instead of determining plasma temperatures for specific regions
of the supernova remnant one should rather derive a plasma temperature for the region
directly behind the blast wave where no emission from ejecta is present. Nevertheless, since
the plasma temperature varies across the surface of the remnant this will still impose a
rather high uncertainty to the estimated age.

In addition, SNR 1006 is a young supernova remnant which has either just entered the
Sedov phase of its evolution or is at the transition to this phase right now. This means
that strictly speaking the Sedov-Taylor model, on which the estimate of the age is based,
might not be applicable. Since in the earliest stages of supernova remnant evolution the
expansion velocity is the highest the radius of the remnant increases more than assumed
by the Sedov-Taylor model. As can be seen from equation a higher radius also results
in a higher age value, i.e., for young supernova remnants that just entered the adiabatic
phase of their evolution the Sedov-Taylor model will overestimate their age.

Although the estimated age and the expectations differ by a factor of ~ 6 they are still
on the same order of magnitude and, therefore, the determined age with the Sedov-Taylor
model is considered as a good rough estimate for the real age.
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5.8 Preparing the simulation

After analyzing the XMM-Newton data of SNR 1006, simulations for the eROSITA all-
sky survey were performed in order to compare the well studied XMM-Newton data with
expectations for the eROSITA mission. For running the simulations a file containing the
basic characteristics of SNR 1006 is needed as an input. Section [6.1] gives a more detailed
explanation of the used file format. The basic characteristics of an astronomical source
like a supernova remnant include spectral information such as fit models and parameters,
a flux value in a certain energy band, and the photon distribution provided by an image of
the source. In order to obtain all these information for SNR 1006 it is necessary to make
a few more considerations.

Looking at the spectra two energy ranges can be determined where either the thermal or
the non-thermal component is dominating. In agreement with this fact, the input for the
simulation will consist of two components to describe the supernova remnant: a thermal
and a non-thermal component. The band dominated by the thermal component ranges
from 0.3keV up to 2.0keV. For modelling this component the mean fit parameter values
of region 1, 2, and 3 can be used. In the range from 3.0keV up to 5.0keV the spectrum
of SNR 1006 is dominated by the non-thermal component, which can be described by
the derived best fit model of region 4. Since the best-fit model of region 1 included a
powerlaw component whereas the models of regions 2 and 3 did not, region 1 was also
fitted without this powerlaw contribution. This allows to constrain mean fit parameters
for the regions 1, 2, and 3. The resulting best fit parameters are listed in Tab. For
the sake of completeness also the parameters for the other regions are given. Although
different absorption columns were determined for the different regions, for the simulation
only one single value is used. For this value the mean absorption column of regions 1, 2,
and 3 is calculated first. Afterwards the mean of this value and the value of the absorption
column derived in region 4 is determined. The resulting absorption column used for the
simulation is 0.259 x 10?2 cm™2. Nevertheless, this value is about four times higher than
the value given by the program nh at the source position. The flux value for the thermal
component was derived in the 0.3—2.0 keV energy band of regions 1, 2, and 3 and the
one for the non-thermal component in the 3.0—-5.0keV energy band of region 4. In order
to get the photon distribution of these two components, mosaic images in both energy
bands were created. Finally, with the flux, the mosaic images and the spectral models
all necessary information to describe the source is known and can be used to create a so
called SIMPUT file, which is used to deliver all necessary information of the source to the
simulation software. A more detailed description of this file format is given in Sect.

In the energy band of 0.3—2.0keV for regions 1, 2, and 3, the flux values vary only
slightly. In contrast, the flux value of region 4 in a hard energy band 3.0—5.0keV changes
by approximately one order of magnitude compared to the value in the range 0.3 —-10.0 keV.
The flux value of region 4 in the hard band is now comparable to the values of the regions
1, 2, and 3 in the range 0.3—10.0keV.
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Figure 5.4: PN spectra of region 1 (top) and region 2 (bottom). Black shows data and
model components from obsID 0555630101 and red from obsID 0555631001.
The thick dotted lines represent source model components, whereas the thin
ones denote additional background components. The dashed lines symbolize
the SWCX component of the fit model. The black solid line in the upper panel
depicts the modeled remaining particle background.
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Figure 5.5: PN spectra of region 3 (top) and region 4 (bottom). In the upper panel black
shows data and model components from obsID 0555630101 and red from obsID
0555631001. The solid lines depict the modeled remaining particle background
of each observation. The lower panel shows data and model components from
obsID 0653860101. The thick dotted lines represent source model components,
whereas the thin ones denote additional background components. The dashed
lines symbolize the SWCX component of the fit model.
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observer source

Figure 5.6: Viewing angle of an extended object with radius R at distance d from the
observer.



6 Simulation and data extraction software
for eROSITA

The following chapter contains information about the software used for the simulation and
additionally the one used to extract and analyze the simulated data.

6.1 SIMPUT

The simulation software uses a so called SIMPUT file as an input. This is a standard
format for source input files, which is used in simulations of astronomical observations.
The name is an abbreviation for SIMulation inPUT. For a more detailed description see
the definition document[ﬂ The SIMPUT file format specificaton is based on the FITS
standard (Wells et al., |1981; Ponz et al., 1994; [Hanisch et al., 2001} |[Pence et al., 2010).
SIMPUT files contain a catalog with one or multiple sources, which are described by
specific properties such as their position, brightness, and energy spectrum, as well as
optional characteristics such as time variability or spatial extent. The source catalog
extension contains the following parameters:

SRC _ID the ID of each source

SRC_NAME the name of each source

RA, DEC the coordinates of the source in the equatorial coordinate system
IMGROTA rotation angle/polarization vector

IMGSCAL scaling factor for extended sources

E_MIN, E. MAX boundaries of the energy band, in which the flux is given

FLUX the flux emitted by the source in the specified energy band
SPECTRUM a link to the spectrum extension

IMAGE a link to the image extension

TIMING a link to the timing extension (lightcurve)

The parameters SRC_1D, RA, DEC, E_MIN, E_ MAX, FLUX, and SPECTRUM are
mandatory. The other parameters are optional. The spectrum extension describes the
energy spectrum of the source. If more than one source is considered each row of the spec-
trum extension describes a single source. In the case of providing a mission-independent
spectrum, the data are organized as a binary table with two mandatory columns giving an

"http://hea-www.harvard.edu/heasarc/formats/simput-1.1.0.pdf| (accessed on 2020 January 27)
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energy grid and the photon flux density at the respective energies. If an extended source
is studied the image extension describes the spatial flux distribution. One image extension
corresponds to a single source. For point sources an image extension is not needed. Since
supernova remnants are not expected to show time variability on timescales, which are
important during the eROSITA all-sky survey, the timing parameter can be neglected in
that case.

[ Telescope & Mirror Model ] [ Detector Model ]
effective area PSF delactor'type
pointing vignetting read-out,
field of view field of view RMF, ...
¥ \/ \l
Source Photon Photon Photon Impact Event
Catalog Generation List Imaging List Detection
arrival time arrival time read-out time
energy energy recon. energy
position (RA, Dec) position (X, Y) position (RAWX, RAWY)

Figure 6.1: Flow chart illustrating the three major functional blocks of the SIXTE software
(taken from Dauser et al., 2019).

In this work the SImulation of X-ray TElescopes (SIXTE) software package is used
(Schmid, [2012; Dauser et al., |2019)). It is a generic, mission-independent Monte Carlo
simulation toolkit for X-ray astronomical instrumentation, which is based on a modular
approach for source definition, description of the optics, and the detector type. Detailed
information about the implementation and usage of the software can be found in the
SIXTE manual?]

Fig. shows a flow chart with the three major functional blocks of the SIXTE simula-
tion software. The first step is the generation of photons from the source catalog provided
by the SIMPUT file. While the source list can cover a sky area, which is much larger
than the part of the sky observed by the telescope, photons are only generated for sources
within the telescope’s field of view. This saves computational time and results in a photon
list containing the arrival time, the energy, and the sky position of the incoming photons.
For the imaging process the PSF, vignetting, and the FOV of the telescope are taken
into account. The output of the imaging step is an impact list, where information on the
photon arrival time, energy, and position on the detector are stored. This impact list is
used for the event detection. In this step, amongst others, the detector type, readout, and
the redistribution matrix (RMF) are considered. The RMF describes the probability that
a certain signal is measured for a given input photon energy (Dauser et al., 2019). Finally,
event reconstruction takes place and the important information such as event time, re-
constructed energy, and detector position of the event are written into an event file. This
event file can then be used to derive source products such as an image or a spectrum of

’https://www.sternwarte.uni-erlangen.de/research/sixte/data/simulator_manual.pdf (accessed
on 2020 January 27)
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the simulated source. In the case of eROSITA seven event files are created, one for each
telescope.

The SIXTE package provides some general and some mission specific tools. For instance,
the tool erosim is a derivative of the general tool for performing simulations, runsixt,
which is specialized to the setup of the eROSITA experiment. The most important pa-
rameters of erosim are:

XMLFile: There are seven XML files, one for each sub-instrument, describing the main
characteristics of the telescopes and detectors. They contain information on the FOV
diameter, the focal length, the Ancillary Response File (ARF) and RMF, the PSF, the
pixel size, vignetting, the charge cloud size, and the readout mode.

Background: For inclusion of the particle background.

Attitude: The attitude file describes the pointing position of the telescopes as a func-
tion of time. If this file is not provided, SIXTE will perform a pointed observation
instead of an all-sky survey observation.

RA, Dec: The position of the telescope pointing in the equatorial coordinate system.
Simput: The catalog of sources, which will be simulated.

MJDREF: The time in the event files will be given with respect to this reference Modi-
fied Julian Date (MJD). As the name foretells this dating convention is a modification of
the Julian Date (JD) which numbers all days in a consecutive fashion starting with 4713
B.C. January 1 at noon. The Modified Julian Date begins at midnight and leaves out the
first two digits of the Julian Date, i.e., it can be calculated via M JD = JD—2400000.5H

TSTART: This parameter denotes the start time of the observation.
Exposure: The exposure time of the simulated observation.

GTIFile: The Good Time Interval file is an optional parameter which contains time
intervals for which the simulation should be performed. It overwrites TSTART and
Exposure.

In order to convert the resulting event file into the eROSITA-specific calibrated event
file format, the SIXTE tool ero_calevents is used.

The visibility of an X-ray source at a particular position in the sky during the eROSITA
all-sky survey can be determined with the tool ero_vis. The advantage of the created
GTI file by this tool is that not the whole survey needs to be simulated but only the time
intervals when the simulated source is within eROSITA’s FOV and can be detected. This
saves computational time. The SIXTE tool ero_vis has the following parameters:

Attitude: The attitude file giving eROSITA’s pointing positions changing over time.
Simput: The source catalog file.

SrcRA, SrcDec: Source position in equatorial coordinates. These are overwritten by
the source catalog file if it is given.

3https://core2.gsfc.nasa.gov/time/| (accessed on 2020 May 4)
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GTIfile: The name of the output GTI file.

TSTART: The starting time of the simulated observation.
Exposure: The exposure time of the simulated observation.
dt: The time step for the GTT calculation in seconds.
visibility_ range: The diameter of the telescope’s field of view.

With these tools one can perform simulations of eROSITA observations of sources de-
fined in the SIMPUT file. For extracting source products like images or spectra from the
simulation, the eROSITA Science Analysis Software System (eSASS) is used.

6.3 eSASS

The eROSITA Science Analysis Software System (eSASS) is a software package that
comprises tasks for pipeline operation and for interactive data analysis. It is partly
based on knowledge and code from the ROSAT data analysis software and the XMM-
Netwon Science Analysis System (XMM-SAS) (Brunner et al}[2018). Amongst others, its
tasks include event calibration, map creation (e.g., exposure maps or sensitivity maps),
source detection tools, and event manipulation tools such as creating images, spectra, or
lightcurvesﬂ Important tools for the work done in the scope of this thesis are evtool,
which allows to produce images, and srctool, which is used for extracting spectra from
the event files. For simulated event files a preparatory task needs to be done beforehand.
This step makes use of the tool radec2xy, which calculates sky pixel coordinates via a
tangential parallel projection. Images then can be created with the tool evtool, which
takes one or multiple event files and an energy range as input. For producing spectra or
lightcurves srctool is used. This tool requires one or multiple event files and the tar-
get coordinates as input parameters. Optional parameters are, for instance, a source or
background extraction region, a source extent model for extended sources, and a list of
operations to be carried out. Possible operations are, for instance, extracting spectra or
lightcurves, or producing ARF and RMF files.

6.4 Data extraction without the use of eSASS

Since at first the energy calibration was not implemented for the eROSITA mission an
energy shift was observed in the simulated spectra due to an incorrect conversion from
PHA (Pulse Height Amplitude) values to PI (Pulse Invariant) values. A PHA file contains
the data of an X-ray spectrum, typically in a form of number of counts observed in each
spectral channel of the detector (Arnaud et al.l 2009). Since the PHA does not state the
proper reconstructed photon energy a reconstruction step is necessary, which depends on
the response of the detector. This calibration step then yields a PI value (Dauser et al.,
2019). Further information on the conversion from PHA to PI can be found in the SIXTE
manua]ﬂ Unfortunately, a correct energy calibration for the eROSITA mission became

‘https://erosita.mpe.mpg.de/eR0doc/| (accessed on 2020 January 27)
5http ://wuw.sternwarte.uni-erlangen.de/research/sixte/data/simulator_manual_v1.3.10.pdf
(accessed on 2020 February 26)
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only available after the evaluation of the simulations. Therefore, in the analysis of the
simulations for eROSITA further tools of the SIXTE package were used for extracting
images and spectra from simulated event files. This did not affect the results of the
analysis.

Before images and spectra can be created it is necessary to add some information re-
garding the world coordinate system (WCS) to the header of the event files from the
simulation. This allows to correctly perform projections, for instance from detector coor-
dinates into sky coordinates. After that, images can be created using the tool imgev of
the SIXTE software package. The tool takes an event file and some parameters regarding
the WCS and projection as input. It is not possible to define a certain energy range in
which the image is created. Therefore, for creating tricolor images one needs to filter the
event files for the desired energy range using fselect.

Spectra are created using the tool makespec. It takes simulated event files as input
and, in addition, allows to filter for a certain region. For simulated all-sky survey data it
is necessary to filter for a region where the coordinates are given in sky coordinates (RA
and DEC) and not in detector coordinates (RAWX and RAWY). This becomes apparent
when considering the source moving through the telescope’s field of view, i.e., changing its
position on the detector but not on the sky. Therefore, it is also important that the right
WCS information was set in advance. Furthermore, if not only a spectrum of a source
region but also one of a background is extracted, one needs to set the “BACKFILE”
and the “BACKSCAL” keywords accordingly in the header of the source spectrum. The
“BACKFILE” keyword states the path to the background spectrum. The “BACKSCAL”
keyword is a scaling factor that takes into account that the area of the source region differs
from the area of the background region.



7 Simulations of SNR 1006 for eROSITA

7.1 The SIMPUT file of SNR 1006

As pointed out in Sect. the spectrum of the supernova remnant 1006 consists of a
thermal and a non-thermal component. According to this result the SIMPUT file used
for the simulations of SNR 1006 for eROSITA includes two components as well. Both
components have a center position of RA = 225.7065 deg and Dec = —41.95deg. For
the thermal component the energy band 0.3—-2.0keV is considered. To derive the photon
distribution for the thermal component an image in this energy range was created, which
is presented on the left of Fig. For the spectral description, the mean values of the fit
model parameters of the analysed regions 1, 2, and 3 were used, which are given in Tab.
In the analysis of the XMM-Newton data, a flux value of 1.838 x 103 ergs™! cm™2 was
determined for the thermal component. This flux value needs to be scaled to a value of
1.15 x 10~ ergs~! cm™2 since the area in which it was determined (regions 1, 2, and 3)
is smaller than the area of the whole remnant. But in the SIMPUT file the total observed
flux from the source in the reference energy band is stated, therefore the scaling is needed.
The non-thermal component is evaluated in the energy band 3.0-5.0keV. For describing
the photon distribution, an image in this energy range was created, which can be seen in
Fig. on the right. For the spectral model the fit parameters of region 4 from the XMM-
Newton data analysis were used. The flux is scaled from 1.022 x 10~ "3 ergs™! ecm ™2, which
was derived for the analysis of region 4, to a value of 6.23 x 10~'? ergs™! cm~2 in order to
account for the greater area of the whole remnant compared to the area of region 4. All
this information is put together into a FITs file, which is used as input for the simulations.
Since a supernova remnant is not expected to show any variations on timescales of the
eROSITA all-sky survey, no further information is necessary to describe the object.

7.2 Simulation results after one complete scan of the sky

As already mentioned in Sect. eROSITA completes a scan of the entire sky in six
months. Therefore, a first simulation was performed for an exposure time of six months
to get a feeling what is feasible with the eROSITA data of the first half year of all-
sky survey measurements in prospect of supernova remnants. Fig. shows a tricolor
composite image of the SNR 1006 after six months of the all-sky survey. Like already in
the analysis of the XMM-Newton data red denotes the energy band 0.3—-0.8 keV, green the
band 0.8—-2.0keV, and blue 2.0—4.5keV. Inside the region of the remnant a total amount
of 1765 counts was registered. For an exposure time of 906 s, this results in a count rate of
1.95 counts per second. As is obvious from Fig. after six months of all-sky survey too
few counts are registered to determine model parameters by spectral fitting. Due to this
fact, no further analysis of the data was performed. Instead, simulations for four years of
all-sky survey were carried out and analyzed.
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Figure 7.1: Composite images of the analysed XMM-Newton data in the energy band 0.3 -
2.0keV (left) and 3.0—5.0keV (right) to describe the photon distribution of the
thermal and the non-thermal component, respectively.

7.3 Simulation results after four years of all-sky survey

A tricolor image of SNR 1006 after four years of all-sky survey is given in Fig. [7:3] As in
Fig. red denotes the energy band 0.3—-0.8keV, green the band 0.8 -2.0keV, and blue
2.0—4.5keV. Over the whole remnant an amount of 14,938 counts was registered, which is
in agreement with expectations for a factor 8 increase in exposure time. As expected, the
count rate is with 1.96 counts per second almost the same. Since the source did not change
its brightness one would expect to measure the same count rate although the simulated
time range is higher. The higher amount of counts enables the extraction of spectra from
the simulated data. In order to compare the results to the analysis of the XMM-Newton
data, two regions were chosen, from which spectra were extracted. One region is located at
the edge of the remnant, where the non-thermal component dominates. The other region
covers the center of the remnant, where the thermal component dominates. Although the
result of the all-sky simulation after four years is better than after six months in terms of
registered counts, there are still less counts measured than in the XMM-Newton pointed
observation data. In order to account for this fact, it is necessary to redefine the considered
regions. In particular, the area of the regions needs to be enhanced to collect a reasonable
amount of photons. The resulting regions are shown in Fig. as well. In addition, the
same figure also shows the region used for extracting a background spectrum, which is
subtracted from the source spectra.

7.3.1 Spectral analysis
Contribution of the background

Before going into a detailed analysis of the simulated spectra of SNR 1006 after four
years of eROSITA all-sky survey, it is worthwhile to have a look at the contribution of
the background to the source spectra. Fig. [7.4] shows the source spectrum in red and
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Figure 7.2: Simulated RGB image of SNR 1006 after six months of eROSITA all-sky sur-
vey. Red denotes the energy band 0.3—0.8keV, green the band 0.8 -2.0keV,
and blue 2.0 -4.5keV.

the background spectrum in black for region 1 (top) and region 2 (bottom), respectively.
For simplicity only the data of the telescope module (TM) 7 are plotted. All spectra
are extracted with the tool makespec. The source and background spectra of region 1
were binned to a minimum of 25 counts per channel, whereas the ones of region 2 were
binned to a minimum of two counts per channel. It is obvious that the source spectra
are dominated by the background for energies above =~ 2keV. This means that the main
remaining component of the source spectra is the thermal component. This becomes
even more clear when looking at the spectrum of region 2 (at the bottom of Fig. ,
which was extracted from a region where the non-thermal emission should dominate.
Since this region is smaller than region 1, the overall amount of counts is smaller as well
compared to region 1. In addition, the non-thermal part of the spectrum is masked by
the background contribution. Only some thermal emission remains. This also becomes
plausible when comparing the effective areas of eROSITA and XMM-Newton. Fig.
shows this comparison for the combined effective area of all eROSITA telescopes in red
and the effective area of the XMM EPIC PN detector in black. In order to achieve a more
reasonable comparison a pointed eROSITA observation was simulated and the effective
area was calculated for a central circular region on the detector with the same size for both
instruments. In the energy range =~ 0.5keV up to = 2keV the combined effective area of
the eROSITA telescopes is higher than the one of the XMM EPIC PN detector. But above
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Figure 7.3: Simulated RGB image of SNR 1006 after four years of eROSITA all-sky sur-
vey. Red denotes the energy band 0.3—0.8keV, green the band 0.8 -2.0keV,
and blue 2.0-4.5keV. Furthermore, the regions are plotted in which the source
spectra for the thermal and the non-thermal dominated components were ex-
tracted. In orange, the region in which the background spectrum was extracted
is shown.

this energy range the effective area of XMM EPIC PN is higher than eROSITA’s one, i.e.,
XMM-Newton is able to collect more photons of energies above =~ 2keV, which results
in a better signal to noise ratio for higher energies compared to the eROSITA mission.
However, one has to take into account that the effective area depends on the position
of the source on the detector. Therefore, the effective area from a survey observation of
eROSITA might deviate from the one of a simulated pointed observation. Nevertheless,
Fig. illustrates that the background will be stronger for energies above = 2 keV for the
eROSITA instrument than it is for XMM-Newton EPIC PN.

Spectral analysis of region 1

Region 1 covers the center of the remnant, where the thermal emission dominates. Fig.
shows the background subtracted spectra of all telescope modules. The spectra were
binned to a minimum of 25 counts per channel in order to allow the use of the y?-statistic.
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Figure 7.4: Simulated spectra of SNR 1006 of region 1 (top) and region 2 (bottom) after
four years of eROSITA all-sky survey. Only the data of TM7 are shown. Red
denotes the source spectrum and black the background spectrum. The spectra
of region 1 are rebinned to a minimum number of 25 counts per bin, whereas
the spectra of region 2 are rebinned to a minimum value of two counts per bin.
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Figure 7.5: Comparison of the effective areas of all eROSITA telescopes combined in red
and the XMM-Newton EPIC PN detector in black.

All spectra were fitted simultaneously in the energy range 0.3—10.0 keV. In the simulations
the thermal and the non-thermal component are overlayed as can be seen in Fig. For
instance, an image of the source in the 3.0—-5.0keV band was used to define the region
where the non-thermal component dominates. But the rims of the remnant are not only
bright in this energy range but also in the 0.3—2.0keV band, which was used for defining
the region of the thermal component. Due to this, the whole remnant was simulated
to be a superposition of the thermal and non-thermal component. To account for this
superposition, the spectrum of the central region 1 needs to be modeled by a combination
of the best-fit model of the thermal as well as of the non-thermal component, i.e., the
source model is given by tbabs - (vnei + vnei +powerlaw). Since a background spectrum
was subtracted from each source spectrum it is not necessary to model the background in
addition to the source. For fitting the spectra the absorption column density was frozen
to 0.259 x 10?2 cm~2 which is the average of the best-fit values of the absorption column
densities of the different regions of the XMM data analysis. The parameters of the first
vnei component were frozen to the mean values of region 1, 2, and 3 from the XMDM-
Newton data analysis, which can be found in Tab. 5.3} i.e., O, Mg, Si, S, and Fe are
enhanced compared to the solar value. The parameters of the second vnei component
were frozen to the values of region 4 from the XMM-Newton data analysis, i.e., solar
metal abundances were used. The powerlaw photon index was frozen to 2.720. Only the
normalizations of the single model components were left free, all other parameters were
frozen. The resulting values for the normalizations as well as the reduced x? are given in
Tab. The overall shape fits quite well. Nevertheless, the value of the normalization of
the second vnei component cannot be determined well, only an upper limit can be given.
This indicates that this component is not necessary to describe the spectra. However,
the normalizations of the first vnei component and the powerlaw component are on a
similar order of magnitude, i.e., a single vnei and a powerlaw component are necessary
to describe the spectra of region 1.
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Figure 7.6: Simulated background subtracted source spectra of SNR 1006 of region 1 after
four years of eROSITA all-sky survey. The data of all TM are shown. The
color scheme is as follows: TM1 is shown in black, TM2 in red, TM3 in green,
TM4 in blue, TM5 in cyan, TM6 in magenta, and TM7 in yellow. The dotted
lines show the powerlaw and the first vnei component.

Looking at the absorbed flux values derived in the 0.3—10.0keV and the 0.3—2.0keV
band these are on the same order of magnitude for region 1. Compared to the mean flux
value of regions 1, 2, and 3 of the XMM-Newton data analysis, the flux values from the
simulation are higher by approximately one order of magnitude. At least to some extent
this can be explained by the fact that the region used for the analysis of the simulated
spectra is bigger by a factor of &~ 23 than the one used in the XMM data analysis. This
means since integrated flux values are determined the value of the simulations should be
higher by the same factor than the mean flux value derived in the XMM-Newton data
analysis (see Tab. . However, the flux values derived from the simulation are only
higher by a factor of &~ 10.8 than the mean flux values of region 1, 2, and 3 determined
in the XMM data analysis. The missing factor of ~ 2.1 might result from the fact that
the simulation describes a superposition of the thermal and the non-thermal component.
Also the fact that less hard photons are detected with eROSITA than with XMM-Newton
might influence the value of the flux. An additional factor of uncertainty might be added
by the background which was modeled by the simulation software. Finally, the tool for
extracting spectra, makespec, might also create some bias if it neglects some effects, which
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Table 7.1: Best-fit results in the 0.3—10.0 keV band of the simulated all-sky survey spectra
for both considered regions. Only the normalizations were left free.

parameter region 1 region 2
vnei.norm (1.66 +0.04) x 1074 (1.85709)) x 107°
vnei.norm < 5.4 x 1076 <16x107°
powerlaw.norm (3.74 4+ 0.19) x 104 <1.2x1077
red. x2 (DoF) 8.095 (1389) 12.542 (618)
flux (0.3-10.0keV) [107 3 ergs™! cm™2] 21.38 £ 0.30 1.54 +0.09
flux (0.3-2.0keV) [107 P ergs™! cm™?] 17.8610:32 1511068

Table 7.2: Best-fit results of the simulated all-sky survey spectra for region 1. In the first
case the spectra were fitted simultaneously in the energy range 0.3 —10.0 keV
and in the second one in the energy band 0.3—2.0keV. Only the normalizations
were left free.

parameter 0.3—-10.0 keV 0.3—2.0keV
vnei.norm (1.66 4 0.04) x 10~%  (1.71 £0.03) x 10~*
vnei.norm < 5.4 %1076 < 7.03x10°6
powerlaw.norm (3.74+£0.19) x 107*  (3.08£0.19) x 10~*
red. x? (DoF) 8.095 (1389) 1.369 (532)

flux (0.3-10.0keV) [10~ 2 ergs—! cm 2] 2.138 4 0.030 2.051 4 0.029
flux (0.3-2.0keV) [10712ergs™! em ™2 178615052 1.750 £ 0.025

are relevant for survey observations or for extended sources, like vignetting, the PSF, or
a correct calculation of the ARF.

Since the background dominates the spectra for energies above =~ 2keV, the spectra
were also fitted simultaneously in the 0.3—2.0keV band to draw a comparison to the fit of
the whole energy range. The best-fit parameters can be found in Tab. This table also
shows the best-fit parameters derived for the fit to the energy band 0.3—10.0keV. There
are only slight changes in the parameter values between the two fits. Still the second
vnei component is not necessary to describe the data. However, the reduced y?-value
is significantly improved compared to the fit to the whole energy band. This indicates
that the spectra are well described by the source model in the 0.3—2.0keV range. It also
suggests that the contribution of the background above 2keV significantly influences the
spectral shape and causes the fit to be worse for the whole energy range than restricted to
a soft energy band. Nevertheless, the determined fit parameters show a similar confidence
level.

Spectral analysis of region 2

Region 2 was chosen to represent a region of the remnant dominated by the non-thermal
component following the intention of region 4 of the XMM-Newton data analysis. However,
as can already be seen in Fig. this region is as well dominated by soft photons rather
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Figure 7.7: Simulated spectra of SNR 1006 of region 2 after four years of eROSITA all-sky
survey. The data of all TM are shown. The same color coding of the telescope

modules is applied as in Fig.

than hard ones which is a result of eROSITA’s ARF. As already mentioned the size of the
region was enhanced compared to the region defined in the XMM-Newton data analysis in
order to collect an appropriate amount of photons. The same fit model as for region 1 was
applied. The source spectra were binned to a minimum of two counts per channel and fitted
simultaneously in the 0.3 -10.0keV range. To be strict, this rebinning factor does not allow
to use the y2-statistic but due to the still small amount of registered photons no better
rebinning was possible without a complete loss of the spectral shape. The background
subtracted spectra of all telescope modules are shown in Fig. [7.7] together with the best-fit
model. The best-fit parameters are listed in Tab. [7-I] The shape of the spectra of region
1 and region 2 is similar, although it is visible that the amount of measured counts in
region 2 is less than the one in region 1. The value of the reduced x? of the best-fit for
region 2 is even higher than the one of the best-fit of region 1. However, it is not expected
to describe the real goodness of the fit since strictly the x?-statistic is not applicable in
this case. Only the normalization of the first vnei component could be determined well.
For the normalizations of the second vnei component and the powerlaw component only
upper limits could be derived. This is in contrast to the case of region 4 of the XMM-
Newton data analysis, which was dominated by the non-thermal component and where
the powerlaw component was the strongest compared to the other regions. A possible
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explanation why this is not the case for the simulated spectra might be eROSITA’s ARF.
The effect of the powerlaw component is stronger at higher energies than at lower ones.
Le., since the background dominates the simulated spectra for energies above =~ 2keV, this
component is not as clearly visible as in the XMM-Newton spectra. In conclusion due to
the poor signal to noise ratio in region 2, the spectra can be modeled with a single vnei
component.

The absorbed flux values in the 0.3—10.0keV and in the 0.3—2.0keV energy bands are
consistent with each other. Compared to the flux values of region 1, the values of region
2 are approximately one order of magnitude lower. This is reasonable since the area of
region 2 is also smaller than the one of region 1, meaning that the integrated flux of region
2 is smaller as well than the one of region 1. However, the area of region 1 is only by a
factor of =~ 5 bigger than the one of region 2, i.e., a factor of about 2.8 is missing. This
difference might result from the fact that the best-fit of region 2 is worse than the one
of region 1. In addition, the surface brightness distribution varies between both regions,
which does not allow to compare derived flux values easily by scaling with the ratio of
the areas of the regions. Compared to the absorbed flux value of region 4 of the XMM-
Newton data analysis (see Tab. the value of region 2 is &~ 7 times smaller, although
its area is ~ 4.4 times bigger. This difference might result from the fact that less higher
energetic photons are registered with the eROSITA instrument than with XMM-Newton.
A second possible explanation lies in the superposition of the thermal and the non-thermal
component in the simulations. The non-thermal component was defined for the simulations
in the energy range 3.0-5.0keV, which is dominated by the background in the simulated
spectra, i.e., the contribution of the non-thermal emission cannot be fully recovered in
the simulated spectra. Consequently, the spectra of region 2 are also dominated by the
thermal component. This seems to be in agreement with the derived flux value of region 2,
which is comparable to the mean value of the regions in the XMM-Newton data analysis,
which were dominated by the thermal component (see Tab. . Nevertheless, the area of
region 2 is about 4.5 times higher than the mean of regions 1, 2, and 3 of the XMM data
analysis, i.e., the integrated flux value should be also higher, which is not the case. But
this might be again connected to the fact that the background dominates the simulated
spectra for higher energies. Additionally, since again the flux is lower than expected from
the XMM-Newton data analysis there might be an issue with the extraction tool for the
spectra. Furthermore, the surface brightness distribution changes across the remnant
which complicates the comparison between different regions and regions of different sizes.

In order to investigate the influence of the background above =~ 2keV on the spectra of
region 2, a fit in the energy band 0.3—2.0 keV was performed. The resulting best-fit values
can be found in Tab. Obviously, the parameter values do not change significantly
between the fit to the whole energy range and the fit to the restricted one. Additionally,
the size of the confidence intervals is on the same order of magnitude as well. The value
of the reduced x? is significantly improved for the restricted energy band. However, one
should consider that this value does not represent the real goodness of the fit since strictly
speaking the y2-statistic is not applicable due to the small rebinning factor.

Comparison of the extraction tools

Finally, a correct energy calibration for the eROSITA mission was implemented, which
enabled the use of the eSASS software. Therefore, it became possible to compare spectra
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Table 7.3: Best-fit results of the simulated all-sky survey spectra for region 2. In the first
case the spectra were fitted in the energy band 0.3—10.0keV and in the second
one in the energy range 0.3—2.0keV. Only the normalizations were left free.

parameter 0.3—-10.0keV 0.3—-2.0keV
vnei.norm (1.857099) x 1075 (1.91 4 0.09) x 10>
vnei.norm <1.6x107° < 3.636 x 1076
powerlaw.norm <1.2x1077 <235 %1077
red. x? (DoF) 12.542 (618) 1.247 (545)
flux (0.3-10.0keV) [107 3 ergs™! cm™2] 1.54 +£0.09 1.61 +0.08

flux (0.3-2.0keV) [10~ B ergs~! cm 2] 1.5170:58 1.59 £ 0.08

extracted with the tools makespec and srctool. Fig. depicts the case for the back-
ground subtracted spectra of region 1 and telescope module 1. For a better comparison
the same background file was used for both spectra. In black the spectrum extracted
with makespec is depicted and in red the one extracted with srctool. Both spectra were
binned to a minimum of two counts per channel. A rebinning with a minimum of 25 counts
per channel could not be achieved for the spectrum extracted with srctool without losing
information on the spectral shape. This might be explained by the smaller net count rate
of only (0.16540.011) counts per second in contrast to (0.6239£0.0026) counts per second
for the spectrum extracted with the tool makespec. Furthermore, also the exposure time
differs. For the spectrum extracted with srctool an exposure time of 2682s is given,
whereas for the spectrum extracted with makespec an exposure time of 7611s is noted.
This is a result of srctool taking into account effects like vignetting and, therefore, cal-
culating a corrected effective exposure time. Nevertheless, the overall shape of the spectra
seems to match although there are minor differences. Fig. shows the same situation
for a rescaled x-axis and the best-fit model. Like in the spectral analysis of regions 1 and
2 the source was modeled with tbabs - (vnei +vnei +powerlaw) and only the normaliza-
tions were left free. The spectra of both extraction tools were fitted simultaneously in the
0.3-10.0 keV band. The red. x? value is 2.110 for 964 degrees of freedom (DoF). However,
strictly speaking the y2-statistic is not applicable and this value does not represent the
real goodness of the fit. In Tab. the values of the normalizations are given. The values
of the first vnei component are in good agreement. The normalizations of the second vnei
component cannot be determined well, only upper limits can be given. The same applies
to the normalization of the powerlaw component of the spectrum extracted with srctool.
There only an upper limit can be determined as well. In contrast, the normalization of
the powerlaw component of the spectrum extracted with makespec can be determined
well. These results suggest that the spectrum extracted with makespec can be modeled
well with a single vnei component plus an additional powerlaw component, whereas the
spectrum extracted with srctool can be modeled well with only a single vnei component.

As expected the flux values derived for the spectrum extracted with makespec are in
good agreement with the values derived for region 1 (see Tab. . The flux values derived
from the spectrum extracted with srctool are in both, the energy band 0.3—10.0keV as
well as the energy band 0.3 —-2.0keV, higher than the values derived for makespec. To both
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Comparison of extraction tools for TM1, region 1
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Figure 7.8: Comparison of the extraction tools makespec (black) and srctool (red). In
this case, the spectra of region 1 of TM1 are utilized for the comparison.
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extraction tools applies that the flux values in both energy bands are comparable. This
is in agreement with the observation that the background dominates the spectra above
~ 2keV. Since for the spectrum extracted with makespec only one normalization of the
model components could not be determined well, the confidence intervals of the flux value
are quite narrow. Whereas for the spectrum extracted with srctool two normalizations
could not be determined well, resulting in wider confidence intervals.

One possible reason for the differences in the spectra is the use of a different ARF file.
These files are displayed in Fig. for the case of TM1. In black the effective area
used by makespec and in red the one used by srctool are shown. It is clearly visible
that they deviate by approximately one order of magnitude. The SIXTE tool makespec
uses a measured ARF, which is also used by the simulation software. This file does not
take into account the PSF or the extent of the source, for instance. In contrast, the ARF
file used by srctool is also calculated and created by this tool and, therefore, includes
these effects. In particular, the eSASS tool srctool takes vignetting into account which
becomes especially important for survey observations. The effective area of off-axis sources
is smaller than the one of on-axis sources. Since in the case of survey observations the
source changes its position on the detector, its effective area decreases compared to the
case of pointed observations. The ARF used by makespec describes the effective area of an
on-axis point source and consequently the effective area is higher than the one calculated
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Figure 7.9: Comparison of the extraction tools makespec (black) and srctool (red) with
best-fit models. Like in Fig. the spectra of region 1 of TM1 are utilized
for the comparison. Only the normalizations of the fit model components were
left free. The dotted line represents the powerlaw component.

by srctool which considers the survey situation. The use of different ARF files influences
in particular the normalizations of the spectra.

A second possible reason for the differences in the spectra is the vignetting effect. It
does not only influence the effective exposure time and the effective area but can also have
direct implications on the spectrum. Since this effect is energy dependent the spectral
shape will vary from one extraction tool to the other as the SIXTE tool makespec does
not account for vignetting.

Finally, the absorbed flux value of region 1 of the spectra extracted with makespec was
approximately 2.1 times less than expected from the XMM-Newton data analysis when
taking into account the different sizes of the regions. Comparing the value derived for the
spectrum extracted with srctool with the expectations results in the conclusion that this
value is now too high by a factor of ~ 2.5. However, since the surface brightness distribu-
tion varies over the area of the remnant and the source was simulated as a superposition
of the thermal and the non-thermal component, both flux values, the one derived from the
spectrum extracted with makespec and the one determined from the spectrum extracted
with srctool, appear reasonable.
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Table 7.4: Best-fit results of the comparison of the extraction tools. Only the normaliza-
tions were left free.

parameter makespec srctool
vnei.norm (1.6475:08) x 107*  (7.0707) x 1074
vnei.norm <5x107° <7x1074
powerlaw.norm (22+£05) x107* <24x1074
flux (0.3-10.0keV) 1072 ergs™" cm™?] 1.834+0.08 59108
flux (0.3-2.0keV) [107 2 ergs™! cm ™2 1.61 +0.07 5.8108
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Figure 7.10: Comparison of the effective areas of telescope module 1 resulting from the
srctool extraction tool in red and the makespec tool in black.

7.3.2 Summary of the simulations

To summarize the results from the eROSITA all-sky survey simulations, after the first
complete all-sky survey with a duration of six months only a small amount of counts will
be registered. This would not allow to extract reasonable spectra. Therefore, four years
were simulated, the full planned time for the all-sky survey phase. After that time the
extraction of reasonable spectra is possible. Two regions were defined, which were expected
to be either dominated by the thermal or the non-thermal component. However, it turned
out that due to the simulation of a superposition of both components and the effective area
of eROSITA the non-thermal component is not as strong as it was in the XMM-Newton
data analysis. Nevertheless, in the region dominated by the thermal component reasonable
integrated absorbed flux values could be derived. In contrast, in the region, which was
expected to be dominated by the non-thermal component, no good fit could be achieved
and the derived flux values are more consistent with the ones from the regions dominated
by the thermal component than the region dominated by the non-thermal component of
the XMM-Newton data analysis. When only considering an energy range of 0.3 —2.0keV
for the fit good values for the reduced x? can be reached. However, for region 2 this
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statistic is strictly speaking not applicable due to a rebinning to less than 25 counts per
channel.

One possibility to improve this behavior is to revise the modelling of the source, i.e., the
superposition of the thermal and the non-thermal component. For instance, by defining
more than two energy bands, in which the source is described in the SIMPUT file, and
by avoiding that more than one source component can be applied to a single position.
Moreover, the surface brightness distribution varies across the remnant, i.e., a simple
scaling with ratios between different areas does not result in a perfect modelling of the
source and should be revised as well.

Finally, the SIXTE tool makespec and the eSASS tool srctool were compared, which
are both intended for the extraction of spectra. The shape of spectra extracted with these
tools looks similar although minor deviations are visible. One reason for this different
behavior was that the ARF files of the spectra are not identical. Another reason was that
the SIXTE tool makespec does not take into account vignetting which is of particular
importance for survey observations. However, the flux values derived with both extraction
tools seem reasonable considering that also the surface brightness distribution changes
across the remnant and complicates a direct comparison between different regions and in
particular regions of different sizes.



8 Analysis of eROSITA data of SNR N132D

8.1 Description of SNR N132D

Galactic Plane

12h 8h 4h\

Figure 8.1: Location of SNR LMC N132D on the sky in an equatorial coordinate system.
In addition, the Galactic plane is shown in blue.

The supernova remnant N132D is located in the bar of the Large Magellanic Cloud
(LMC) (Danziger & Dennefeld, 1976; Lasker, [1978) at the coordintes RA = 05" 25™ 02.20°
and Dec = —69° 38’ 39.0'fY} Tts position on the sky is also visualized in Fig. It was
identified as a supernova remnant by Westerlund & Mathewson| (1966). SNR N132D
is the brightest supernova remnant in the LMC and belongs to the class of oxygen-rich
remnants (Danziger & Dennefeld, |1976; Lasker] [1978)). Its progenitor was a massive star
with an extensive oxygen-rich mantle, which underwent a core collapse supernova
. Fig. shows a tricolor composite X-ray image of SNR N132D taken with
eROSITA. The shape of the remnant is irregular and resembles a horseshoe. It has a
diameter from east to west of about 6’ and from north to south of about 2’. It exhibits a
circular shape in the south and jet-like structures in the northeast. The circular shape of
enhanced thermal X-rays in the south indicates the presence of a dense ambient medium
there. Whereas the blown-out morphology in the north suggests a low-density ambient
ISM (Bamba et all, |2018). Furthermore, many clumps of X-ray emitting O-ejecta were
detected in X-ray observations (Borkowski et al. 2007) that match the optical ejecta
morphology (Maggi et al., 2016). Imaging capabilities of better spatial resolution allow to
detect bright knots and thin filaments along the shell (Xiao & Chen, [2008). In addition,
the shell seems to be a source of both X-ray and synchrotron radio emission

"http://simbad.u-strasbg.fr/simbad/sim-basic?Ident=lmc+n132d&submit=SIMBAD+search (ac-
[cessed on 2020 April 3)
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Figure 8.2: RGB image of eROSITA data of SNR N132D. Red denotes the energy band
0.3—0.8keV, green the band 0.8—2.0keV, and blue 2.0—4.5keV.

Milnel [1995). Moreover, IR emission from swept-up, shock-heated dust grains was also
observed (Tappe et al., [2006). SNR N132D exhibits radiation from GeV and very-high-
energy (VHE) ~-rays as well (Ackermann et al., 2016; H. E. S. S. Collaboration et al.,
2015), which makes it an energetic cosmic ray accelerator (Bamba et al.l 2018). The fact
that SNR N132D exhibits GeV and TeV ~v-rays indicates that it is a young remnant. In
contrast, the spectra of middle-age SNRs are dominated by thermal X-rays and GeV ~-
rays. In the case of SNR N132D the shell-like structure is created by a low-temperature
component, whereas a recombining component remains in the center of the remnant where
a significant Fe Ly« emission line was detected leading to the conclusion that an over-
ionized, recombining component is present. These results indicate that the remnant is
in a transition stage from a shell-like young SNR to an old one with mixed morphology
(Bamba et al.l 2018). Vogt & Dopital (2011) determined its age to ~ 2500 years, i.e., the
remnant is assumed to be in the Sedov phase of its evolution.

SNR N132D offers good conditions to study the properties of supernova remnants and to
investigate their evolution. Since it is located in the LMC, its distance is well determined
and the extinction is low (Xiao & Chen, 2008). Additionally, SNR N132D exhibits several
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bright lines while the flux is relatively constant. Therefore, it is often used as a calibration
source.

8.2 Observational details and data reduction

During the Calibration and Performance Verification phase (CalPV phase) eROSITA ob-
served the supernova remnant N132D several times. In the following the longest of these
observations (obsID 700179) is investigated. The observation was performed on 2019
November 22 with a duration of 72ks. In the course of this thesis the data processing
versions 941 and 945 of this observation were studied. Fig. shows a tricolor image
extracted with the tool evtool from the eROSITA data of all seven telescopes. As in the
XMM-Newton data analysis and the eROSITA simulations, the soft energy band, symbol-
ized by the red color, is defined in the 0.3—0.8 keV energy range, the intermediate band in
green ranges from 0.8keV to 2.0keV, and the hard band in blue is given by 2.0-4.5keV.
In the image the supernova remnant can be seen on the left. On the right-hand side of
the image the region from which the background spectrum was extracted is shown. The
circle around the remnant illustrates the region used for the extraction of the source spec-
trum. All spectra in this data analysis were extracted with the tool srctool of the eSASS
package, which was described in Sect.

Fig. depicts the background subtracted spectra of all seven eROSITA telescope
modules (TMs) which were binned to a minimum of 50 counts per channel. Obviously,
the spectra of TM1—-TM4 and TMG6 are all in good agreement with each other. However,
the spectra of TM5 and TM7 deviate, especially below 0.5 keV, where they show a higher
count rate. This is caused by light leakage in these telescopes.

8.3 Light leak in TM5 and TM7

8.3.1 Investigation of the amount of background counts

Unwanted sun light is entering the detectors of TM5 and TMT7 leading to an increase in the
background. To verify this as the reason for the deviation in the spectra of TM5 and TM7
with respect to the spectra of the other telescopes, the number of background counts in a
certain region of the background was determined for all seven telescopes. For simplicity,
the same region as used for the extraction of the background spectra was chosen. The
results are listed in Tab.

The amount of background counts was determined in two energy bands. The amount
of counts in the 0.2-10.0keV energy range provides insights into the strength of the
background in general. The amount of counts in the energy range 0.2—0.5keV allows to
draw conclusions on the background behavior in a soft energy range. A combination of
both can be used to verify the origin of the spectral behavior as light leakage. As can be
seen in Tab. TM1, TM2, TM3, and TM4 exhibit a similar low amount of background
counts. The value of TM6 is slightly higher but not as high as the values of TM5 and
TM7, which show a significantly higher background in both energy bands. The number
of background counts is generally higher in the data processing version 945. This can be
explained by a change in the exposure times of both data processing versions. For version
941 a corrected effective exposure time of 55ks is noted and for version 945 it is 59 ks
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Figure 8.3: RGB image of SNR N132D (processing version 945). Red denotes the energy
band 0.3—0.8keV, green the band 0.8—-2.0keV, and blue 2.0—-4.5keV. Fur-
thermore, the regions from which the source spectrum and the background
spectrum were extracted are plotted.

corresponding to an increase of approximately 4 ks. If a higher fraction of the observation
of SNR N132D is usable, i.e., the effective exposure time is increased, then also a higher
number of background counts will be registered.

For the processing version 941 of the data the lowest amount of background counts is
determined in TM3, whereas TM7 shows the highest. This applies to both energy bands.
In the case of processing version 945 TM2 shows the lowest amount of background counts in
the 0.2—-10.0 keV range and TM3 in the soft energy band. Again, TM7 exhibits the highest
number of background counts in both energy bands. Taking the ratio of the number of
background counts in TM7 and TM3 allows to investigate the strongest deviation between
all telescope modules for processing version 941. In the 0.2—10.0keV band the ratio
TM7/TM3 is approximately 1.11+0.03, meaning that the background of TM7 is enhanced
by 11% with respect to that of TM3. In the soft band from 0.2keV to 0.5 keV, the ratio is
even higher. Here, TM7/TMS3 is approximately 1.55 £ 0.09, meaning that the background
is enhanced by even more than one half of the amount of the background of TM3. For the
data processing version 945 the situation is similar. In order to investigate the strongest
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spectra of TM1-TM7, processing version 941
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Figure 8.4: Spectra of SNR N132D of all seven eROSITA telescopes (TM1: black, TM2:
red, TM3: green, TM4: blue, TM5: cyan, TM6: magenta, TMT7: yellow). The
data of processing version 941 are shown at the top and the data of processing
version 945 at the bottom.
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Table 8.1: Amount of counts in the background region for each telescope module (TM) in
two energy bands for both processing versions of the data.

processing version 941 processing version 945
TM | 0.2-10.0keV 0.2—-0.5keV | 0.2—-10.0keV 0.2—-0.5keV
TM1 4142 + 65 534 £ 24 4448 + 67 610 + 25
TM2 4137 + 65 563 + 24 4322 £ 66 588 + 25
TM3 4010 + 64 519 + 23 4337 £ 66 570 + 24
TM4 4198 + 65 524 + 23 4526 £ 68 576 + 24
TM5 4410 £ 67 750 £+ 28 4691 £ 69 796 + 29
TM6 4299 + 66 637 + 26 4625 £ 69 693 + 27
T™7 4435 £+ 67 805 + 29 4803 £ 70 897 + 30

Table 8.2: Ratios of the telescope module with the highest amount of background counts
and the one with the lowest amount of background counts for both data pro-
cessing versions in two energy bands.

ratio 0.2—-10.0keV 0.2-0.5keV
processing version 941

TM7/TM3 1.11+0.03 1.55+ 0.09
processing version 945

TM7/TM2 1.11+0.03 1.53 £ 0.09

deviation between all telescope modules the ratio TM7/TM2 is determined. For the 0.2
10.0keV energy band this ratio yields 1.11 £ 0.03, i.e., the background of TM7 is also
enhanced by 11% compared to that of TM2. For the soft band from 0.2keV to 0.5keV
the same ratio is calculated although here TM3 exhibits the lowest amount of background
counts. For processing version 945 the ratio TM7/TM2 yields a value of approximately
1.53 4+ 0.09 in the soft energy band, i.e., the background of TM7 is again enhanced by
even more than one half of the amount of background of TM2. The results of these
considerations are also summarized in Tab. To conclude, the strongest deviation
between all telescopes is an enhancement of background counts by approximately 10%
in the range 0.2—10.0keV, whereas the increase in the 0.2—0.5keV band is more than
50%, i.e., the soft energy band shows a significantly stronger deviation in the background
counts.

Table 8.3: Mean values of the background counts of TM1-TM4 as well as the ratios
between TM5, TM6, and TM?7, respectively, with these mean values for both
data processing versions in two energy bands.

processing version 941
0.2-10.0keV 0.2-0.5keV

processing version 945
0.2—-10.0keV 0.2-0.5keV

mean TM1-TM4
TM5/mean
TM6/mean
TM7/mean

4122 £+ 33 535 £ 12
1.070 £0.019 1.40 £0.07
1.044 £0.018 1.19 £ 0.06
1.076 £ 0.019 1.50 £0.07

4408 + 34 586 + 13
1.064 £ 0.018 1.36 £ 0.06
1.049 £ 0.018 1.18 £ 0.06
1.090 £ 0.018 1.53 £ 0.07




8 Analysis of eROSITA data of SNR N132D 80

To draw further conclusions on the background behavior of the individual telescope
modules, a mean value of the number of counts in the background region is calculated for
TM1-TM4. Furthermore, this will answer the question whether the enhanced background
of TMS6 is stronger in the soft energy regime as well. An overview of the determined mean
values and ratios is provided in Tab. For the data processing version 941 a mean
value of (4122 + 33) background counts was determined for TM1—-TM4 in the energy
band 0.2—-10.0keV and a value of (535 + 12) counts for 0.2—0.5keV. In the energy range
0.2-10.0keV the value of TM5 is enhanced by (7.0 & 1.9)% compared to the mean value.
For TM6 the factor is (4.4 + 1.8)% which is slightly smaller, whereas TM7 shows the
greatest enhancement with a factor of (7.6 +1.9)%. In the soft energy band the increase
is even higher for all three telescope modules. Here, TM5 has an increased background
by a factor of (40 + 7)% compared to the mean of TM1—TM4. For TM6 the factor is
(19 £ 6)% which is significantly smaller. The highest value is again reached for TM7
with an increase by (50 4+ 7)%. In summary, for the processing version 941 TM5 and
TM7 exhibit an enhancement in the background counts which is significantly stronger in
the soft band. In contrast, for TM6 the increase in the number of background counts is
stronger in the soft energy regime as well but not as pronounced as for TM5 and TMT.

For the data processing version 945 the mean values of TM1—TM4 yield (4408+34) and
(586 &+ 13) counts in the bands 0.2—10.0keV and 0.2—0.5keV, respectively. For TM5 this
results in an enhancement of (6.441.8)% in the range 0.2—10.0 keV. TM6 shows an increase
of (4.9 + 1.8)%, whereas the background of TMT7 is enhanced by (9.0 + 1.8)%. Again the
increase is stronger in the enery range 0.2—0.5keV for all three telescope modules. For
TM5 the background is increased by (36 + 6)%. For TMG6 the value is (18 + 6)% and
for TM7 (53 &+ 7)%. In summary, for the data processing version 945 the increase in
background counts is stronger for TM5, TM6, and TM7 in the soft energy band than in
the range 0.2—10.0keV. However, the enhancement for TM6 is not as pronounced as for
the other two telescope modules. The factors by which the amount of background counts
are increased vary only slightly from one processing version to another. Therefore, the
background is not only in general higher in TM5 and TMY7 than in the other telescope
modules, but especially below 0.5 keV, which explains the higher count rates in the spectra
of TM5 and TM7 below 0.5keV compared to those of the other telescopes. To conclude,
the deviations in the spectra indeed originate from a light leak in TM5 and TM7. If TM6
is also affected by light leakage this effect is at least not as pronounced as it is for TM5
and TMY7.

8.3.2 Influence on the background spectra

The different strength of the background can even be seen in the background spectra of the
individual telescope modules. Fig. shows a comparison between the background spectra
of the telescope module with the lowest background, TM3, in black and the telescope
module with the highest background, TM7, in red. At the top the results of the processing
version 941 are shown and at the bottom the ones for the processing version 945. All
spectra were binned to a minimum of 50 counts per channel. A strong deviation in the
spectra of TM3 and TM7 below 0.2keV is clearly visible. Additionally, up to ~ 0.6 keV
TM7 shows an enhanced background contribution compared to TM3. Above this energy
the background contamination is on a similar level. This means that the background
contribution of TM7 is not only on a constant higher level than the one of TM3 but it
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Table 8.4: Count rate in counts per second of the background subtracted source spectra for
each telescope module in the energy range 0.2—-0.5keV for both data processing

versions.
TM | processing version 941 processing version 945
TM1 1.012 £ 0.005 1.039 £ 0.005
TM2 0.993 £+ 0.005 0.922 4+ 0.004
T™M3 0.990 + 0.005 0.938 + 0.004
T™M4 1.048 + 0.005 1.082 £+ 0.005
TMb 1.470 £ 0.005 1.534 £ 0.006
TM6 1.025 £ 0.005 0.972 + 0.005
T™M7 1.549 £ 0.005 1.639 £ 0.006

Table 8.5: Mean values of the count rate of TM1, TM2, TM3, TM4, and TM6 in counts
per second as well as the ratios between TM5, TM6, and TM7, respectively,
with these mean values for both data processing versions in the energy band

0.2-0.5keV.

processing version 941 processing version 945
mean 1.014 £ 0.005 0.991 £ 0.011
TM5/mean 1.450 £ 0.008 1.548 £0.013
TM7/mean 1.528 £+ 0.009 1.654 £0.013

is especially enhanced for lower energies indicating a light leak in TM7. The background
spectra of TM1, TM2, TM4, and TM6 look similar to the one of TM3, whereas the
background spectrum of TM5 exhibits the same trend as the one of TM7 but slightly less
strong.

8.3.3 Estimating the influence of the light leak on the flux

In order to estimate the influence of the light leak on flux values determined for each
telescope module individually, the count rate in the background subtracted source spectra
is determined in the energy range 0.2—-0.5keV. The resulting values can be found in
Tab. Obviously, the count rates of TM1, TM2, TM3, TM4, and TM6 are similar
to each other, whereas the count rates of TM5 and TM7 deviate significantly from the
others. To predict the excess in flux, which will result from the light leak in TM5 and TM7,
the count rates of TM5 and TM7 are compared to those of the other telescope modules.
Therefor, a mean count rate value for TM1, TM2, TM3, TM4, and TM6 is calculated. For
the processing version 941 the value of this mean count rate is (1.014 £ 0.005) counts per
second. The ratio between the count rate of TM5 and this mean count rate is determined
to be 1.45040.008, which means that the count rate of TM5 is about 45% higher than the
mean value of the telescope modules without light leakage. For TMY7 this effect is even
stronger. Here, the ratio between the count rate of TM7 and the mean count rate of the
unaffected telescope modules is 1.528 4 0.009, which means the count rate of TMT7 is over
50% higher than the mean value of the telescopes which do not experience light leakage.
The results are also summarized in Tab. RE
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Figure 8.6: Comparison of the effective areas used for TM1 (black) and TM5 (green) for
the processing version 941 (left) and the processing version 945 (right). The
effective areas of TM2, TM3, TM4, and TM6 are identical with the one of
TM1, whereas the effective area of TM7 is identical with the one of TM5.

For the data processing version 945 this deviation is even stronger. Here, the mean
count rate of TM1, TM2, TM3, TM4, and TM6 yields a value of (0.991 4+ 0.011) counts
per second, which is slightly less than the one determined for processing version 941.
The ratio between the count rate of TM5 and this mean count rate is determined to be
1.548+0.013, which means that the count rate of TM5 is about 55% higher than the mean
value of the telescope modules without light leakage. For TMT7 this effect is again even
more pronounced. Here, the ratio between the count rate of TM7 and the mean count rate
of the unaffected telescope modules is 1.654 4+ 0.013, which means the count rate of TM7
is over 65% higher than the mean value of the telescopes which do not experience light
leakage. These values are even higher than in the processing version 941. To conclude, the
light leak in TM5 and TMYT has a significant effect on the count rate measured with these
two telescope modules in the energy range 0.2—0.5keV. This also translates to enhanced
flux values derived for these telescope modules. Therefore, one needs to be careful when
analyzing spectra measured with TM5 and TM7 of the eROSITA mission.

8.3.4 Possible reason for the light leakage

One possible reason why TM5 and TM7T are affected by light leakage is that these telescope
modules do not possess on-chip filters for blocking optical light, whereas the others do.
This is also reflected in the effective area. As can be seen in Fig. the effective area of
TMS5 is increased below = 0.6 keV compared to the one of TM1. This applies to both data
processing versions. The effective areas of TM2, TM3, TM4, and TM6 are identical to
the one of TM1, which is shown in black in Fig. whereas the one of TMT7 is identical
to the one of TM5, which is shown in green in Fig. [8.6] i.e., also shows an increase below
~ 0.6 keV. Therefore, the implementation of on-chip filters reduced the effective area for
soft photons.

As already apparent from Fig. there is a difference in the effective areas of both data
processing versions which is even more clear from Fig. 8.7 Here, the ARF of TM1 of the
data processing version 941 is shown in red and the one of the data processing version
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Figure 8.7: Comparison of the ARFs of TM1 of the two processing versions. The data
processing version 941 is depicted in red and the processing version 945 in
black.

945 in black. The effective area of the processing version 941 exhibits a dip around 6 keV.
However, this is the only deviation between the two ARF files.

8.4 Spectral analysis of the individual telescope modules

8.4.1 Contribution of the background

To account for the different spectral behavior and to further investigate potential differ-
ences between the eROSITA telescope modules, the spectra were not analyzed simultane-
ously but individually and in groups of two, respectively. Beforehand, the influence of the
background on the source spectrum is studied. In Sect. it was shown that the sim-
ulated spectra of SNR 1006 for four years of all-sky survey observations were dominated
by the background contribution for energies above ~ 2keV. To explore if this is also the
case for a pointed observation of SNR N132D, the source spectra and background spectra
of TM3 and TMY7 for the processing version 941 and the ones of TM2 and TM?7 for the
processing version 945 are depicted in Fig. and Fig. respectively. Note that the
background spectra are scaled in order to account for the different sizes of the source and
background areas. From these figures it is visible that the background contribution domi-
nates the spectra only above = 6 keV. This applies to both the telescope module with the
lowest background contribution, TM3 and TMZ2, respectively, and the telescope module
with the highest background contribution, TM7. Therefore, restricting a spectral fit to a
soft energy band would not improve the fit in the case of SNR N132D. Since the effective
exposure time of this pointed observation is higher than the one of the simulated all-sky
survey spectra of SNR 1006, more photons are registered improving the signal to noise
ratio and, therefore, reducing the contribution of the background to the spectra.
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tom). Both describe the case of processing version 941. The source spectra are
depicted in red and the background spectra in black. Note that the background
spectra were scaled to account for the different sizes of source and background
area.
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spectra were scaled to account for the different sizes of source and background
area.
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8.4.2 Spectral analysis

The spectra of all seven telescope modules were extracted using the eSASS tool srctool
and rebinned to a minimum of 50 counts per channel. As is already apparent from Fig.
the spectra of the individual TMs are not identical. The most striking discrepancy can
be seen for the spectra of TM5 and TM7, which do not possess an on-chip filter, with
respect to the spectra of the other five telescope modules, which do have this kind of filter.
Nevertheless, a closer look at the spectra of the TMs with an on-chip filter revealed that
these also exhibit some deviations. Therefore, groups of up to two telescope modules were
formed whose spectra were fit simultaneously as the differences in the spectra within one of
these groups were almost negligible. In particular, TM1 and TM4 were fit simultaneously
as well as TM2 and TM3, whereas TM6 was fit individually since its spectrum deviated
from all the others. In addition, the two telescope modules exposed to light leakage, TM5
and TMY7, were fit simultaneously although differences between their spectra are visible.

A fit model of the form tbvarabs - tbabs - (vnei + vnei + powerlaw) was chosen for the
fits of all background subtracted spectra. Similar to the tbabs model the tbvarabs model
belongs to the group of Tuebingen-Boulder ISM absorption models. These include X-ray
absorption by the gas-phase ISM, the grain-phase ISM, as well as the molecules in the ISM.
In contrast to the tbabs model which allows the user only to vary the hydrogen column,
the tbvarabs model allows the user to additionally vary the elemental abundances and
the redshift?l

The tbabs component of the fit model accounts for the X-ray absorption by the Galactic
interstellar medium between the LMC and the observer, whereas the tbvarabs compo-
nent describes the absorption inside the LMC itself. Therefore, the value of the hydrogen
column of the tbabs component was frozen to 6.22 x 10%2° cm™2, which was determined
with the help of the program nh at the position of the remnant. In contrast, the equiv-
alent hydrogen column of the tbvarabs component (tbvarabs.nH) was allowed to vary.
However, the metal abundances of this model component were frozen to the value of the
metallicity of the LMC which is 0.5solar. Furthermore, a molecular hydrogen column of
0.2 x 10?2 cm~2 was assumed. The grain density was frozen to 1gcm ™ and the grain
minimum and maximum sizes to 0.025 pm and 0.25 pm, respectively. The powerlaw index
of grain sizes was set to 3.5 and the grain depletion fractions of all elements were frozen
to 1. The redshift of the tbvarabs component was frozen to 0.

The first vnei component represents the non-equilibrium ionization collisional plasma
of the ambient interstellar medium of the remnant, whereas the second vnei component
describes the non-equilibrium ionization collisional plasma of the ejected material by the
supernova. Therefore, the metal abundances of the first vnei component were frozen to
the metallicity of the Large Magellanic Cloud, i.e., to 0.5solar. Only the plasma tem-
perature (vnei.kT), the ionization timescale (vnei.Tau), the redshift (vnei.Redshift),
and the normalization (vnei.norm) of this first component were allowed to vary. For the
second vnei component, which describes the ejecta, the same parameters were free as
already for the first vnei component. In addition to that also the abundances of oxy-
gen (vnei.0), neon (vnei.Ne), magnesium (vnei.Mg), silicon (vnei.Si), sulfur (vnei.S),
iron (vnei.Fe), and nickel (vnei.Ni) were allowed to vary. The abundances of carbon,
nitrogen, argon, and calcium were frozen to 0.5 solar.

®https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node265.html (accessed on 2020 May 1)
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The powerlaw component represents non-thermal emission from the supernova remnant.
Here, both parameters were allowed to vary, the photon index (powerlaw.PhoIndex) and
the normalization (powerlaw.norm).

In the case of fitting two spectra simultaneously all parameters of the second spectrum
were tied to the ones of the first spectrum. All spectra were fitted in the energy range
0.3—10.0keV. For the spectral analysis only the spectra of the data processing version
945 were considered. The best-fit parameters for all telescope modules can be found in
Tab. The background subtracted source spectra of TM1 (black) and TM4 (red) with
the best-fit model are depicted in the upper panel of Fig. whereas the lower panel
of Fig. shows the same for TM2 (black) and TM3 (red). The background subtracted
source spectrum of TM6 is given in the upper panel of Fig. together with the best-fit
model. Finally, the background subtracted source spectra of TM5 (black) and TM7 (red)
together with the best-fit model are presented in the lower panel of Fig.

As can already be seen from the residuals in Fig. the spectra of TM5 and TM7 also
deviate from each other. This suggests that the effect of the light leak varies between both
telescopes and also leads to the worst reduced x? value of all four best-fits to the data of
SNR N132D (see Tab. . However, also for the best-fits to the other telescope modules
no good fit could be reached. The smallest reduced x? value was achieved for TM1 and
TMA4.

In general, the best-fit parameters of TM1 and TM4 as well as TM2 and TM3 as well as
TMG6 are quite similar although some parameters deviate significantly. In contrast, most of
the best-fit parameters derived for TM5 and TM7 are significantly different compared to
the ones of the telescope modules with an on-chip filter. Therefore, it will be investigated
for which parameters the individual telescope modules are consistent with each other and
for which parameters not.

Consistent best-fit parameters

Some of the best-fit parameters are consistent for TM1, TM2, TM3, TM4, and TM6 but
deviate for TM5 and TM7. Nevertheless, the equivalent hydrogen column tbvarabs.nH
is one of the parameters that are consistent for all telescope modules because it does not
vary strongly between all best-fit results and is in the range of ~ 6 x 10?2cm~2 up to
~ 8 x 10%2 cm 2.

Considering the vnei component describing the ejecta the plasma temperature (vnei.kT)
is also quite similar for all telescope modules with a value around 0.75keV. The same ap-
plies to the ionization timescale (vnei.Tau) of the ejecta component which is on the same
order of magnitude for all telescope modules. It ranges from ~ 3 x 10! scm=3 (TMS5,
TMT7) via ~ 5.5 x 10! sem™3 (TM1, TM4, TM6) up to ~ 7 x 10" sem =3 (TM2, TM3).
Additionally, the normalization of this component (vnei.norm) is also on the same order
of magnitude for all telescope modules, namely ~ 5 x 1072.

The powerlaw photon index (powerlaw.PhoIndex) of all telescope modules is also rather
similar and ranges from ~ 3 to ~ 3.5. Finally, the normalization of the powerlaw compo-
nent (powerlaw.norm) lies between ~ 2 x 1072 and ~ 7 x 1073, i.e., it is also on the same
order of magnitude for all telescope modules.

Furthermore, the absorbed flux values derived in the energy band 0.3—10.0keV are all
rather similar to each other with a value of ~ 1.28 x 109 ergs™ cm™2. The lowest flux
was determined for TM2 and TM3, whereas the highest flux was measured for TM5 and
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TM7. The small enhancement of flux for the two telescope modules without an on-chip
filter might be caused by the light leakage which these telescope modules are experiencing.
Nevertheless, the increase in flux is very small compared to other best-fit results.

As all of these parameters exhibit a similar value for all telescope modules one can
consider those to describe real properties of the supernova remnant or in the case of the
equivalent hydrogen column tbvarabs.nH as a real property of the ambient medium inside
the LMC. The value of the ionization timescale of the ejecta component indicates that the
plasma has not yet reached ionization equilibrium according to Sect. Therefore, it
justifies the use of a non-equilibrium ionization collisional plasma model. Additionally, the
powerlaw photon index is in agreement with theoretical expectations of a young supernova
remnant according to Sect.

Moreover, some of the best-fit parameters show a consistency for the telescope modules
with an on-chip filter but deviate for the two telescope modules without an on-chip filter.
The first one of these parameters is the plasma temperature of the ambient LMC medium
(vnei.kT) which is on the order 2.3keV up to 3keV for the telescope modules with on-chip
filter, whereas for the telescope modules without an on-chip filter it is significantly smaller
with a value of ~ 0.3keV. The ionization timescale (vnei.Tau) of this component shows
the same behavior. For the five telescope modules which possess an on-chip filter it ranges
between ~ 4.5 x 10 scm™ and ~ 5.5 x 10 sem™3. In contrast, the one of the telescope
modules without an on-chip filter is approximately 1.1 x 10" scm™ which is more than
one order of magnitude higher. The normalization of this component has a rather similar
value for TM1-TM4 and TM6 and is around 6 x 1073. Contrary, the normalization of
TM5 and TM7 has a value of ~ 2 x 10~2 which is higher. The metal abundances of this
component were all frozen to 0.5solar, i.e., no comparison for these parameters can be
drawn.

Also a rather similar oxygen abundance (vnei.0) for TM1-TM4 and TM6 was deter-
mined for the component describing the ejecta. For these telescope modules oxygen is the
most abundant element with an abundance of = 2.5 solar. For TM5 and TM?7 this value is
significantly smaller and lies around 1.4solar. Nevertheless, for all telescope modules the
O abundance is significantly enhanced compared to the LMC metallicity of 0.5 solar. The
neon abundance (vnei.Ne) is also significantly enhanced compared to the LMC metal-
licity for the telescope modules with an on-chip filter. For these telescope modules the
value lies around 1.8 solar. For TM1, TM4, and TM6 this is the second highest abundance
value. With a value of = 0.4 solar the neon abundance of TM5 and TM7 is slightly below
the LMC metallicity. A similar situation exists for the magnesium abundance (vnei.Mg).
The telescope modules with an on-chip filter all show a slightly enhanced abundance value
around 0.7 solar, whereas the value of TM5 and TMY7 is 0.33solar and therefore slightly
below the LMC metallicity. A similar behavior can be observed for the silicon abundance
(vnei.Si). Here also the value of the telescope modules which possess an on-chip filter
is only slightly enhanced compared to the LMC metallicity, whereas the value of the two
telescope modules which do not have an on-chip filter is slightly below the LMC metal-
licity. The sulfur abundance (vnei.S) of the ejecta component is again enhanced for all
telescope modules. For TM1, TM4, TM2, TM3, and TM6 the sulfur abundance is on a
solar level. In contrast, the value of TM5 and TM?7 is & 0.8 and sub-solar but higher than
the LMC metallicity. Contrary, the iron abundance (vnei.Fe) is below the LMC metallic-
ity of 0.5solar for all telescope modules. With an abundance value of & 0.4 the telescope
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modules with an on-chip filter show only a slightly reduced Fe abundance, whereas the
value of TM5 and TM7 is ~ 0.26 which is even smaller.

The consistency of these best-fit parameters between the telescope modules with an
on-chip filter and the discrepancy to those without an on-chip filter suggests that either
the effect of the light leakage has a major influence on these fit parameters or there are
calibration issues for TM5 and TM7. As the effect of the light leakage above 0.5 keV is not
as pronounced as in the soft energy band below 0.5keV it is not expected that the light
leak will influence all of the above metal abundance so drastically. This points towards
issues with the calibration of TM5 and TM?7.

However, the fact that the oxygen abundance is so strongly enhanced compared to the
LMC metallicity for all telescope modules indicates that this is a real property of SNR
N132D. The same applies to the sulfur abundance which is also enhanced for all telescope
modules compared to the LMC metallicity which also suggests that this is a real physical
property of the supernova remnant.

Inconsistent best-fit parameters

Only a few fit parameters show an inconsistency for all telescope modules. The first one
to note here is the redshift of this first vnei component which describes the ambient LMC
medium. It even varies between the five telescope modules with an on-chip filter. Only
for TM1 and TM4 a positive redshift was determined, whereas for all other telescopes a
negative one was derived. However, neglecting the sign the redshift is on the same order
of magnitude for all telescope modules with on-chip filter. The redshift derived for the
two telescope modules without an on-chip filter is slightly stronger.

Additionally, the nickel abundance (vnei.Ni) of the second vnei component which
describes the ejecta varies quite strongly from one telescope module to another. The
smallest value was determined for TM1 and TM4, where the nickel abundance lies around
0.6 solar. This is followed by the abundance of TM6 with a value of 0.95solar. The value
of TM5 and TMYT is 1.4solar which is even higher but not as high as the value of TM2
and TM3, which show a Ni abundance of 1.9solar. Finally, the redshift of the second
vnei component (vnei.Redshift) also varies from one telescope module to another. This
time, TM1 and TM4 as well as TM5 and TM?7 exhibit a positive redshift, whereas TM2
and TM3 as well as TM6 show a negative one. This means the redshift of both vnei
components is positive for TM1 and TM4. In contrast, for TM2 and TM3 as well as for
TM6 the redshift of both components is negative. Only TM5 and TM7 show a component
with a negative redshift and one with a positive redshift. However, the absolute value of
the ejecta redshift is on the same order of magnitude for all telescope modules.

The fact that these fit parameters are inconsistent for all telescope modules again points
towards still existing calibration issues with all telescope modules of the eROSITA instru-
ment and not only for TM5 and TM7. In particular the different redshift values of both
vnei components which also show a change in their signs from one telescope module to
another indicate that spectral lines are shifted in opposite directions for different telescope
modules which means that the calibration of the instrument still needs improvement. Ad-
ditionally, the goodness of the fits represented by the reduced x? values is not acceptable
and might be improved by a better calibration of the individual telescope modules. Es-
pecially for the two telescope modules which are facing light leakage no good fit could be
achieved.
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Conclusion of the spectral analysis

Although the best-fit parameter values show a powerlaw photon index which is in agree-
ment with theoretical expectations (see Sect. and suggest an oxygen-rich remnant
with plasma which has still not yet reached ionization equilibrium, one cannot trust these
results. On the one hand-side the quality of the fits is not good and also the differences
in the spectra of the individual telescope modules indicate that there are still issues with
the calibration of the instrument. In particular one would expect to derive similar values
for the best-fit parameters for all telescope modules. In addition, the redshift values of
both vnei components point to an incorrect calibration of the instrument. Furthermore,
the effect of light leakage has a severe impact on the spectra of TM5 and TM7. However,
the impact of this effect differs from TM5 to TMT7 as can be seen in the lower panel of
Fig. Here, one can clearly see that the residuals of TM5 in black and TM7 in red
deviate from each other indicating that the influence of the light leak on the spectral
shape varies between both telescope modules and that fitting these telescope modules in-
dividually would be recommended. In conclusion, the best-fit results cannot be thought
to represent the physical properties of the supernova remnant since the calibration of the
instrument needs improvement and is still ongoing.

8.5 Estimating the age of the LMC SNR N132D

Following the approach presented in Sect. for the case of the Galactic SNR 1006
an age will be estimated for SNR LMC N132D in the following. In order to derive the
physical radius of this remnant its distance and the viewing angle are needed. The distance
to the LMC is well studied (de Grijs et al., 2014) and was determined to a value of
d = (49.97 £ 1.30) kpc (Pietrzynski et al. 2013). The viewing angle §/2 of N132D is
approximately 72.9”. According to equation this corresponds to a physical radius of
the supernova remnant of R = (17.7+0.5) pc. For the determination of the viewing angle
the source region as displayed in Fig. was utilized. Since the shape of the remnant is
not circular this value will overestimate the real physical extent of SNR N132D.

In addition to the physical radius of the remnant its temperature is needed to esti-
mate its age. The temperature can be calculated from the mean plasma temperature
vnei.kT of the ejecta component. The mean value of the best-fit results for all telescope
modules (see Tab. [8.6) is kT = (0.7599700005) keV. This translates into a temperature
T = (8.81710005) x 10°K.

Inserting the values for the physical radius R and the temperature T into equation
yields an age of ¢ = (8.11 £ 0.22) kyr. This value is higher than the age of ~ 2500 years
which was determined by [Vogt & Dopital (2011). Compared to the case of SNR 1006,
the difference between the estimated age and the expectations is smaller for SNR N132D
although it is still a factor of ~ 3.3 too high. As already discussed in Sect. [5.7]one possible
explanation for the higher estimated age might be the age of SNR LMC N132D. This
remnant is also still quite young which means the Sedov-Taylor model will overestimate
its age. Additionally, due to its irregular shape a further source of uncertainty is added by
the determination of the viewing angle. In order to derive a value for the viewing angle the
source region as depicted in Fig. was utilized. This region possibly overestimates the
viewing angle which results in a higher estimate for the age of SNR N132D. Nevertheless,
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the value derived with the Sedov-Taylor model is still on the same order of magnitude
as the value stated by [Vogt & Dopital (2011]). Therefore, the derived value for the age is
considered a good rough estimate.
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Figure 8.10: Background subtracted source spectra and best-fit model. The upper panel
shows the data of TM1 in black and the one of TM4 in red. The lower panel
shows the data of TM2 in black and the one of TM3 in red. The dotted lines
in both panels symbolize the vnei components. The thin one represents the
ejecta component and the thicker one the ambient LMC medium component.

The dashed line denotes the powerlaw component.
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Figure 8.11: Background subtracted source spectra and best-fit model. The upper panel
shows the data of TM6. The lower panel shows the data of TM5 in black
and the one of TM7 in red. The dotted lines symbolize the vnei components.
The thin one represents the ejecta component and the thicker one the ambient
LMC medium component. The dashed line denotes the powerlaw component.
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0.1 The Galactic SNR 1006

9.1.1 Analysis of XMM-Newton data

The aim of the first part of this thesis was to predict the capabilities of the eROSITA
all-sky survey regarding supernova remnants. In order to derive the basic properties of
such a source, XMM-Newton data of the Galactic SNR 1006 was analyzed. Since the
structure of the remnant varies over its surface and the remnant is in particular showing
thermal emission at its center and non-thermal emission at its north-eastern and the south-
western limbs four regions were defined for the analysis. The source spectra were modeled
with a vnei component to account for the thermal emission and a powerlaw component
describing the non-thermal emission. In addition, a solar wind charge exchange line was
added to the fit model. Two of the regions dominated by the thermal emission did not
show a necessity to include the powerlaw component into the fit model. The spectra of all
four regions could be fitted reasonably well. In the three regions dominated by the thermal
emission the most abundant element was determined to be sulfur followed by silicon. Also
oxygen, magnesium, and iron were enhanced compared to the solar value. For the fit
model of the fourth region all metal abundances of the vnei component were frozen to
the solar value. With an ionization timescale < 3 x 10'' cm™3 the remnant’s plasma has
still not yet reached ionization equilibrium, i.e., the use of a non-equilibrium ionization
plasma model is justified. The powerlaw photon index yielded a value of 2.720f8:882 in the
region dominated by the non-thermal emission. This value is compatible with theoretical
expectations. The absorbed flux values in the energy range 0.3—10.0keV are on the
order of ~ 2 x 10~ B ergs™tcm ™2 for the regions dominated ty the thermal emission and
~ 11 x 1073 ergs~! cm™2 for the region dominated by the non-thermal emission.

Finally, the age of SNR 1006 was estimated using the Sedov-Taylor model. The calcu-
lations yielded a value of (5.9+0.4) kyr which is higher than the real age of SNR 1006. To
some extent this can be explained by the fact that the Sedov-Taylor model is expected to
overestimate the age of young supernova remnants. In addition, the derived values for the
viewing angle and the plasma temperature also add further uncertainties to the estimate.
Therefore, the determined value for the age is considered a good rough estimate of the
real age of SNR 1006.

9.1.2 Results of the simulation for the eROSITA all-sky survey

The results of the XMM-Newton data analysis of SNR 1006 were used to create a SIMPUT
file which provides the basic information on the characteristic properties of the remnant
to the simulation software. The simulation results showed that after one complete scan of
the sky by eROSITA (i.e., six months of all-sky survey) too few photons from the source
were registered to allow a reasonable analysis of the data. Therefore, the simulations
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were extended to cover the full planned four years of the all-sky survey phase. After this
time range the extraction of reasonable spectra was possible. However, the background
contribution dominated for energies above ~ 2keV. For the simulated data two regions
were defined. One of them covered the center of the remnant which is expected to be
dominated by the thermal emission and the other one was located at the south-western
rim which is assumed to be dominated by the non-thermal emission. For the extraction
of the spectra the SIXTE tool makespec was used. Since the supernova remnant was
simulated as a superposition of the thermal and the non-thermal component a combination
of the fit models of all four regions analyzed in the XMM-Newton data analysis was
applied. All parameters were frozen to the values of the XMM data analysis, only the
normalizations of the fit model components were allowed to vary. For both regions in
the energy range 0.3—-10.0keV no good fits could be achieved. This could be improved
by restricting the considered energy range to the band 0.3—-2.0keV as the background
contribution dominated for energies above =~ 2keV. The region covering the center of the
remnant was found to be best described by a single vnei component and a powerlaw
component. The derived absorbed flux value is on the order of ~ 2 x 1072 ergs™! cm™2
for an energy range 0.3—10.0keV and slightly below this value for the soft energy band
0.3—2.0keV. This flux value is approximately one order of magnitude higher than the one
derived in the XMM-Newton data analysis for the regions dominated by thermal emission.
To a certain extent this can be explained by a greater source area for the simulated data.
However, also the fact of a less sensitive effective area for higher energies or the background
modeled by the simulation software might add some uncertainty to the derived absorbed
flux value.

In the beginning the second region was expected to represent a region of the remnant
dominated by the non-thermal emission. However, it turned out that this region is as
well dominated by thermal emission and can be described by a single vnei component.
The flux value derived for this region is ~ 1.5 x 10713 ergs™! cm™2 for the energy ranges
0.3-10.0keV and 0.3—-2.0keV. This value is smaller than the one derived in the XMM-
Newton data analysis for the region dominated by the non-thermal emission although the
area of the region of the simulation is higher. On the one hand-side this can be explained
by the fact that eROSITA is less sensitive to harder photons than XMM-Newton leading
to a reduced flux. In addition, the possible explanations discussed for the case of the first
region apply here as well. Furthermore, the surface brightness changes over the remnant,
which makes the comparison of different regions even more complicated.

A comparison of the spectrum extraction tools provided by SIXTE and eSASS revealed
that spectra extracted with both tools are not identical. One reason might be the use of
a different ARF file. The effective area calculated by srctool takes effects like vignetting
and the PSF into account, which are very important for survey observations where the
position of the source on the detector changes with time. Additionally, srctool calculates
a corrected effective exposure time which is smaller than the one derived by makespec.
This might also lead to some difference in the resulting spectra. However, the derived
absorbed flux values for both extraction tools are on the same order of magnitude and
both appear reasonable.
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9.2 The LMC SNR N132D

9.2.1 Light leak in TM5 and TM7

In the second part of this thesis data of the LMC SNR N132D taken during eROSITA’s
CalPV phase were analyzed. Already from the background subtracted spectra of all seven
telescope modules it was visible that the behavior of TM5 and TM7 deviates from the one
of the other telescope modules. The reason is that these two telescope modules experience
light leakage. This effect was first analyzed by comparing the amount of background
counts in the energy range 0.2—10.0keV and in a soft energy band ranging from 0.2 keV
up to 0.5keV. The amount of background counts of TM1—-TM4 was on a similar low level,
whereas the amounts of TM5, TM6, and TM7 showed an enhancement. To quantify this
enhancement the amount of background counts of the latter three telescope modules was
compared to the mean value of the amount of background counts of TM1—-TM4. The
conclusion of this comparison was that the background of TM5 and TMY is enhanced by
< 10% compared to this mean value in the energy range 0.2—10.0keV for both considered
data processing versions. In contrast, for TM6 the enhancement is smaller with a value
of ~ 5% in the same energy range. For all three telescope modules the increase in the
background counts is stronger in the soft energy band 0.2—0.5keV. Here, the background
of TM5 is enhanced by a factor of ~ 40% compared to the mean value of TM1, TM2,
TM3, and TM4. For TM6 the increase is &~ 20% which is again smaller, whereas TM7
shows the highest increase with a background more than 50% higher than the mean of
TM1-TM4. To summarize, TM5 and TMT7 exhibit a strong enhancement in the amount
of background counts compared to the mean value of TM1—-TM4 in the soft energy band,
whereas the increase in the energy range 0.2—10.0keV is not as pronounced as in the soft
energy band. Due to this fact, TM5 and TM7 are considered to be strongly affected by
light leakage. Although TM6 also shows an enhancement in the amount of background
counts this increase is not as strong as for TM5 and TM7 and therefore this telescope
module is not considered to be affected by light leakage.

To estimate the influence of the light leak in TM5 and TM7 on flux values derived in the
soft energy band from 0.2keV up to 0.5keV the background subtracted count rates were
determined for all seven telescope modules. The count rates of TM1—TM4 and TM6 were
quite similar, whereas the ones of TM5 and TM7 deviated from the others. Therefore, a
mean count rate was calculated for TM1, TM2, TM3, TM4, and TM6. Taking the ratio
of the count rates of TM5 and TMY7, respectively, with this mean count rate yielded an
enhancement in the count rate of TM5 between 45% (processing version 941) and 55%
(processing version 945). For TM7 these ratios are even higher. Here, the increase in
the count rate ranges between 53% (processing version 941) and 65% (processing version
945). Therefore, flux values derived in the soft energy band 0.2—0.5keV will be strongly
enhanced for TM5 and TM7 meaning that one has to be careful when analyzing spectra
measured with TM5 and TM7 of the eROSITA mission.

One possible reason why TM5 and TM7 are affected by light leakage but not the other
telescope modules is that TM5 and TM7 do not possess an on-chip filter for blocking
optical light, whereas TM1, TM2, TM3, TM4, and TM6 do. This is also reflected in the
effective area of the individual telescope modules which is higher for TM5 and TM7 below
~ 0.6 keV.
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9.2.2 Spectral analysis of the individual telescope modules

In contrast to the simulated spectra of SNR 1006 the spectra of SNR N132D were not
dominated by the background above =~ 2keV due to the higher exposure time and the
higher signal to noise ratio. Therefore, the spectra of the LMC SNR N132D could be
investigated in the energy range 0.3—10.0 keV. The spectra of the seven telescope modules
were either fitted simultaneously or in pairs accounting for their different spectral behavior.
The fit model contained one vnei component for the ambient LMC medium, another one
for the ejecta, and a powerlaw component to account for non-thermal emission from
the remnant. Unfortunately, it was not possible to achieve a good fit for any of the
considered combinations of the telescope modules. Nevertheless, some of the fit parameters
were consistent for all best-fits. These include the equivalent hydrogen column of the
absorption (tbvarabs.nH) which ranges between ~ 6 x 1022 cm~2 and ~ 8 x 1022 cm ™2, the
plasma temperature (vnei.kT) of the ejecta component which has a value of ~ 0.75keV,
the ionization timescale (vnei.Tau) of the same component which is on the order of
~ 5.5 x 10 scm ™3, and the normalization (vnei.norm) of the ejecta component which is
approximately 5x 1072, Also consistent for all telescope modules are the powerlaw photon
index (powerlaw.PhoInd) which ranges from =~ 3 to ~ 3.5 and the normalization of this
component (powerlaw.norm) which lies between ~ 2 x 1073 and ~ 7 x 10~3. Furthermore,
the absorbed flux values derived in the energy band 0.3—10.0keV were all rather similar
to each other with a value of ~ 1.28 x 10'° ergs~! cm~2. This indicates that the effect of
the light leakage on the flux in the energy band 0.3—10.0keV is not as pronounced as it
was estimated for the soft energy band 0.2—-0.5keV.

Apart from these best-fit parameters which were consistent for all telescope modules
there were some which showed a consistency for the telescope modules which possess an
on-chip filter (TM1, TM2, TM3, TM4, and TM6) but a discrepancy for the two telescope
modules which do not have an on-chip filter (TM5 and TM7). One of these is the plasma
temperature (vnei.kT) of the component describing the ambient LMC medium which
was on the order 2.3keV up to 3keV for the telescope modules with on-chip filter, whereas
for the telescope modules without an on-chip filter it had a value of ~ 0.3keV which is
significantly smaller. Also the ionization timescale (vnei.Tau) showed a similar behavior.
For the telescope modules with an on-chip filter it was < 5.5 x 10° scm ™2, whereas for the
telescope modules 5 and 7 it was more than one order of magnitude higher. The same
applies to the normalization of this component (vnei.norm) which was around 6 x 1073
for TM1, TM2, TM3, TM4, and TM6. Contrary, the normalization of TM5 and TM7 was
higher and had a value of ~ 2 x 10~2. Additionally, most of the varied metal abundances
showed a similar behavior. The abundances of oxygen, neon, magnesium, silicon, sulfur,
and iron had similar values for the telescope modules with an on-chip filter but deviated for
the two telescope modules without an on-chip filter. Nevertheless, the O and S abundances
were enhanced for all telescope modules compared to the LMC metallicity. In addition,
all telescope modules showed a Fe abundance below the LMC metallicity. In contrast, the
abundances of Ne, Mg, and Si were enhanced compared to the LMC metallicity for TM1,
TM2, TM3, TM4, and TM6 but below the LMC metallicity for TM5 and TM?7.

However, not all best-fit parameters exhibited a consistency for the telescope modules
with an on-chip filter. For instance, the values of the redshift (vnei.Redshift) of both
components varied even between TM1, TM2, TM3, TM4, and TM6. The value of the
component describing the ambient LMC medium had a positive sign for TM1 and TM4
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but a negative one for the other telescope modules. For the component representing the
ejecta the redshift was positive for TM1 and TM4 as well as for TM5 and TM7 but negative
for TM2 and TM3 as well as TM6. Furthermore, also the nickel abundance (vnei.Ni)
of the ejecta component deviated among all telescope modules. For TM1 and TM4 the
value was only slightly enhanced compared to the LMC metallicity and the lowest for all
telescope modules. For TM6 the nickel abundance had almost a solar value. TM5 and
TMT7 showed an even higher value but for TM2 and TM3 the highest value was determined
with almost two times the solar value.

One can consider all best-fit parameters that are consistent for all telescope modules
to describe a real property of the supernova remnant. In contrast, the parameters that
are consistent only for the telescope modules with an on-chip filter but differ for the ones
without an on-chip filter indicate issues with the calibration of TM5 and TM?7 or an influ-
ence of the light leakage affecting these telescope modules. Nevertheless, for some of these
best-fit parameters at least the tendency for an abundance value above or below the LMC
metallicity is consistent and also points to the real properties of the remnant. However,
the redshift values and the nickel abundance values suggest that there additionally are
calibration issues for all telescope modules and not only these which are facing the light
leak. Therefore, further improvement of the calibration of all telescope modules of the
eROSITA instrument and further investigation of the effect of the light leakage in TM5
and TMY is necessary.

9.2.3 Estimating the age of the LMC SNR N132D

Finally, the age of the supernova remnant N132D was estimated using the viewing angle
and the mean of the plasma temperatures determined by the spectral fits to the telescope
modules. The estimate yielded an age of ¢ = (8.1140.22) kyr which is higher than the age
of ~ 2500 years which was determined by Vogt & Dopita (2011)). Nevertheless, since the
Sedov-Taylor model is expected to overestimate the age of young SNRs and the irregular
shape of SNR N132D adds a further source of uncertainty to the estimation, the derived
value is considered a good rough estimate.

9.3 Outlook

The simulations performed for the supernova remnant 1006 revealed that after the first
complete scan of the sky by eROSITA it is possible to detect its extended emission by
looking at an image of this area of the sky. However, it is not possible to extract rea-
sonable spectra after the first six months of all-sky survey observations. In contrast,
after the planned end of the all-sky survey phase, which takes four years, it is possible
to extract spectra from the source region of a supernova remnant. Nevertheless, the sim-
ulations showed that the spectra of a supernova remnant will most likely be dominated
by the background above = 2keV since the fully corrected exposure time is still quite
low. In particular, this will influence the measured contribution of a non-thermal emission
component from the supernova remnant. In addition, due to the contamination by the
background above = 2keV a restriction of the considered energy range of a spectral fit to
a soft energy band is recommended in order to improve the fit.
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The analysis of eROSITA data of the LMC SNR N132D revealed that the light leak
of TM5 and TMT influences their spectral shape and in this way determined best-fit
parameters. Therefore, it is necessary to investigate the effect of the light leakage further.
In addition, also the calibration of all seven telescope modules of the eROSITA instrument
needs further improvement. For none of the telescope modules an acceptable fit could be
achieved. Although for some of the best-fit parameters a consistency could be observed
between the values of the telescope modules with an on-chip filter there were also best-fit
parameters which did not exhibit a consistency for any of the telescope modules. As soon
as these calibration issues are solved the full capabilities of the eROSITA mission regarding
supernova remnants as extended sources can be deployed.
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