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Zusammenfassung

Der Raum zwischen den Sternen einer Galaxie ist keinesfalls leer, sondern gefiillt
mit heifem interstellaren Medium (ISM) — ein Plasma, welches Temperaturen
von ~ 10% 107 K besitzt und groftenteils aus ionisiertem Wasserstoff besteht. Es
erreicht diese hohen Temperaturen aufgrund von Aufheizung durch Supernova
Explosionen und stellaren Winden. In der Milchstrafe sowie in benachbarten
Galaxien ist dieses Plasma als ausgedehnte, diffuse Rontgenstrahlung beobacht-
bar, welche Informationen iiber die Entwicklung von Sternen, den Materiezyklus,
und selbst {iber die Entwicklung ganzer Galaxien liefert. Zu finden ist das heifte
ISM beispielsweise in Supernova Uberresten sowie im Innern von Superbubbles
und Supergiant Shells, welches Hiillen aus kaltem und warmen ISM darstellen,
die mit heiffem ISM gefiillt sind und durch stellare Winde und Supernova Explo-
sionen erzeugt wurden. Wahrend Superbubbles eine Gréfe von ~ 100 pc besitzen
und durch die Sternenpopulation eines oder mehrerer Sternhaufen erzeugt wur-
den, werden Supergiant Shells durch mehrere Generationen von Sternpopulationen
vieler Sternhaufen erzeugt und erreichen enorme Ausmafie von bis zu ~ 1 kpc.

Ziel dieser Dissertation ist die Untersuchung des heiften interstellaren Mediums
in einer Region rundum Supergiant Shell LMC-SGS2. Diese Supergiant Shell
befindet sich in der Grofen Magellanschen Wolke, welche eine unserer néchsten
Nachbargalaxien darstellt. In dieser LMC-SGS 2-Region ist ebenfalls die H II-
Region DEM L1299 zu finden. Sie liegt am nord-westlichen Rand der Supergiant
Shell und beherbergt den Supernova Uberrest SNR B0543-68.9. Sowohl fiir LMC-
SGS 2 als auch fiir DEM L1299 wurden im Rahmen dieser Dissertation detaillierte
Studien durchgefiihrt. Im Laufe dieser Studien konnte eine neue Superbubble
identifiziert werden, welche gegen DEM L1299 projiziert ist und Hinweise auf einen
Ausbruch heiffen Gases aus ihrem Inneren in die Umgebung zeigt.

Im Zuge dieser Arbeit wurde eine Multi-Wellenlangenanalyse fiir LMC-SGS 2 und
fir DEM L299 im Rontgen-, optischen, und Radiowellenldngenbereich durchge-
fithrt, welche das Studium der Verteilung des heifen, warmen und kalten ISMs in
dieser Region zum Ziel hatte. Hierfiir wurden Daten des Satelliten XMM-Newton
verwendet, um Mosaike von der Supergiant Shell in verschiedenen Energiebdndern
im Rontgenbereich zu erstellen. Diese Mosaike zeigen ein sehr viel detaillierteres
Bild der Region als dies in fritheren Studien der Fall war. Wahrend der morpholo-
gischen Studie von DEM L299 wurde die exakte Position des Supernova Uberrestes



Zusammenfassung

SNR B0543-68.9 bestimmt, was zur Identifikation der DEM L299-Superbubble
fiihrte. So konnte gezeigt werden, dass DEM L299 neben dem Supernova Uber-
rest noch zusétzlich eine Superbubble in Projektion beherbergt. Des Weiteren
wurden Hinweise dafiir gefunden, dass der Supernova Uberrest und die Superbub-
ble von einer gemeinsamen Hiille aus neutralem Wasserstoff umgeben sind, was
darauf hindeutet, dass beide Objekte in der Tat nahe beieinander liegen und es
sich hierbei nicht nur um einen Projektionseffekt handelt.

Eine spektrale Analyse im Rontgenbereich wurde fiir LMC-SGS 2, SNR B0543-
68.9, DEM L299-Superbubble und deren Ausbruch durchgefiihrt. Darin wurden
Eigenschaften der Objekte wie deren Temperatur und Wasserstoffsdulendichte bes-
timmt. Dariiber hinaus wurde die Leuchtkraft des Supernova Uberrestes, der
Superbubble, und deren Ausbruches berechnet. Die Ergebnisse der spektralen
Analyse wurden verwendet, um weitere Eigenschaften der Objekte zu bestimmen.
So wurde beispielsweise die Masse, der Druck und der thermische Energiegehalt
des heifsen Gases der Supergiant Shell, der Superbubble und deren Ausbruchs
bestimmt sowie das dynamische Alter der Superbubble. Fiir SNR B0543-68.9
wurden Parameter wie seine Expansionsgeschwindigkeit, die urspriingliche Explo-
sionsenergie, die seit der Explosion vergangene Zeit und die Masse des durch ihn
aufgeschwemmten ISMs berechnet. Hierbei wurden fiir SNR B0543-68.9 die Ef-
fekte des nicht vorhandenen Ionisationsgleichgewichtes beriicksichtigt, was sich
aus dessen spektraler Analyse ergeben hatte.

Eine Sternenpopulationsstudie wurde fiir die DEM L299-Region durchgefiihrt, in
welcher gezeigt werden konnte, dass es sich bei der detektierten diffusen Ront-
genemission aus dieser Himmelsregion tatsdchlich um diffuse Emission handelt
und nicht lediglich um eine Uberlagerung vieler Punktquellen. Dies geschah
durch eine Abschédtzung der Anzahl massearmer und massereicher Sterne sowie
deren Beitrag zur Rontgenleuchtkraft dieser Region, welcher sich als vernachlés-
sighar herausstellte. Des Weiteren wurde die Anzahl der in dieser Region bereits
geschehenen Supernova Explosionen bestimmt sowie das Alter der stellaren Po-
pulation. Zudem wurde der Energie- und Massenbeitrag berechnet, welchen die
stellare Population auf die Superbubble gehabt haben muss. Die dabei erhaltenen
Werte sind konsistent mit den Resultaten der spektralen Rontgenanalyse.

Die im Rahmen dieser Dissertation durchgefiihrten Studien iiber LMC-SGS 2 und
DEM L299 haben zu dem Verstindnis dieser interessanten und vielschichtigen
Region aus heifsem ISM in der Grofsen Magellanschen Wolke beigetragen und
das Wissen iiber diese Region erweitert. Die erhaltenen Resultate fiir die Super-
giant Shell, den Supernova Uberrest und die Superbubble liefern neue Informa-
tionen iiber die Zusammensetzung dieser Region und bieten einen Uberblick iiber
die Eigenschaften der Region und dieser Objekte, was zu dem Verstdndnis vom
Ursprung dieser Strukturen im heiffen ISM beitragt und das Wissen iiber jene
Prozesse erweitert, welche zu deren Erzeugung gefiihrt haben.



Abstract

The hot interstellar medium (ISM) is defined as the plasma which can be found
between the stars of a galaxy and has a temperature of ~ 10° ~ 107 K. The material
is heated to these temperatures through supernova explosions and stellar winds
and can be observed as an extended, diffuse X-ray emission in the Milky Way and
in our neighboring galaxies. Thus, it provides information about stellar evolution
and the matter cycle as well as about the evolution of whole galaxies. The hot ISM
can be found for example in supernova remnants and in the interior of superbub-
bles or supergiant shells, the latter two being shells of cold and warm ISM which
are filled with hot ISM, blown by stellar winds and supernova explosions. While
superbubbles have a size of ~100pc and are created through the stellar winds
and supernovae of clusters of stars and stellar associations, supergiant shells are
created by generations of clusters of stars and reach enormous sizes of ~ 1kpc.

Within the scope of this thesis, the hot ISM in the region of the supergiant shell
LMC-SGS 2 has been studied. This supergiant shell is located in the Large Mag-
ellanic Cloud — a satellite galaxy of the Milky Way and one of our closest neighbor
galaxies. Within the LMC-SGS 2 region lies DEM 1299, which is an H II region lo-
cated at the north-western rim of the supergiant shell and which is known to harbor
the supernova remnant SNR B0543-68.9. Both LMC-SGS 2 and DEM L299 have
been studied in detail within this thesis. In addition, a new superbubble was iden-
tified during these analyses. This superbubble is projected towards DEM L1299,
and indications for a blowout of hot gas from its interior were found.

For LMC-SGS 2 and DEM 1299, a multi-frequency morphological study was per-
formed in X-ray, optical, and radio wavelengths in order to study the distribution
of the hot, the warm, and the cold ISM of this region. For these analyses, X-ray
data of the XMM-Newton satellite have been used to create mosaics of LMC-
SGS 2 in several X-ray energy bands. These mosaics show the region in much
more detail than previous X-ray studies did. During the morphological study of
DEM L1299, the exact position of SNR B0543-68.9 was determined, which lead
to the identification of the DEM L299 superbubble. Thus, it was shown that
DEM L299 harbors not only a supernova remnant in projection, as believed up
to now, but also a superbubble. In addition, evidence was found for a common
shell of neutral hydrogen around the supernova remnant and the superbubble,
indicating that they indeed lie close to each other.



Abstract

An X-ray spectral analysis has been performed for LMC-SGS 2, SNR B0543-68.9,
the DEM L299 superbubble, and the superbubble blowout. In these studies, the
properties of these objects were determined, like their temperature and their hy-
drogen column density. For the latter three objects, also their luminosities were
calculated. The results of the spectral analysis were used to determine further
properties of all objects, like the mass, pressure and thermal energy content of
the hot gas of LMC-SGS 2, the superbubble, and its blowout, and the dynamic
age of the superbubble. Additional parameters were calculated for the supernova
remnant, like its expansion velocity, the initial energy of its explosion, the time
passed since the explosion, and the mass of the swept-up ambient ISM. This was
done while considering the effects of collisional non-equilibrium ionization (NEI)
for SNR B0543-68.9, which resulted from the X-ray spectral analysis of the hot
gas of the supernova remnant.

During the performed population study, it was shown that the diffuse X-ray emis-
sion of DEM L1299 is truly diffuse emission. This result was obtained by estimating
the contribution of low- and high-mass stars to the X-ray emission of this region.
DEM L299 has been further characterized by determining the age of its stellar
population and the number of already occurred supernovae in this region. During
the population study, the energy and mass input of the stellar population has been
determined for the superbubble, which is in agreement with the results obtained
during the X-ray spectral analysis.

The studies performed within the scope of this thesis for LMC-SGS 2 and DEM
L2299 enhance the understanding of this interesting and complex region of hot ISM
within the Large Magellanic Cloud. The obtained results provide new information
about the actual composition of this region and yield an overview of its properties,
which helps to understand the origin of these ISM structures and of the processes
which lead to their creation.
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Chapter 1

Introduction to X-ray Astronomy

1.1 History of X-ray Astronomy

The field of X-ray astronomy is a relatively young field, not older than ~ 50 years
— the age, in which the technology was available for scientific purposes to unbind
astronomy from the surface of the Earth and take it into the upper atmosphere and
space. Operation in space was a necessity required to bring X-ray astronomy to
live, since, due to absorption and interaction of the electromagnetic radiation with
atmospheric molecules and gases, X-rays cannot penetrate Earth’s atmosphere and
thus cannot be measured from ground. Before the age of balloon-, rocket-, and
finally space-born science began, astronomy was limited to the investigation of
optical, near-infrared, and radio emission (see Table 1.1 for the energy range of
the different regimes) which are hardly absorbed by the atmosphere and thus are
the only wavelengths which can be observed from ground (see Fig. 1.1). Space-
born astronomy opened a new window not only to X-rays, but also to ~ rays,
ultraviolet, and infrared emission, thus drastically increasing the observable range
of wavelengths.

Table 1.1: Overview of the corresponding energy band and wavelength range of
the different regimes of electromagnetic radiation.

Energy Wavelength
Radio <1073 eV > 1mm
Infrared 1073 -1eV 103 0.8 pm
Optical 1-5eV 800 —400 nm
Ultraviolet 5-100eV 400 -10nm
X-rays 100-4 x 10°eV  10—0.01 nm
v rays >4 x 105 eV <0.01 nm

& The current energy limit for detected photons lies
at ~10'2keV, i.e. in the TeV regime.

11



Chapter 1 Introduction to X-ray Astronomy

Energy [eV]
s 10° 10° w0 10! 10° 10° 107 10
100
150

10 125

10
100

= 10

£ 90

= —_
5 . E
s w a o
o =
5 . 70 .%"
= 10 ==
3 60

E , [Radi Ihfrargd S Gampma 0

; 107

AN :

10

20

AN

EVEREST “ 5T 10

W w16 1w w1 1w w16 ow 16° wt Wt w® o™t

Wavelength [m]

Figure 1.1: Attenuation of electromagnetic radiation through Earth’s atmo-
sphere. The upper black curve indicates the height (right-hand scale) which
is reached within the atmosphere by only 50 % of the incident radiation, de-
pending on the photon energy. The lower curve shows the same for the 1%
limit. The surface of the Earth is reached by more than 1% of the incident ra-
diation only at optical, near-infrared, and radio wavelengths. Credit: Giacconi
et al. (1968); modified by Schanz/Tenzer (IAAT).

The first experiment which successfully measured X-ray emission from space was
performed in the year 1949 by Friedman et al. (1951). They equipped a rocket
with an X-ray detector, which reached high enough altitudes to take the first X-
ray image of the Sun. Since the intensity of the Sun’s X-ray emission was taken as
a typical value for a star, stellar X-ray emission was then believed to be too weak
to be observed for more distant stars and thus, the X-ray sky was considered to
be quite empty. This picture only changed 13 years later with the rocket flight
performed by Giacconi et al. (1962), which is generally considered as the birth
of X-ray astronomy. This rocket flight was supposed to study the X-ray emission
from the Moon. Surprisingly, Giacconi et al. (1962) found an X-ray source in
their data which was much stronger than the expected emission from the Moon.
Today, it is known that they observed the X-ray emission of Scorpius X-1 (Giacconi
et al., 1964), a low-mass X-ray binary, which is the brightest X-ray source in our

12
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sky apart from the Sun. For this discovery and for opening the field of X-ray
astronomy, Giacconi was awarded the Nobel Prize in Physics in the year 2002.
This discovery of the existence of unpredicted X-ray sources outside of our solar
system was the beginning of X-ray astronomy. It is driven by the desire to find
new sources, to study the nature of their X-ray emission, and to understand the
processes which produce huge amounts of high-energetic radiation.

This trailblazing discovery was followed by a whole set of balloon flights, which
have the great advantage of longer observation time of many hours and even
days, compared to short-lived rocket flights which only allowed data acquisition
for minutes. In the year 1970, a new area of X-ray astronomy was opened with
UHURU! (Jagoda et al., 1972), the first dedicated X-ray satellite. Within its first
day of operation, UHURU collected more X-ray data than obtained in all rocket
and balloon flights before (Arnaud et al., 2011b) and performed the first all-sky
survey in X-rays in the energy range of 2—20keV. In the year 1978, the Einstein
Observatory (Giacconi, 1980) was launched which was the first satellite to use
X-ray focusing optics, providing an unprecedented sensitivity. In the year 1990,
the German satellite ROSAT (Roentgen Satellit) was launched (Triimper, 1982),
which observed more than 150 000 sources during its all-sky survey in the energy
range of 0.1-2.5keV. An image of the X-ray sky as detected by ROSAT during
this survey is shown in Figure 1.2.

Today, with the further development of X-ray imaging detectors, spectroscopic
detectors, and focusing optics, great advances have been achieved in the spectral,
spatial, and timing resolution as well as in the sensitivity of X-ray telescopes.
Modern X-ray observatories like XMM-Newton (Jansen et al., 2001) or Chandra
(Weisskopf et al., 2002) offer unprecedented possibilities in the study of the high-
energetic Universe in the still young field of X-ray astronomy, and more are to
come, with missions like eROSITA (extended Roentgen Survey with an Imaging
Telescope Array) which will reveal more of the X-ray sky to higher energies (up to
10keV) with yet unmatched spectral and spatial resolution (Predehl et al., 2006).
More about the history and future of X-ray astronomy can be found, for example,
in Santangelo and Madonia (2014).

In this chapter, an introduction about the physical processes which produce X-
rays will be given. Furthermore, various X-ray detectors as well as non-focusing
and focusing optics will be described.

L UHURU is the Swahili word for ‘freedom’.
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Chapter 1 Introduction to X-ray Astronomy

ROSAT PSPC
0.1-2.4 keV

Figure 1.2: Image of the X-ray sky as observed by ROSAT during its all-sky sur-
vey (RASS). Red indicates soft X-rays (0.1-0.4keV), green shows the emission
in the energy range of 0.5-0.9keV, and blue stands for harder photons with
energies between 0.9—-2.0keV. Credit: ROSAT and Max-Planck-Institute for
Extraterrestrial Physics (MPE), Garching, Germany.

1.2 X-ray Producing Processes

There are various high-energetic mechanisms, which can produce X-rays. These
mechanisms can be divided into thermal processes, non-thermal processes, and
non-thermal processes of thermally distributed particles. In this section, an intro-
duction is given to some of those mechanisms which play a crucial role in the field
of X-ray astrophysics (see Seward and Charles, 2010).

1.2.1 Processes Occurring in Thermal Gases
Black-Body Radiation

Black-body radiation can be one type of thermal X-ray emission. A black body
is an idealized object that possesses zero reflectivity and is in thermodynamic
equilibrium. An object which absorbs all incoming radiation consequently also has
to re-emit it. This emitted spectrum of a black body is radiated away isotropically
in all directions and has a characteristic shape which is described by Planck’s

law:
2hv? 1

(1.1)

14


http://adsabs.harvard.edu/abs/2010exru.book.....S

1.2 X-ray Producing Processes

1000  Blackbody radiation _ Thermal bremsstrahlung Synchrotron radiation

T=2x108K

100 T=2x108K

10F

Relative intensity

1 N i 4 L ] 1 I
0.01 01 1 0.1 1 10 100 0.1 1 10 100

Photon energy (keV) Photon energy (keV) Photon energy (keV)

(a) (b) (c)

Figure 1.3: Example of a spectrum as created through (a): black-body radiation,
(b): thermal bremsstrahlung, and (¢): synchrotron radiation as produced by a
population of electrons which follow a power law distribution. Credit: Seward
and Charles (2010).

with the following definitions:

B, : spectral radiance in W st~ Hz~! m~2,

v : frequency of the emitted radiation,
T : temperature of the black body,

h : Planck constant,
kg : Boltzmann constant,

¢ : speed of light in vacuum.

The shape of this spectrum (see Fig. 1.3a) depends only on the temperature of the
black body and is therefore independent of the frequency and the incident angle
of the incoming radiation which is absorbed by the black body. The temperature
of the black body can be calculated out of the position of the maximum of the
emitted spectrum, according to Wien’s displacement law, which states that the
position of the maximum, vy, can be described as V. = 5.879 x 10 x T'Hz/K
(or depending on the wavelength A, as Apax = 22258 Km). Many astrophysical
objects emit black-body radiation, like for example stellar photospheres. For the
maximum of the emitted spectrum to lie in the X-ray regime, a temperature of
the black body of ~10%-10® K is necessary. Such high temperatures are reached
for example on the surface of young neutron stars.

15
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Thermal Bremsstrahlung

Whenever a charged particle is deflected by an electric field, it emits bremsstrah-
lung. This happens for example when an electron passes by an ion close enough
for electromagnetic interaction to take place. This interaction forces the electron
to change its direction, which causes the emission of bremsstrahlung in the form
of a photon. Since the electron loses energy due to this radiation, its kinetic en-
ergy decreases. Thermal bremsstrahlung is produced if the plasma which emits
bremsstrahlung is in thermal equilibrium — i.e. that all its particle species have
the same temperature and follow a Maxwell-Boltzmann velocity distribution. The
emitted radiation is a continuum with an exponential cutoff at higher energies (see
Fig. 1.3b). The intensity I of this emission is defined as

I < Z*nenin/kgT exp(—hv/kgT) , (1.2)

with the following definitions:

Z : atomic number of the ions,
ne : electron density of the plasma,
n; : ion density of the plasma,
kg : Boltzmann constant,
T : temperature of the plasma,
h : Planck constant,
v : frequency of the generated radiation.

Through thermal bremsstrahlung, considerable amounts of X-rays are produced
when the plasma has a temperature of > 10° K. In addition to continuum brems-
strahlung, such a plasma typically also shows line emission created through fluo-
rescence emission.

Fluorescence Lines

In a plasma in which the heavier elements are not fully ionized, i.e. a plasma
with temperatures <5 x 10" K, a considerable amount of energy can be radiated
away through fluorescence lines. Fluorescence lines are created through the de-
excitation of an electron into a lower energetic level of an atom via the emission
of a photon. These lines lie in the X-ray regime if the temperature of the plasma
is >2x 10°K. X-ray line emission can be produced through energy transitions
in the inner shells of heavy elements. This can happen for example through an
electron capture of a highly ionized particle in an upper shell and the subsequent
de-excitement of the electron under emission of a photon. Another possibility
to produce line emission is given as a consequence of the collision of a particle
with a high-energetic electron. Through this collision, an electron can be knocked

16



1.2 X-ray Producing Processes

out from an inner shell of the particle and X-rays can be produced through the
subsequent transition of an electron from an outer shell to fill up the inner gap.
The energy of these transition lines is characteristic for each atom, and certain
temperatures are required for each transition. Therefore, these lines represent a
diagnostics for the chemical composition and for the temperature of a plasma in
thermal equilibrium.

1.2.2 Non-Thermal Processes
Synchrotron Radiation

When a charged particle moves in a magnetic field with a velocity close to the
speed of light and with a velocity component perpendicular to the magnetic field
lines, it emits synchrotron radiation. The radiation is caused by the Lorentz force,
which makes the charged particle move on circles around the field lines. Due to
the change in the direction of motion, the particles emits radiation. The resulting
spectrum of a population of charged particles in a magnetic field depends on the
energy of the charged particles and on the strength of the magnetic field. If the
underlying population of charged particles are electrons which follow a power law
distribution, then the resulting spectrum will also follow a power law (see Fig. 1.3¢)
with a maximum intensity at a frequency v of

PP ( E )2, (1.3)

MeC \ MeC?

with the following definitions:

e : elementary charge of an electron,
B : magnetic field strength,
me : mass of an electron,
¢ : speed of light,
E : energy of the electron.

For the creation of X-ray synchrotron radiation, a relativistic population of elec-
trons is necessary in addition to a strong magnetic field of ~10° G.

Comptonization

Another non-thermal process which plays an important role in many astrophysical
environments is comptonization, which is a consequence of the inverse Compton
effect. The Compton effect itself describes the scattering of a photon by a charged
particle — typically electrons — through which the photon loses energy and the
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charged particle gains energy due to its recoil. This happens whenever the energy
of the photon (E = hv) is bigger than the energy of the charged particle (E =

yme?, with v = /ﬁ being the Lorentz factor). The energy loss of the photon

can be described through an increase of its wavelength A, whereas

AN= X — N\ = h (1 —cos¢), (1.4)

me
with the following definitions:

A\ : change in wavelength of the photon,

: wavelength of the photon after the scattering,

- wavelength of the photon before the scattering,
: Planck constant,

: mass of the particle,

. speed of light,

. scattering angle of the photon.

@0333’3’

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

If the particle energy is bigger than the photon energy, the opposite takes place:
the photon gets up-scattered and the particle loses energy. This process is referred
to as inverse Compton effect and can often be found in astrophysical hot plasmas
or populations of hot electrons like in the coronae of black holes. When inverse
Compton scattering occurs repeatedly and when the scattered photons can subse-
quently escape the population of hot particles, an effective cooling of the plasma
is possible. This effect, which is called comptonization, leads to a characteris-
tic shape of the observed spectrum of a comptonized population of hot particles,
showing a power-law with an exponential cutoff.

All the physical processes introduced in this section play an important role in the
physics of many cosmic sources of X-ray emission. Different ways of how to detect
this radiation are discussed in the following section.

1.3 Detection of X-ray Emission

In this section, different techniques and technologies are discussed which are used
for the detection of X-rays. The first part is dedicated to different non-focusing
and focusing imaging techniques, while in the second part, X-ray detectors are
discussed with special emphasis on modern, imaging semiconductor detectors.
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1.3.1 Imaging Techniques

The imaging of X-rays is a challenging task since they are absorbed by traditional
glass lenses and since the reflection of these high-energetic photons from the surface
of a mirror requires very small incident angles (Staubert, 2008). In the following
paragraphs, different non-focusing and focusing techniques are discussed which
can be used in X-ray imaging systems.

Non-Focusing Optics

The first optical systems which were used for the imaging of X-rays were non-
focusing optics. They consist of collimators, which are tubes made out of X-ray
blocking materials. These tubes were put in front of the detector in order to limit
its field of view (FOV) to a certain area of the sky. They were used for example on
the UHURU satellit. To reduce the large size of collimators, honeycomb collima-
tors can be used, which consist of a large number of small collimator tubes which
are arranged in a comb-like structure. This decreases the size of the collimator
considerably, but with the trade-off of a smaller sensitive detector area due to the
honeycomb structure in front of the detector.

Since these optics provide no information about the position of the source within
the FOV, one-pixel detectors can be used without any additional loss of infor-
mation. Still, even without spatially resolving detectors, information about the
number of sources within the FOV and about their position can be obtained by
using rotation modulation collimators. These collimators consist of two grids of
X-ray absorbing material which are rotated with respect to each other in front
of the detector. The thus created light curve which is observed by the one-pixel
detector has a specific frequency and modulation which depend on the position of
the source within the FOV. The frequency of this signal allows to determine the
distance of the projected source image from the rotational axes of the collimator,
while the phase of the modulation curve provides information about the position
angle of the projected source image. This technique was a great improvement in
the imaging of cosmic X-ray sources since it allows for the distinction between
different point sources within the same FOV. This type of optics was used for ex-
ample on the High Energy X-ray Experiment (HEXE) onboard the space station
MIR (Reppin et al., 1985).

Another way to identify individual sources and to determine their position within
the FOV is provided by using coded masks. For this imaging technique, spatially
resolving detectors are required. The coded masks are attached in front of the
detectors and consist of complicated patterns of an X-ray absorbing material (e.g.
tungsten) with X-ray-transmissive gaps. The pattern is chosen in a way that the
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Figure 1.4: Schematic illustration of a Wolter-1 mirror telescope. The X-rays are
reflected from the paraboloid and hyperboloid mirror shells and focused onto
the detector. Credit: C. Tenzer, IAAT; modified by J. Bayer, TAAT.

shape of the shadow which is cast upon the detector by an X-ray source depends
on the position of the source within the FOV. Thus, the position of the source
can be calculated by deconvolving the cast shadow. This technique is still used
today for the imaging of hard X-rays (=20keV), which are reflected only under
very small incidence angles and therefore require a large focal length which is
difficult to realize in satellite missions. For softer X-rays, focusing optics are
used in combination with imaging detectors, which are discussed in the following
section.

Focusing Optics

A big improvement in the sensitivity and resolution of X-ray imaging systems
was obtained with the launch of the first X-ray focusing optics on the X-ray
satellite Einstein Observatory in the year 1978 (Giacconi, 1980). Focusing X-rays
by using mirrors is a non-trivial task due to the small incident angles required for
their reflection. This angle increases with the atomic number and density of the
reflecting material and with the wavelength of the incident radiation. To increase
this angle, the reflective surface of X-ray mirrors is coated with elements like gold
or iridium, which have a large atomic number and a high density.

For photons with energies of 1keV, this critical angle for the reflection is only ~ 1°.
Since such low reflection angles would lead to very large focal lengths, a special
mirror configuration is used in X-ray astronomy which is called a Wolter-I mirror
(Wolter, 1952; Giacconi et al., 1968; Aschenbach, 1985). In this configuration, the
X-rays are reflected twice: first from a paraboloid mirror shell and then from a
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hyperboloid mirror shell (see Fig. 1.4). Through this double-reflection, the focal
length can be decreased considerably, e.g. to ~7m for photons with an energy of
~ 15keV. To compensate for the small effective area of each mirror shell which is
a result of the small reflection angle for X-rays, several of these mirror shells of
different radii are nested within each other coaxially and confocally.

Wolter-1 mirror telescopes are commonly used in modern X-ray astronomy, e.g.
for the X-ray telescopes of XMM-Newton, each of which consists of 58 nested
mirror shells with a minimum packing distance of 1 mm for the individual shells
(see Sect. 3.1). Most often, such focusing optics are used in combination with
a spatially resolving X-ray detector for accurate image reconstruction. Some of
these detectors are introduced in the following section.

1.3.2 X-ray Detectors

Since the discovery of X-rays in 1895 (Rontgen, 1896), X-ray detectors have un-
dergone a fast development. The used devices have undergone a huge development
and are permanently improving in performance. In this section, a brief overview
of the different kinds of detectors is given, with a focus on modern semiconductor
detectors.

The Beginning of X-ray Detectors

The first X-rays discovered by Réntgen (1896) were recorded on ordinary, optical
film plates which are also sensible to X-ray photons. Starting from 1908, propor-
tional counters were developed which are basically capacitors filled with a noble
gas (Rutherford and Geiger, 1908; Pfeffermann, 2008). When X-rays enter the pro-
portional counter, electron-ion pairs are generated by the photoeffect. A voltage
is applied to the capacitor which separates the electron-ion pairs and accelerates
mainly the electrons which subsequently collide with other atoms. Through this,
further free electrons are produced, which are attracted by the anode and can be
measured as a current. When applying the correct voltage, the number of the
thus created electrons is proportional to the energy of the incident photon.

For the detection of hard X-rays with energies > 15keV, inorganic scintillation
counters can be used (Kendziorra, 2008). These consist of a scintillator crystal
and a photomultiplier. When an incident X-ray photon hits the scintillator, it can
be absorbed through the photoeffect and the resulting photoelectron can excite
several atoms. When they subsequently de-excite radiatively, photons are emitted
which posses optical wavelengths. These photons interact with the photomulti-
plier and create free electrons due to the photoeffect. The photoelectrons are then
accelerated and amplified through electric fields within the photomultiplier. Out
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of the resulting current, the intensity and the energy of the incoming radiation
can be measured.
These days, the most widespread detectors which are used in astronomy for the
detection of X-rays are semiconductor detectors, which will be discussed in the
following section.

Semiconductor Detectors

In modern X-ray astronomy, semiconductor detectors are the most commonly used
type of detectors. In this device, the detection of photons is based upon the inner
photoeffect within a doped semiconductor material (e.g. silicon). Incident photons
with energies greater or similar to the energy of the material’s band-gap can create
electron-hole pairs in the semiconductor. To avoid immediate recombination, a
voltage is applied which separates the electron-hole pairs and stores the electrons
in a potential well which is present in each pixel.?

This concept is realized in different kinds of semiconductor detectors, with the
main difference lying in the readout of the devices. A widespread detector type
is the so-called charge-coupled device (CCD), which is read out by shifting the
photon-induced charges through the device until a readout node is reached. In a
CCD, each pixel consists typically of three electrodes onto which different voltages
can be applied (see Fig. 1.5a). During the exposure time of the detector, the
photoelectrons are gathered under the middle electrode of each pixel. After the
integration time, the voltage of the electrodes is shifted in a way that causes the
collected electrons to shift from pixel to pixel through a pixel row, until they reach
a readout node. After each pixel of a row has been read out one by one using
this method, the readout cycle is complete and a new integration time can follow.
The time needed for a complete readout cycle depends on the number of pixels
per row and is a trade-off between energy resolution and timing resolution. This
readout method has the advantage that a large number of pixels can be read out
by the same readout node and readout electronics. For more information about
CCDs, see for example Striider et al. (2001) or Striider and Meidinger (2008).

Another type of semiconductor detectors are the so-called active pixel sensors. In
these devices, every pixel is read out individually, e.g., by measuring the locally
amplified voltage created by the electrons gathered in a pixel without shifting
them. Since the readout preserves the gathered electrons, a signal can be read out
multiple times to increase the energy resolution. Afterwards, the pixel is actively
cleared from these electrons. A pixel as described here is often placed within

2In most detectors, the electrons are stored in the potential wells while the signal from the
holes is discarded, but there are also some detectors where the information (arrival time,
energy) of the holes is used to achieve better resolution.
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Figure 1.5: Two different kinds of semiconductor devices used in astronomy for
the detection of X-rays: (a) a charge-coupled device (CCD), in which the read-
out of a pixel occurs by shifting the collected electrons through a pixel row.
Credit: T. Schanz, TAAT; (b) a macropixel with an active pixel sensor at its
center, which can be read out individually. Credit: Treis et al. (2009).

the center of a so-called macropixel (see Fig. 1.5b). A macropixel consists of a
selectable number of drift rings which are attached around a pixel center. The
drift rings are cathodes with a decreasingly negative potential towards the pixel
center. Through this structure, the collected electrons within a macropixel are
gathered beneath the pixel center, where the readout occurs. Due to the variable
number and shape of drift rings, this design leads to a high flexibility in the size
of a macropixel. The big advantage of active pixel sensors is their high readout
speed (~ 2 us/line), which is a result of the direct readout without the necessity
of shifting the charges. Further, the local amplification of the signal before the
readout leads to a better energy resolution. More information about active pixel
sensors can be found for example in Treis et al. (2009) or Striider and Meidinger
(2008).

In this chapter, an introduction to X-ray astronomy was given. The history of X-
ray astronomy was described briefly, from the first cosmic X-rays to be detected up
to modern space observatories. Various thermal and non-thermal processes were
introduced which can produce X-ray emission. In the last part of this chapter,
detection techniques were introduced, the challenges in the focusing of X-rays
were described, and examples of different devices used for the detection of X-ray
emission were given.

In Chapter 2, an introduction into the interstellar medium will be given, which was
the driving science topic for the studies performed within this thesis. Main topics
discussed in this chapter are supernova remnants, superbubbles, and supergiant
shells. In the following chapter (Chapt. 3), the X-ray observatory XMM-Newton
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will be introduced, whose data has been used for the morphological and spectral
X-ray analyses performed within the scope of this thesis. Chapter 4 provides a
detailed discussion about the different background components present in (XMM-
Newton) X-ray data and shows the ways to eliminate, reduce, or model these
components. In Chapter 5, the technical details of the performed X-ray analyses
are described, in particular the used XMM-Newton data, the data handling and
processing, and the model used for the spectral fitting of the observational data.
This is followed by a detailed discussion of the results of the morphological and
spectral analyses which have been performed within the scope of this thesis for
supergiant shell LMC-SGS2. Chapter 6 provides the same for the studies per-
formed for DEM L1299, for which the same basic techniques as for supergiant shell
LMC-SGS 2 have been used. Chapter 7 concludes the thesis by giving a summary
of the most important results.
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Chapter 2

The Interstellar Medium

At first glance, in particular in the optical, the space between the stars of a
galaxy might appear to be empty, but it is not: it is filled with gas and dust,
which — in the case of the Milky Way — account for 10 % of the visible mass of
the galaxy (Seward and Charles, 2010). This material is defined as the interstellar
medium (ISM) and mainly consists of hydrogen. The major part of the ISM
has much lower densities than the best vacuum which can currently be produced
on Earth and is therefore only visible when the observed structure has a large
depth. As an example, Figure 2.1 shows an area of ~2kpc x 2kpc around the
star-forming region 30 Doradus. In this image, the ISM can be observed in the
form of H II regions, supernova remnants, bubbles, superbubbles, and supergiant
shells (see respective sections for zoom-ins onto these individual objects).

The ISM plays an important role in many astrophysical processes. New stars are
being formed out of it, and these stars later give their material back to the ISM
through stellar winds and supernovae. Thus, the ISM provides information about
star formation, stellar evolution, and supernova explosions. It allows to study the
galactic matter cycle and provides insight into galaxy evolution (see Sect. 2.4).
The ISM provides the possibility to improve our knowledge of various fields of
astronomy and to test current models and theories.

In this Chapter, the different properties of the ISM as well as its different man-
ifestations will be discussed. After a general introduction about the ISM, an
overview about H II regions, wind-blown bubbles, and supernova remnants will
be provided, with a special emphasis on their similarities and differences. The in-
formation given in this Chapter is based upon Dyson and Williams (1997), where
further details can be found.
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Figure 2.1: The 30 Doradus region in the Large Magellanic Cloud as an example of
interstellar medium, shown in the light of three optical emission lines. The image
is created out of data of the Magellanic Cloud Emission Line Survey (MCELS)
and is a three-color image which shows the Ha emission in red, the [S II]
emission in green, and the [O III| emission in blue. Credit: Jorg Bayer, TAAT.
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2.1 Introduction to the Interstellar Medium

By far the most abundant element in the ISM is hydrogen, with an abundance
of 89%. The remaining matter consists to 9% of helium, and to only 2% of
heavier elements. The ISM can mainly be found as gas or plasma, which fills
the interstellar space, while only 1% of the mass of the ISM is bound as dust or
molecules. Its abundances, which globally reflect cosmic abundances, can strongly
differ locally. Its composition represents the composition of future stars and pro-
vides information about the mechanisms occurring in, e.g., supernova explosions
or within massive stars — mechanisms which are otherwise not directly observable
as they occur within the interiors of these objects. Despite the great diversity
of the ISM, there are properties and mechanisms that describe the ISM globally,
which will be discussed in this section. In addition, cooling and heating processes
occurring in the ISM will be described, and the characteristics of shocked ISM
will be introduced.

2.1.1 The Three-Phase Model of the ISM

The ISM exists mainly in three different temperature regimes: in a dense, cold
phase with temperatures of < 100K, a less dense, warm phase with temperatures
of ~10000K, and a tenuous, hot phase with temperatures of ~10° 10" K. The
model of a three-phase ISM has first been introduced by McKee and Ostriker
(1977). According to this model, the three different phases are supposed to be
in a global pressure equilibrium, i.e. that two phases which lie next to each other
in a stable configuration are of equal pressure, with a typical pressure of p/kp ~
10* cm ™3 K (Weigert et al., 2009). Thus, to obtain pressure equilibrium, the hot
phase has a very low density, while the cold phase shows high densities. Another
consequence of this model is that the whole space between the stars of a galaxy is
supposed to be filled with ISM, in order to obtain pressure equilibrium. Otherwise,
no small-scale structures would be observable in the ISM, since for example an
interstellar cloud which is located in complete vacuum —i.e. which is not in pressure
equilibrium with its surroundings — would soon completely dissolve due to its inner
gas pressure.! McKee and Ostriker (1977) gave a volume-filling factor for the hot
ISM of 70 %, for the warm ISM of 30 %, and for the cold ISM of 2 x 1072 %. An
overview of the different properties of the three phases given in Table 2.1.

The cold phase (< 100 K) consists of neutral atoms and molecules and has densities
of 50—10° particles/cm3. It forms molecular clouds or H I regions for example,

! This does not hold for structures, for which gravitation has a significant effect. One example
are galaxy clusters, in which the intracluster medium — i.e. the gas between the galaxies of
the cluster — is gravitationally bound to the cluster and therefore does not evaporate.
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Table 2.1: Overview of the main properties of the cold, warm, and hot phase of

the ISM.
Cold ISM Warm ISM Hot ISM
Temperature a few - 100K 5000-10000 K 10-5x 107K
ie. 1073-1072eV ie. 0.4-09eV i.e. 85-4000eV
Composition neutral H, (partially) ionized H ionized H
molecules
Density 50— 10 particles/cm?® ~ 0.5 particles/cm® 10~ particles/cm?

Filling factor
Sound speed

Examples

Observable
through

28

2x1073%
1km/s

molecular clouds,
H I regions

H I 21 cm radio
line emission

30 %
10km/s

H IT regions,
Stromgen spheres

recombination
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forbidden-line
cooling

70 %
>120-600 km /s

interior of SNRs,
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which consist of neutral hydrogen. In this phase, the formation of molecules takes
place, and star formation can be triggered. It can be observed for example through
the 21 cm radio emission line of neutral hydrogen. This is a hyperfine structure
transition line which is created due to an electron spin flip and can be used, e.g.,
to determine the velocity of a cold gas cloud through the Doppler shift of the line.
The warm phase (500010000 K) consists of partially or fully ionized gas with
densities of ~ 0.5 particles/cm?. It forms H II regions for example (see Sect. 2.2),
which are ionized through the ultraviolet (UV) radiation of OB-stars. This phase
can be observed in optical wavelengths through, e.g., the Ha line which is a
recombination line from the state of principle quantum number n = 2 to the
n = 3 state of neutral hydrogen, or through forbidden-line emission of [S II| or
[O III] (see Sect. 2.1.1). This phase also emits continuum radio emission due to
thermal bremsstrahlung.

The hot phase (10°-107K) is a plasma which is highly ionized and has very
low densities of 10~*particles/cm3. It is observable in X-rays through thermal
bremsstrahlung and through line emission, which originates from transitions in
the inner energy levels of heavy elements. This phase, which has been heated
through supernova explosions and stellar winds, fills for example the interior of
supernova remnants, bubbles, superbubbles, or supergiant shells.

The temperature of the ISM is not homogeneous over the whole temperature
range, but is observed to exist mainly at the three temperatures regimes of the
cold, the warm, and the hot ISM. The temperatures between these regimes are
hardly observed. To explain this, it is necessary to understand the cooling and
heating mechanisms which take place in the ISM. These processes are discussed
in the following section.

Heating and Cooling Mechanisms

Two of the most important physical processes occurring in the ISM are heating
and cooling, since the temperature is a critical quantity for many fundamental
processes taking place in the ISM, like molecule formation or star formation.

Heating of the ISM occurs through an increase of the kinetic energy of the gas,
e.g., through the transformation of radiation energy. This can happen for example
as a consequence of the photoeffect: a photon is absorbed and the kinetic energy of
the emitted photoelectron can increase the temperature of the gas through further
collisions. Other possibilities for heating are photodissociation of molecules, in
which the fragments of the molecule carry away the energy of the absorbed photon
as kinetic energy, or the ionization of an atom through a collision with a cosmic-
ray particle (mainly electrons and protons) and the subsequent sharing of the free
electron’s kinetic energy with the gas. The most efficient heating mechanism is
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heating via shock, which will be discussed in Section 2.1.2. Possible sources of
heating of the ISM are for example starlight, cosmic rays, supernova explosions,
and stellar winds.

Cooling of the ISM follows the inverse principles as heating: Cooling occurs
through the transformation of kinetic energy into radiation, which escapes the
gas and therefore leads to a reduction of the energy of the gas. This transfor-
mation occurs through the collisional excitation of an atom, ion, or molecule,
which subsequently de-excites radiatively by emitting photons. Since the number
of collisions depends on the density of the colliding partners, the most abundant
atoms and molecules play an important role in the cooling. Another important
parameter is the kinetic energy — i.e. the temperature — of the colliding partners,
since an excitation can only occur when the kinetic energy of the colliding particle
is equal to or larger than the energy required for the transition. Recombination
can also cool the gas since electrons often recombine in a highly excited state and
subsequently cascade down to the ground state. The thus emitted photons have
too low energies to re-ionize the atom and can therefore escape the gas, which
leads to a cooling of the gas.

Both cooling and heating can also occur through dust grains. They cool the ISM
when a particle sticks to their surface via adsorption and thus loses its kinetic
energy, which can be emitted by the dust grain through black-body radiation. A
heating of the ISM occurs when a photoelectron is emitted after the absorption of
a photon, which shares its kinetic energy with the gas. More information about
this can be found for example in Dyson and Williams (1997).

Forbidden-Line Cooling

Forbidden-line cooling is a very important cooling mechanism in the ISM and the
most important mechanism in the temperature range of ~5000—-10000K (i.e. in
the warm ISM). It is a consequence of line transitions which are quantum me-
chanically forbidden to occur through the fast electric-dipole transitions (typical
rate: ~10%s7!). Instead, they occur through electric-quadruple or magnetic-
dipole transitions which have much lower transition rates of ~1s~! (Dyson and
Williams, 1997). The upper energy level of a forbidden transition is called a
metastable state. These metastable states are populated through collisions with
electrons. Two possible ways exist in which they are able to de-excite: collisional
de-excitation and radiative de-excitation. On Earth, only collisional de-excitation
is observed, since the collision rate is much higher than the rate for radiative
de-excitation. This is different in the ISM, where the densities are so low that
radiative de-excitation is the much more probable mechanism. The thus emitted
photons — which are exclusively observed in space — can freely escape the ISM
(Dyson and Williams, 1997). In fact, the ISM often shows strong forbidden line
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Figure 2.2: The cooling function A of the ISM plotted over the temperature.
Three main minima can be recognized in the plot at <100 K, 10000 K, and
107 K — at the same temperatures at which the cold, warm, and hot ISM can
be found. Credit: Weigert et al. (2009); modified.

emission, since the absorption of these photons through electric-dipole transition
is quantum mechanically forbidden. Thus, forbidden-line transitions are a very
efficient cooling mechanism for the ISM and an important tool used for astro-
nomical studies. Important examples of ions or atoms producing forbidden-line
emission are [S II] and [O III] in the optical energy band, and neutral hydrogen
atoms.

The Cooling Function

The ISM is almost exclusively observed at the temperature of the cold, warm, or
hot phase. This dominance of only three temperature regimes can be understood
when looking at the cooling function of the ISM. The cooling function A can be
used to determine the cooling rate £ by which a gas loses its energy:

L =n*ANT,), (2.1)

with the number density n of the interacting species in m™3 and the cooling
function A in Wm?3. Thus, the cooling rate depends only on the density of the
species and — through A(7.) — on the electron temperature. Furthermore, the
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electron temperature depends only on the shock velocity and the molecular mass of
the gas. The cooling function is shown in Figure 2.2 as a function of temperature.
In this figure, three regimes with different temperature dependencies are marked,
which shall be discussed in this section:

— regime a): ~5x 103-10°K,
— regime b): ~10° 108K,
— regime c): 2 10° K.

In regime a), the cooling function increases with temperature. Forbidden-line
cooling is the dominant process in this regime, which produces photons mainly at
optical and infrared wavelengths. At higher temperatures, the metastable states
needed for these forbidden-line transitions become more and more rare, due to
higher ionization states of the ions. At ~10°K, the cooling function reaches its
maximum, which is created due to the collisional excitation or ionization of hydro-
gen. At this temperature, the emission mainly occurs in optical and UV energy
bands.

In regime b), the cooling function decreases. Here, the cooling occurs due to the
collisional excitation and subsequent radiative decay of more highly ionized parti-
cles (resonance lines). This regime emits photons in far UV and soft X-rays. The
cooling function decreases with temperature in this regime because less particles
are available at higher temperatures which can still be excited or ionized.

In regime c), above ~ 10® K, almost all particles are fully ionized and bremsstrah-
lung is the remaining main cooling process, producing photons in the X-ray energy

band.

The cooling function possesses three main minima: at < 102K, around 8 x 103 K,
and at ~ 107 K. These are exactly the three temperatures at which the cold, the
warm, and the hot ISM are found. When considering for example the minimum
at ~8 x 10° K, a small increase of the temperature results in a strong increase of
the cooling function and therefore of the cooling rate (see Fig. 2.2). The increase
of the cooling rate leads to a decrease of the temperature, which is thus stabilized
at ~8 x 102 K due to this thermostat effect. In contrast, when considering a gas
with a temperature of ~5 x 10° K, a small increase of the temperature leads to a
decrease of the cooling function, which in turn further speeds up the increase of the
temperature, until the hot phase of the ISM is reached at ~ 107 K. Through this,
the temperature of the ISM is kept stable at the minima of the cooling function,
which define the three phases of the ISM.
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2.1.2 Shocked ISM: the Rankine-Hugoniot Jump
Conditions

Many astrophysical processes like supernovae (SNe) cause a shock wave in the
ISM. Since shocked ISM can be found in many interstellar regions, it represents
an important state of the ISM which will be discussed in this section.

A shock front (also referred to as a shock wave) can be described as a discontinuity
in the parameters of a system, like velocity, density, and pressure. A shock front is
formed whenever the velocity of a sound wave is larger than the adiabatic? sound
speed of the medium in which it propagates, i.e. whenever it has a Mach number
of My, = v/Usouna > 1. In the ISM, these shock fronts have typical velocities
of ~50km/s—3000km/s. They are created for example through a supernova
explosion, during which the ambient gas is heated very quickly and thus expands
strongly and abruptly, which causes a shock front to moves into the ISM. Since a
sound wave has a finite length, it possesses a density gradient. The discontinuity
is formed because the ‘front parts’ of the sound wave reach the ISM first and
compress it. Thus, the ‘rear parts’ of the sound wave hit a denser ISM than the
‘front parts’ did. Through this, the sound wave of the explosion expands into a
medium with continuously increasing density, which in turn increases the speed
of sound. Thus, the ‘rear parts’ of the sound wave travels with a higher velocity
than the ‘front parts’, and will be catching up with them, through which a shock
front is created.

The conservation of mass flux, momentum flux, and energy flux across the shock
front can be used to derive the Rankine-Hugoniot jump conditions (Rankine, 1870;
Hugoniot, 1887, 1889). These jump conditions can be used to correlate the prop-
erties of the unshocked gas in front of the shock (pg, To, vo) with the properties
of the shocked gas behind the shock front (p;, 77, v1). The Rankine-Hugoniot
jump conditions can be used for strong shocks (i.e. for shocks with a high Mach
number) within a monatomic, ideal gas without magnetic fields. The Rankine-
Hugoniot jump conditions show an increase of the inner energy of the gas (and
thus an increase of its temperature) across the shock front. Also, the entropy of
the gas increases, and the gas is ‘dragged’ in the direction of the leaving shock
front, meaning that the shock hits the gas supersonically and leaves the gas with
a subsonical velocity in respect to the shocked gas. For such monatomic gases
with M, > 1, the density of the shocked gas behind the shock front is four times
the density of the unshocked gas, independent from the strength of the shock (i.e.

2 An adiabatic gas is a gas which does not exchange any heat with its surroundings. An energy
transfer with its surroundings occurs therefore only by work (e.g. mechanical work). This
means that an adiabatic gas does not have an energy input or energy loss through radiation
or thermal conduction.
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from its Mach number). Higher densities are prevented due to increased transla-
tion movement of the gas particles which leads to a high pressure that prevents
further compression of the gas even for high Mach numbers (Dyson and Williams,
1997). In a frame of reference in which the unshocked gas is at rest, this leads to
the following equations for an adiabatic gas and a strong shock, with the subscripts
0 and 1 denoting pre- and post-shock values, respectively:

3
v = szhocky
p1=4po,
3 (2.2)
P = ZPOUshodm
T = i)gl—]:;lvszhock7

with the following definitions:

Ushoek : Velocity of the shock,
p1 : post-shock pressure of the gas,
i : molecular mass of the gas (with p = % for a totally ionized hydrogen gas),
m : particle mass,
kg : Boltzmann constant.

These equations change when considering an isothermal (i.e. radiative) shock wave.
An isothermal shock wave can be described as a shock wave which does not mod-
ify the temperature of the gas, although the other properties of the gas change
discontinuously.® This is achieved by loss of energy, e.g., through the processes
describe in Section 2.1.1. Since an isothermally shocked gas is able to lose inner
energy through radiation, a higher compression of the gas can be achieved than
in the adiabatic case (Dyson and Williams, 1997). The post-shock density of an
isothermally shocked gas can thus reach values larger than four times the pre-
shock density and depends on the isothermal pre-shock Mach number Mgothermal-
In a fixed frame of reference, the Rankine-Hugoniot jump conditions result in the
following equations for an isothermal shock, with the subscript f denoting the
post-shock values after the cooling zone:

UVt = Ushock 5
_ 2

Pt = pOMisothermal )
_ 2

Pt = PoVUshock >

T =1T,.

(2.3)

3 Actually, an isothermal shock wave is an adiabatic shock wave plus a thin cooling zone.
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2.2 HII Regions

Figure 2.3: Zoom-in of Figure 2.1 onto LHA 120-N 164 as an example of an H II
region.

2.2 H Il Regions

H II regions — also referred to as diffuse nebulae or radiatively excited regions
— consist of a thin gas with densities of ~ 0.5 particles/cm?® which is heated to a
temperature of ~ 5000 K —10000 K by the radiation of early-type stars (OB-stars).
These stars emit a considerable amount of their energy as UV photons, which have
wavelengths needed for the ionization of hydrogen or oxygen, for example. The
thus produced photoelectrons distribute their kinetic energy within the gas which
leads to a heating of the gas. An example of an H II region can be seen in
Figure 2.3.

The emission of H II regions is mainly caused by hydrogen, although some of
the heavier elements like oxygen, sulfur, and nitrogen also play an important
role for the properties of the gas since they allow the very efficient forbidden-line
cooling. H II regions emit optical emission lines as a result of collisions (e.g.
forbidden lines) or recombination. In addition, optical continuum emission is
produced through recombination of continuously distributed electrons with ions
and the subsequent emission of photons, which carry away the excess energy of
the electrons. At radio frequencies, H II regions emit continuum emission due to
thermal bremsstrahlung, and line emission originating from recombination in very
high energy levels (principle quantum number n ~ 100) of hydrogen.

In an H II region with a temperature of ~ 10000 K, the ionization degree of hy-
drogen is almost unity (7 ionized/MH total ~ 1), i.¢. almost all hydrogen atoms are
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ionized.* The UV radiation of an OB-star ionizes its ambient ISM, with the radius
of this ionized region depending on the flux of ionizing photons and the density of
the gas. The thus defined sphere is called a Strémgen sphere. The transition of
almost completely ionized hydrogen within this sphere to neutral hydrogen outside
the sphere is sharp-edged. This is a combined effect of the geometrical decrease
of the flux of the ionizing radiation with 1/72? and the subsequent increase of the
number of neutral hydrogen atoms, which lead to a further decrease of the ionizing
radiation, which in turn increases the number of neutral hydrogen atoms, and so
on.

A typical OB-star will produce a Stromgen sphere with a radius of ~1-3pc.
However, the gas inside this sphere is heated up from initially 100 K to 10000 K.
This plus the ionization of the gas will increase the pressure of the gas by a factor
of ~200. Subsequently, the sphere of ionized gas expands and reaches a radius of
~ 34 times the radius of the initial Stromgen sphere. OB-stars produce a stable
flux of ionizing photons only during their main-sequence phase, which lasts about
3 x 10%yr. Since this time span is shorter than the time needed for the sphere
to reach pressure equilibrium with its surrounding neutral ISM, this equilibrium
is never reached and a Strémgen sphere will therefore always be observed as an
expanding sphere.

The ionization front of the sphere moves with a velocity of initially ~ 2500 km /s
and slows down to ~ 11km/s as the sphere expands. Thus, it is faster than the
sound speed of the ionized gas of v; &~ 10km/s. At the beginning of the evolution
of such a bubble, the gas around the star will be ionized without any expansion
occurring, since the ionization front moves too fast for the bubble to react on it.
After this short initial phase, the bubble will expand due to its increased pressure.
Since the bubble expands supersonically into the ambient interstellar medium
(vp ~ 1km/s), it forms a shock front which creates a thick shell of swept-up
neutral ISM around it.

The efficiency to transform the radiation energy inherent to the UV photons into
kinetic energy (i.e. into the expansion) or into thermal energy (i.e into the tem-
perature increase) is only 1%. The major part of the energy is radiated away,
e.g., through forbidden-line cooling, since the cooling function has its maximum
at these temperatures. The temperature of the star only has a weak influence
onto the electron temperature of the gas (and thus on the gas temperature): if
the stellar temperature increases, the density of the neutral hydrogen decreases,
which leads to a less efficient heating of the gas. This thermostat effect stabilizes
the temperature of the H II region at 5000 K10 000 K.

4 This might be different in a gas of the same temperature which has been heated by shock ion-
ization: compared to a photo-ionized gas, a shock-ionized gas might show a lower ionization
degree.
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Figure 2.4: Zoom-in of Figure 2.1 showing several stellar bubbles.
2.3 Wind-Blown Bubbles

In addition to their ionizing radiation, OB-stars also produce a high-velocity stellar
wind of particles originating from the stellar atmosphere. These winds create a
bubble of hot gas in the ambient ISM (see Fig. 2.4). Stellar winds are created
through radiation pressure, i.e. through the momentum transfer onto a particle
after the absorption of a photon. These stellar winds have typical velocities of
~2000km/s and lead to a mass loss of 1075M, /yr for the star.

These high-velocity particles hit the ISM highly supersonically and act therefore
as a piston pushing on the ISM, which can be assumed to be ionized due to the UV
radiation of the star (see Sect. 2.2). Therefore, a shock is created which compresses
and sweeps up the ionized ISM, thus creating a shell. In contrast to H II regions
which are expanding only due to their increased pressure, a permanent mass input
exists for wind-blown bubbles through the stellar winds. The fast stellar wind
bumps into this slower moving shell and is reflected, through which a reverse
shock is created, oriented in opposite direction than the forward shock.

The structure of a wind-blown bubble is sketched in Figure 2.5. It consists of

a) a region of unshocked stellar wind,
b

a region of shocked stellar wind,

c¢) a region of shocked ISM, and

)
)
)
)

d) is surrounded by unshocked ISM.
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Figure 2.5: Schematic illustration of the structure of a wind-blown bubble around
an OB-star. From smaller to larger radii, it consists of (a) unshocked stellar
wind, (b) shocked stellar wind, (c¢) shocked ISM, and is surrounded by (d)
unshocked ISM. A contact discontinuity C exists between region (b) and (c).
Sr and Sy represent the forward shock and the reverse shock. Credit: Dyson
and Williams (1997); modified.

These regions can be approximated to have a spherical, concentric shape with
the OB-star at their center. Region a), which is the innermost region, consists of
high-velocity stellar wind which is expanding freely with a velocity of ~ 2000 km//s.
This region is bound by the reverse shock Sg which is directed towards the star.
This strong shock (i.e., with high Mach number) has shocked the stellar wind in
region b) which is heated to temperatures of 4 x 10" K through the transformation
of the kinetic energy of the shock front to thermal energy of the stellar wind
region. Since the density of the stellar wind is low, the shock is believed to
be collisionless. The likely mechanism responsible for the formation of a shock
is magnetic interaction. At these temperatures, the cooling function is at its
minimum (see Sect. 2.1.1) and thus, the shocked material cools only slowly and
can be assumed to be adiabatic. This region is spatially extended and can be
observed in X-rays through thermal bremsstrahlung and line emission. This region
can be approximated to be in pressure equilibrium due to its large speed of sound
of ~600km/s. This is a result of the high temperature, the constant energy input,
and the fast decrease of the expansion velocity of this shell, which lead to a sound
crossing time which is shorter than the expansion time scale. The sudden pressure
increase through the increasing temperature causes this region to expand and to
sweep up the ISM around it, which is called an energy-driven flow.
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2.3 Wind-Blown Bubbles

A contact discontinuity exists at the boundary of this region b) of shocked stellar
wind (shocked by Sg) and region ¢) of shocked ISM (shocked by the forward shock
Sr). Since both regions have the same pressure, no mass flow occurs between them
(therefore its name). Unlike the pressure, other parameters like temperature,
density, and ionization states still change discontinuously at this contact surface.
Region c¢) consists of ISM which has been shocked by the forward shock. Since
the forward shock Sy is much weaker than the reverse shock Sg®°, the shocked
ISM of region ¢) has lower temperatures than the shocked stellar wind of region
b). Therefore, it can cool very efficiently, e.g., through forbidden-line cooling, and
consequently decreases its volume and forms a thin, but dense shell of shocked
ISM. A cooling to very low temperatures is prevented by the constant flux of
ionizing radiation originating from the star, which keeps the gas in this region
at a constant temperature of ~10000K. It has a high density due to the higher
compression which is possible for an isothermal gas (cf. Eq. 2.3), compared to
the adiabatic gas of region b) (cf. Eq. 2.2). Due to its large density and low
thickness, this shell is in pressure equilibrium. At the contact region between the
colder shell and the hot interior of the bubble, a part of the colder gas of the shell
will evaporate into the interior of the bubble due to thermal conduction, creating
a mass-increase of the bubble. While the mass loss of the shell is negligible, the
mass increase of its interior has an important impact on the amount of gas inside
the bubble (Castor et al., 1975).

The wind-blown bubble expands into an unshocked ISM (region d). Initially,
this ISM is ionized due to the stellar UV radiation and has a temperature of
~ 10000 K. Eventually, the growing shell of shocked ISM gets thick enough to
prevent the flux of ionizing radiation from reaching the unshocked ISM of region
d), which therefore becomes neutral again.

The properties of the hot gas inside a wind-blown bubble can be calculated by
using the ideal gas equations, since this gas can be assumed to be in thermal
equilibrium as the particles have enough time to exchange their energy. The ideal
gas equation is defined as

pV = nyothpT (2.4)

with ni being the total number density of particles. Out of this equation, the
total thermal energy content E), of the hot gas inside the wind-blown bubble can
be determined by using the equation

3
Ey = §ntothTX¢v (2'5>

5 Since the reverse shock and the stellar wind move towards each other and collide, the relative
speed of the reverse shock is higher than that of the forward shock, which moves into a resting
ISM. Further, the forward shock loses velocity through a loss of internal energy which is put
into the expansion of the gas.
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Figure 2.6: Zoom-in of Figure 2.1 showing the superbubble LHA 120-N 158.

with the X-ray temperature T, of the hot gas and its filling factor ¢ within the
bubble. The dynamic age t4y, of the wind-blown bubble can be calculated out of
the equation

R = a(BEy/p)/t2° (2.6)

dyn

with R being the radius of the bubble and « being a constant, which can be set to
a = 0.76 for an interstellar bubble in an intermediate evolutionary stage (Weaver
et al., 1977).

2.4 Superbubbles and Supergiant Shells

Like wind-blown bubbles, superbubbles (Fig. 2.6) and supergiant shells (Fig. 2.7)
are bubble-like structures within the ISM which are created through the energy
input of massive stars. They follow the same physical principles as wind-blown
bubbles and possess the same basic structure. Thus, the same equations can be
applied to all three objects. While superbubbles and supergiant shells have many
similarities with wind-blown bubbles, they have a much larger spatial extent and
an additional energy input through supernovae (see Sect. 2.5). While a wind-
blown bubble is formed by a single OB-star and has a radius of some parsec, a
superbubble is blown by the stellar winds and the supernova explosions of a whole
group of stars. Since a group of stars produces stellar winds over a much larger
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2.4 Superbubbles and Supergiant Shells

Figure 2.7: Zoom-in of Figure 2.1 showing the supergiant shell LMC-SGS 2.
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Table 2.2: Comparison of wind-blown bubbles, superbubbles, and supergiant
shells.

Wind-blown Superbubbles Supergiant shells
bubbles
Typ. radius 10 pc 100 pc 1000 pc
Caused by one OB-star group /cluster of stars generations of
(10-100 OB-stars) clusters of stars

Energy input stellar winds stellar winds, stellar winds,
through supernovae supernovae
Typ. age <3 x10% yr several 106107 yr > 107 yr

time scale than a single OB-star, superbubbles are the much older objects (see
Table 2.2). In such close groups or association, which can contain 10—100 OB-
stars and thousands of low- and intermediate-mass stars, the wind-blown bubbles
of the individual OB-stars combine and merge to form a superbubble. As soon
as supernovae start to occur in such a group, they seem to dominate the energy
input of the superbubble (Dyson and Williams, 1997). At typical densities of
1 particle/cm?® of the ambient ISM, a superbubble of an age of 107 yr will have a
radius of 270 pc and an expansion velocity of 16 km/s.

Supergiant shells are formed when superbubbles recombine over large time and
spatial scales through the influence of many groups of stars over many generations.
These supergiant shells can reach enormous sizes of 1kpc (Goudis and Meaburn,
1978) and require 10°% erg— 105 erg for their creation (Meaburn, 1980). Several
supergiant shells have been observed in the Large Magellanic Cloud. Due to
their large size, their detailed examination is challenging, since many observations
are necessary to cover their whole extent, and detailed knowledge about a large
number of stars and stellar association is required to calculate their energy input.
Both can be achieved more easily for the much smaller superbubbles.

Since the shape of all kinds of interstellar bubbles depends strongly on the density
of the ambient ISM, the large size of superbubbles and supergiant shells requires
the consideration of density gradients present in galaxies: in spiral galaxies for
example, the density will decrease when moving away from the galactic disk.
Furthermore, local pressure or density gradients can often be found in star-forming
regions. If one part of an interstellar bubble expands into a region with a lower
density, its expansion velocity and radius are much larger in this direction than
in the other directions. This leads to a non-spherical, often elliptical shape of
the bubble and might also cause its ‘eruption’ and a blowout of its hot gas into
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2.4 Superbubbles and Supergiant Shells

Figure 2.8: Schematic illustration of galactic fountains which release gas into the
halo of a galaxy, thus producing the hot corona of a galaxy. Credit: ESA.

Figure 2.9: Image of the hot halo around the galaxy NGC 4631. Diffuse X-ray
emission as observed with Chandra is shown in blue, while massive stars as
observed with the Hubble Space Telescope are shown in red. Credit: Daniel
Wang (U. Mass.) et al., Chandra, NASA, HST.
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the ambient ISM. When supergiant shells break through a galactic disk and
‘erupt’, they blow their gas into intergalactic space. This phenomenon is called a
galactic fountain or a galactic wind. The escaped hot gas forms the corona of a
galaxy and can ‘rain’ down again into the galactic disk due to gravity. Thus, they
play a crucial role in the evolution of galaxies. A schematic illustration of galactic
fountains and an example of a galactic corona are shown in Figures 2.8 and 2.9. An
overview about the different properties of wind-blown bubbles, superbubbles, and
supergiant shells can be found in Table 2.2. Further information can be found for
example in Tenorio-Tagle and Bodenheimer (1988) or McCray and Snow (1979).

2.4.1 Growth-Rate Discrepancy

When applying the ideal gas equations to determine the properties of superbubbles
as described in Section 2.3, the resulting dynamic ages (see Eq. 2.6) found for
several superbubbles are too small compared to the ages of the stellar population
which blew the superbubbles, and which often have ages of several million years
(e.g. Sasaki et al., 2011; Cooper et al., 2004; Warth et al., 2014). These dynamic
ages are determined by using the model of Weaver et al. (1977), which is the
standard model for interstellar bubbles and uses a coefficient of & = 0.76. The
growth-rate discrepancy, which is also discussed by, e.g., Cooper et al. (2004) and
Jaskot et al. (2011), states that the observed growth rates of superbubbles are too
low in respect to the stellar energy input. This becomes manifest in the failing
energy budget: the thermal energy of the superbubble plus the kinetic energy of
its shell are too low to balance the energy input of supernovae and stellar winds
(Cooper et al., 2004; Maddox et al., 2009). Thus, part of the mechanical energy
seems to be converted into other forms of energy (Cooper et al., 2004). Several
models for possible explanations for this discrepancy exist. Two possibilities are
an energy loss through a blowout, which already has been observed in several
superbubbles, and the evaporation of denser, cooler cloudlets which lie within
the superbubble (e.g. Jaskot et al., 2011; Silich et al., 1996). Although these
mechanisms can partially account for the missing energy, none of the current
models has been proven to completely explain the deviation up to now, and an
interplay of several scenarios is likely.

2.5 Supernova Remnants

A supernova remnant (SNR) is the remainder of the supernova explosion of a
star (see Fig. 2.10). In such an event, the star is destroyed and distributes its
material in a violent explosion into the interstellar space. While a supernova is
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2.5 Supernova Remnants

observable for some weeks, its supernova remnant — i.e. the ejecta of the explosion
and the interstellar medium which is swept-up by the shock front — can exist up
to ~ 100000 yr, before the gas cools down again to temperatures and velocities of
the ambient ISM.

Both supernovae and SNRs have strong effects on the ISM of a galaxy. They
supply the ISM with energy and — together with wind-blown bubbles — they are
responsible for the production of the hot phase of the ISM. Thus, they play a
crucial role in the dynamics of the ISM, shape it into various structures, and are
responsible for the production of galactic fountains (see Sect. 2.4) which influ-
ence the evolution of whole galaxies. Supernovae can also trigger star formation
by compressing clumps of cold ISM, which thus collapse and recombine to form
new stars. All heavier elements are created within stars or during supernovae
and are distributed into the ISM through stellar winds and supernova explosions.
Therefore, supernovae and stellar winds play a crucial role in the chemical com-
position of the ISM. Since the ISM is the material out of which future stars are
being formed, its composition mirrors the composition of the next generation of
stars. In this section, the evolution and properties of supernovae and supernova
remnants will be discussed and basic information about their spectra and their
identification will be given.

2.5.1 Supernovae

Some stars end their life in an enormous explosion: a supernova (SN). This name
historically originates from their appearance as a new, bright star on the night
sky, although in fact they represent the death of a star. A huge amount of energy
of 10 erg (or 106 J) is released in such an explosion. Up to 99 % of this energy is
carried away by neutrinos, while only ~1% (i.e. 10! erg or 10 J) is released as
kinetic energy. In general, supernovae are caused by an enhancement of the stellar
mass that finally leads to the instability of the star and to its subsequent explosion.
According to their spectra and light curves, supernovae are separated into two
major groups — type I SNe and type II SNe — which are in turn separated into
different sub-groups. The main difference between the two groups of supernovae
are hydrogen lines in their spectra, which are absent for type I SNe and present
for type II SNe. From a physical point of view, supernovae can be separated into
a group caused by the detonation of a white dwarf (type Ia SNe) and a group
caused by the core-collapse of a massive star (all the rest).

In this section, the two physical (sub)groups of supernovae will be discussed,
which are type Ia SNe and core-collapse SNe. The given information are based
upon Unsold and Baschek (1999), Seward and Charles (2010), and Vink (2012),
where also further details can be found.
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Figure 2.10: Tycho’s SNR as imaged with Chandra. Visible are the stel-

lar ejecta of the explosion (in red and green) which are shocked by the re-
verse shock, and synchrotron emission (in blue) originating from highly rel-
ativistic electrons which are accelerated through the forward shock. Credit:

NASA /CXC/Rutgers/J.Warren & J.Hughes et al.

Type la SNe

Type Ia SNe are observed in all kind of galaxies, including old galaxies and galac-
tic halos where no star formation occurs. Therefore, they are supposed to have
old, less massive® progenitors. This also explains the absence of hydrogen lines in
the spectra of these supernovae, since a star loses its hydrogen in the course of its
evolution. Thus, white dwarfs” are believed to be the progenitors of this kind of

6 Since the speed of evolution of a star scales with its mass, low-mass stars reach much older

ages than high-mass stars.

7 A white dwarf is the final stage in the evolution of a star which had an initial mass of < 8 M.
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These stars do not develop high enough temperatures to start carbon burning and therefore
end their lives as cool white dwarfs, which mainly consist of carbon and oxygen. They have
masses of ~1Mg and are Earth-sized (R ~ 10*km). Thus, they are compact objects with
high densities of ~ 102 gm™3. When the nuclear burning of these low-mass stars ends after
He burning, its center starts to cool and gravity becomes the dominant force, leading to
a contraction of the star that is only stopped by the degeneracy pressure of the electrons.
This degeneracy pressure can be explained through the Pauli principle, which states that two
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supernovae. The two most favored scenarios which lead to a type Ia SN are the
mass accretion onto a white dwarf from a red giant — or in some cases also from a
main-sequence star — in a close binary system, in which the initial masses of the
stars where ~ 1M and ~3 Mg, and the merger of two white dwarfs in a white
dwarf-white dwarf binary system.

When the mass of the white dwarf is enhanced beyond the Chandrasekhar limit,
the degeneracy pressure of electrons is no longer capable of stabilizing the white
dwarf against gravitational collapse. Subsequently, the white dwarf collapses,
which increases its temperature to a point where C/O burning can take place.
Since a white dwarf consists almost exclusively of carbon and oxygen, the burning
deflagrates throughout the white dwarf within seconds. This enormous release of
energy completely disrupts the white dwarf, and thus can be observed as a type
Ia SN. In the sudden release of energy, radioactive °Ni is created, whose decay is
responsible for a slow, exponential decrease of the light curve, since it causes the
debris to glow.

Since this type of supernova is always ignited as soon as the Chandrasekhar limit
is reached, i.e., when the white dwarf reaches a mass of 1.4 M, the light curves
of these supernovae all look extremely similar and can be used to estimate the
total luminosity and therefore the distance of a supernova. These light curves
have a sharp maximum with luminosities of ~ 10 L, which is reached after only
~ 2 weeks, followed by a quick exponential decay, which flattens with time. Af-
ter typically ~55 days, the luminosity of the supernova has decreased signifi-
cantly. Compared to core-collapse SNe, this type of supernova is much less fre-
quent and shows a higher absolute magnitude in the optical energy band (Seward
and Charles, 2010).

Core-collapse SNe

Core-collapse SNe are observed almost exclusively in the arms of spiral galaxies
and in irregular galaxies — two places in which star formation occurs. Thus, since
they are exclusively found in young galaxies and at the sites of star formation,
they are believed to have young progenitor stars.

The light curves of core-collapse SNe show a broader, lower maximum than type
Ia SNe and an exponential decay. In contrast to type Ia SNe, their light curves
are more individual and differ from each other. This leads to the assumption of
different progenitors for different core-collapse SNe. The underlying mechanism is
assumed to be the core collapse of a massive star with an initial mass of > 8 M.
Depending on the initial mass and on the state of evolution at which the star
becomes a supernova, different light curves are produced.

fermions cannot occupy the same quantum mechanical state. A white dwarf can be stabilized
by degeneracy pressure only up to a mass of 1.4 M, which is called the Chandrasekhar limit.
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The progenitor stars of core-collapse SNe are massive enough to perform the whole
chain of nuclear burning, from H-, He-, C-, Ne-, O-, to Si-burning, during its
lifetime. As an end product of Si-burning, *°Fe is produced, which possesses the
maximum binding energy of all elements. Therefore, no Fe-burning occurs, since
a further fusion would not lead to an energetically preferred state. At this stage,
the star possesses a degenerate Fe-core, which has a mass of ~1M, and the
density of a white dwarf. As Si-burning continues in a shell around the core, the
Fe-core permanently gains mass, until the Chandrasekhar limit is exceeded and
the degeneracy pressure of the electrons can no longer support the core against
gravity. Consequently, the core starts to contract, which leads to an increase
of its temperature. This leads to the decomposition of iron into lighter nuclei,
through which energy is consumed and free protons are produced. These protons
can combine with electrons through the inverse beta-decay, producing neutrons
and neutrinos. The number of electrons which stabilize the core against gravity
is thus reduced. In addition, the neutrinos leave the star and carry away energy
which would otherwise support the core through thermal pressure. This leads to a
runaway process in which the core collapses to a neutron star, which is stabilized
through the degeneracy pressure of the neutrons. The collapsed core has a radius
of ~10km and an extreme density of ~10?° gm™=3, similar to the density within
the nucleus of an atom. The collapse of the core occurs within seconds, and
the thus unsupported shell of the star falls onto the neutron star, which in turn
bounces due to the rapid collapse and catapults the infalling matter outside. The
shell of the star is expelled, and a shock wave is moving outwards, which is a
consequence of the energy loss through neutrinos escaping the core. If this shock
wave reaches the surface of the star (i.e. if the star was not too massive), it blows
away the stellar envelope and no further mass accretion can occur onto the neutron
star. Otherwise, if the star was so massive (2 40 M) that the shock front does
not succeed to blow away its shell, further mass can be accreted onto the neutron
star, until the mass limit of ~2 Mg, is reached. Above this limit, the degeneracy
pressure of the neutrons cannot stabilize the neutron star against gravity anymore
and the neutron star collapses to a black hole.

By studying supernovae, much information can be obtained about the progenitor
stars and about the ambient ISM. Thus, studies about the evolution of the light
curves of supernovae and the spectra of SNRs provide information about the
distribution and composition of the ISM around the progenitor star and about the
matter the progenitor lost in stellar winds. Out of this, conclusions can be drawn
upon the properties of the progenitor at the time of the explosion. Furthermore,
it provides a test for stellar evolution theories. For example, some neutrinos of
SNR 1987A were detected, which occurred in the Large Magellanic Cloud. The
measured neutrino flux was in agreement with core-collapse SNe models, which
provided an excellent test for the appropriateness of these models.
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Table 2.3: Comparison of H II regions, wind-blown bubbles, and supernova
remnants.

H IT regions Wind-blown SNRs
bubbles
Temperature gas inside bubble: shocked stellar wind: initial:
~10000K ~4x10"K ~6x10"K

Radius 100 pc ~10pc some pc—50pc
Typ. density | 10%particles/cm®  10% particles/cm? 1 particle/cm?
of ambient ISM
Ionization photo ionization photo ionization shock ionization
mechanism
Reverse shock no yes yes

Distribution of | gas inside bubble: shocked stellar wind:  shocked ejecta &

homogenous (almost) homogenous shocked stellar wind:
inhomogeneous,

in shell

Mass input none continuous instantaneous

by star

Energy input continuous continuous instantaneous

Expansion initial: stellar wind: initial:

velocity 2000km/s, 2000km/s, 5000 km/s,

typical: 20km /s typical: 20km /s typical: 200 km /s
2.5.2 Evolution and Properties of SNRs
Comparison of SNRs and Wind-Blown Bubbles

The basic structure of an SNR is very similar to that of a wind-blown bubble
as discussed in Section 2.3 and shown in Figure 2.5, with the difference that the
unshocked and shocked stellar winds of regions a) and b) are replaced by un-
shocked and shocked ejecta of the explosion. The ‘bubble’ which is blown through
a supernova explosion is called a supernova remnant. Despite many similarities
between wind-blown bubbles and supernova-blown bubbles (i.e. SNRs), there are
also some distinct difference (see Table 2.3 for an overview). In contrast to the
energy input of wind-blown bubbles in which a constant stellar wind blows for
several million years, the energy of a supernova is released instantaneously into
the ambient ISM. Furthermore, the amount of energy differs: the energy which is
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released by a supernova explosion is the same as 100 O-stars release through their
stellar winds within 300 000 yr. In addition, the typical density of the ambient ISM
differs between wind-blown bubbles (100 particles/cm?) and supernova remnants
(1 particle/cm?®) due to the different stage of evolution of the star. The lower am-
bient density of SNRs causes longer cooling times and therefore, the consideration
of the adiabatic phase becomes necessary, before the SNR shell becomes radiative.
For wind-blown bubbles, this adiabatic phase is so short that it was omitted in
their discussion in Section 2.3.

Another difference is that wind-blown bubbles expand with a velocity which is
supersonic in respect to the ambient ISM, but subsonic in respect to the ionized
gas inside the bubble. This allows for a homogeneous pressure inside the bubble.
This changes for SNRs, in which the expansion velocity is larger than the speed
of sound for both the ambient ISM and the hot gas in its interior. This allows for
a pressure gradient within the SNR. In SNRs, the hot gas lies therefore mainly
in a thin shell within its interior and consists of shocked ISM and shocked ejecta,
while superbubbles can be assumed to be completely filled with hot gas. This is
also a consequence of the different age of both types of objects: while SNRs have
an age of < 10°yr and are often observed at much younger ages, superbubbles
form during the evolution of a population of stars and can therefore have an age
as high as several 10° yr.

Phases of SNR Evolution

The evolution of an SNR can be separated into three different phases, which are
introduced in this section. The underlying physics of shocked ISM have been
introduced in Section 2.1.2 and shall be applied here for supernova remnants.

Free Expansion Phase

The first phase in the evolution of an SNR is the free expansion phase, in which
the SNR can be found for the first couple of hundred years after the supernova
explosion. In this phase, the ejecta of the explosion move freely into the ambient
interstellar medium and sweep it up without taking notice of it, since the mass of
the swept-up medium is less than the mass of the ejecta (~4Mg). During this
phase, the expansion velocity of the SNR of ~5000km/s does not change and
the temperature within the remnant stays constant. After ~ 600 yr, the swept-up
mass of ISM equals the mass of the ejecta, and the SNR, which has now a radius
of ~3pc—4pc, enters the adiabatic phase.

Adiabatic Phase

In the adiabatic phase, which is also called the Sedov phase, the SNR starts to
‘feel’” the swept-up mass of ISM, which has now a non-negligible mass and stands in
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its way of expansion. Through this swept-up mass, ejecta are decelerated and the
following ejecta bump into this decelerated material, which causes a reverse shock
to move in reverse direction. The same structure is formed as for wind-blown
bubbles as described in Section 2.3. Only the shocked material is hot, i.e. the
material between the forward and the reverse shock. Shocked ejecta and shocked
ISM get mixed up due to turbulence, and Rayleigh-Taylor instabilities can form
which can be observed as clumps. These instabilities, which cause a mixing of
two fluids of different densities, occur at the contact discontinuity between the
shocked ejecta and the shocked ISM (see Sect. 2.3).

In this phase, which lasts 12 x 10* yr, the properties of the SNR can be calcu-
lated by using the Sedov solution (see following section). The expansion occurs
adiabatically, since the radiated energy is negligible compared to the total en-
ergy of the SNR. This changes in the last evolutionary phase, which is called the
radiative phase.

Radiative Phase

In this phase, the SNR has cooled down so far (< 10% K) through its expansion that
it enters now a temperature regime in which cooling becomes very efficient (see
Sect. 2.1.1). As a consequence of the lower temperatures, heavy ions and electrons
starts to recombine, which enables radiative cooling through line emission. The
lower temperatures cause the shell to become thinner, which in turn increases the
cooling through the increased densities. This leads to a thin, dense shell which
radiates in optical wavelengths. In this phase, which lasts ~10°yr, the SNR
radiates away its energy until its velocity and temperature become similar to the
turbulent velocity and the temperature of the ISM. Thus, the SNR finally merges
with the ISM and dissolves.

Sedov-Taylor-von Neumann Similarity Solution

Enormous explosions like supernovae or atomic bombs can be described by a
blast wave model which predicts their basic parameters and their evolution. The
standard model for this is the Sedov-Talyor-von Neumann similarity solution (in
short: Sedov solution or Sedov model) which has been independently developed by
Taylor (1950), von Neumann (1947), and Sedov (1959). It describes the adiabatic
phase of an explosion and is valid at any time and radius. In the Sedov model, the
evolution of an SNR in its adiabatic phase — or of an explosion in general — depends
only on the initial energy Ej of the explosion and on the density ng of the ambient
medium. Out of these parameters, further properties like the time passed since
the explosion or the swept-up mass of the ambient medium can be determined. In
the adiabatic phase, not much energy is radiated away, so that the whole energy
of the explosion can be assumed to be enclosed within and inside the shock front.
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Energy conservation is the underlying principle of the mathematical description
of this phase. (This changes in the radiative phase, in which the calculations
are based upon momentum conservation.) In addition to adiabaticity, further
necessary assumptions are

— a point-like release of the energy, i.e. a point explosion;

— a spherical symmetric shock front, indicating a homogeneous medium, i.e.
an one-dimensional problem; and

— a monatomic ambient gas, i.e. the absence of, e.g., rotational energy states.

The Sedov model allows the connection between the initial energy of the supernova
explosion, the age of the SNR, and its radius. This relation is described through

2.02Ept2x g \ *
Renr = <—_ 0 SNR) ; (2.7)
muyno
with the following definitions:
Rsnr : radius of the SNR,
Ey : initial energy of the supernova explosion,
tsnr ¢ age of the SNR,
m, : mean mass per nucleus,
ng : pre-shock density of nuclei.
Further, the shock velocity vg can be determined through the relation
2R
vg = = —NR (2.8)
5 tsnr

Thus, only the initial energy FEj of the explosion and the density ng of the ambient
medium are required to determine the basic parameters of an SNR, like its radius,
age, and the shock velocity. Out of these parameters, further properties like the
swept-up mass of the ambient medium can be determined.

Temperature Equilibration and Collisional lonization Equilibrium

The concepts of temperature equilibration and collisional ionization equilibrium
(CIE) are important to be considered in the study of SNRs, since they influence the
interpretation of the observed spectrum. Temperature equilibration (i.e. thermal
equilibrium) exists, when the ion temperature corresponds to the electron temper-
ature of the plasma. If, in addition to temperature equilibration, the ionization
states of the ions correspond to their temperature (i.e. to their kinetic energy),
then the plasma is in CIE. A plasma can be in temperature equilibration long
before CIE takes place. The reason for this is the extremely large mean free path
(in the order of 100 pc) for the particles in the warm and hot ISM, which leads to
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low ionization rates, since ionization occurs through collisions. The time needed
for a plasma to create CIE depends on the temperatures and the densities of the
different species of particles present in the plasma. When these parameters are
disturbed by a shock, both CIE and temperature equilibration are destroyed and
replaced by collisional non-equilibrium ionization (NEI). This can be understood
easily:

A shock which runs through a low-density medium like the warm and hot ISM is a
collisionless shock, in which the energy is transmitted only through the magnetic
field. The shock can increase the temperature (i.e. the velocity) of the particles
only until the thermal velocity of a species of particles is about the same as the
shock velocity (Heiles, 1964). Since the thermal velocity vipermal Of a species is
proportional to /(kgT)/m and therefore increases with the temperature 7' and
decreases with the mass m of the species, the ions can reach temperatures which
are, e.g., ~ 1800 times higher for protons than for electrons, owing to their dif-
ferent masses. In consequence, the ions gain much more kinetic energy through
the shock than the electrons, and thus, temperature equilibration (i.e. thermal
equilibrium) between the ions and electrons is destroyed. The electrons can thus
create an ionization state which only corresponds to the electron temperature,
but not to the much higher ion temperature. Thus, the ionization stage does
not correspond anymore to the temperature of the ions, and with this, ionization
equilibrium is destroyed.

With time, the electrons gain slowly higher temperatures through collisions with
the ions, until thermal equilibrium is restored. Now, further ionization can oc-
cur through the electrons and finally, CIE is restored. The time needed for this
depends on the temperature and on the density of the gas and is usually longer
than typical SNR ages (Shklovskij, 1969), so that in most SNRs, CIE is not or
only partially re-established.

In X-ray spectral analysis, NEI is important to be considered when fitting ion-
ization lines and X-ray continua, since otherwise, the deduced electron and ion
temperatures will be wrong. Furthermore, the degree of re-established CIE pro-
vides information about the time passed since the shock occurred, or about the
density of the gas.

A first indicator of how well CIE has been re-established again is given through the
ionization time scale 7, which is the product of the time passed since the explosion
and the electron density. It is often a parameter in NEI models (e.g. in the vpshock
and wvnei models of Xspec). A low ionization time scale of 7 ~ 10¥scm™
indicates a poorly re-established CIE, while a high value of 7 ~ 102-10¥scm™3
implies a well re-established CIE. Smith and Hughes (2010) provided a maximum-
ionization time scale plot for different elements which can be used for comparison
with fitted X-ray temperatures and ionization time scales. Through this, they
provided a mean to decide how well collisional ionization equilibrium has been
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re-established and which ions are most meaningful in a certain temperature and
time scale regime. They state that for most ions, ionization equilibrium is already
re-established at an ionization time scale 7 of some 102 scm™2, and not only at
some 103 scm™ as formerly assumed.

A way to test for temperature equilibration is given by Itoh (1978). He provided
a method to estimate a lower limit for how well temperature equilibration is re-
established. This can be used to calculate a limit for the properties of an SNR
in its adiabatic phase in the case of an incompletely re-established temperature
equilibration. Itoh took the Sedov solution as a starting point and assumed that
electrons are not heated much in the shock front, resulting in a two-fluid blast
wave model. The calculations are done for a homogeneous ISM with the chem-
ical composition of the Milky Way taken from Allen (1973). When the results
of these calculations are used for extragalactic SNRs like SNR B0543-68.9 (see
Sect. 6.5.1), resulting estimates should be handled with caution and be regarded
as approximations, since the differing extragalactic abundances are not taken into
account and might have an impact on the resulting lower limit for temperature
equilibration.

Itoh shows that in a two-fluid blast wave model, the fitted X-ray temperature
Ty snr and the average electron temperature < 7, > can be considered to be
equal. Normalized to the mean post-shock temperature Ts, the ratio fr can be

calculated:
<T,> T SNR
~ ’ = . 2.9
Ts Ts Jr (2.9)

[toh obtained the ratio fr by determining the intersection point of the curve
for Coulomb interaction, < T, > /Tg, with the curve defined by Ty sxr/7Ts =
0.043T(Rsnrno) ~Y207/%, derived from the Sedov solution, with Ty gxg in 106 K,
the radius Rgng in pc, and the reduced time variable v = t3(nd/E2)V1* < 12,
with t3 being the time since the explosion in units of 103 yr, Es; the initial energy
of the explosion in 10°! erg, and ng the pre-shock density in Hem™. The ratio
fr indicates how well temperature equilibration has been re-established again,
with fr = 1 implying a well-established temperature equilibration. Lower values
of fr indicate that the electron temperature is still below the mean post-shock
temperature, which means temperature equilibration is not yet re-established.
Equation 2.9 can be used to substitute the shock temperature with the fitted X-ray
temperature in the equations discussed in the previous section and thus determine
a limit for the SNR properties in the case of NEI. The two methods introduced
in this section have been used in the studies of SNR B0543-68.9 performed within
the scope of this thesis (see Sect. 6.5.1).
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Cosmic Ray Acceleration in Supernova Remnants

An SNR can lose a considerable amount of its energy through high-energetic par-
ticles which leave the SNR after being accelerated to relativistic velocities. The
thus dissipated energy can be as much as 50% of the kinetic energy of the SNR
and leads to an explicitly lower temperature of its thermal gas (Borkowski et al.,
2001).

A way to accelerate particles to such high velocities is provided by the first order
Fermi mechanism. This is a mechanism in which high-energetic, charged particles
are accelerated by magnetic inhomogeneities in the shock to highly relativistic
velocities and become cosmic rays. Requirements for this mechanism are the pres-
ence of high-energetic particles as well as turbulences in the magnetic field in front
of and behind the shock front of a collisionless shock. These are shocks which have
a much smaller width than the mean free path of the material into which they
move. This is the case in most phases of the ISM, and all shocks discussed in
this chapter are collisionless. In such a shock front, the interaction of the parti-
cles occurs through the magnetic field instead of Coulomb collisions. Due to the
lack of collisions, the energy of the particles is not distributed thermally during
the shock, and single particles can consequently gain an energy which is much
higher than the thermal energy of the gas. During the Fermi mechanism, these
particles are reflected back and forth across the shock front by diffusion. Since
these particles gain energy with each transition of the shock front, they finally
reach relativistic velocities. While electrons which are accelerated through this
mechanism to energies in the GeV range (10'?¢€V) emit synchrotron radiation in
the radio regime, X-ray synchrotron radiation is emitted by electrons in the TeV
range (10" eV), which can be observed as non-thermal emission from SNRs.

2.5.3 Diagnostics of SNRs

An SNR emits in a wide range of wavelengths — from radio to TeV emission. It
emits a continuum of thermal bremsstrahlung which has its bulk emission in X-
rays. Line emission can be observed especially in optical wavelengths through
forbidden-line emission and in soft X-rays. Non-thermal radiation can be ob-
served in particular in young SNRs due to synchrotron radiation emitted by
high-energetic electrons which have been acceleration by the magnetic field (see
Sect. 2.5.2). If a pulsar is located within the SNR as a remainder of the stellar
explosion, a pulsar wind nebula is another source of non-thermal X-ray emission.
It can be observed in the energy range of X-rays up to TeV due to synchrotron
radiation of relativistic electrons, which are accelerated through interaction with
the pulsar’s strong and quickly rotating magnetic field.
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Observational Indicators of SNRs

For the analysis of SNRs, multi-frequency studies of soft X-ray, optical, and radio
data is most useful, since they provide an overview of the hot, the warm, and the
cold phase of the ISM. As discussed in Sections 2.1.2 and 2.5.2, an SNR comprises
all three phases, since it consists of a hot bubble which sweeps up a shell of warm
and cold ISM around it.

There are three main indicators which can be used to identify an SNR and to
distinguish it from objects which show similarities in their observational data, like
H IT regions and superbubbles. The first indicator of an SNR is the presence of
diffuse X-ray emission. This emission is produced by the shocked ISM and the
shocked ejecta within the SNR, which reach temperatures of several 10°¢-10" K
(see Sect. 2.5.2). This diffuse X-ray emission is already sufficient to distinguish
SNRs from H II regions, which appear similar in optical wavelengths, but show
no X-ray emission (see Sect. 2.2). A second indicator is the observation of non-
thermal radio synchrotron emission of electrons. Due to the lower shock strength,
this emission is usually not found in superbubbles and can therefore be used to
distinguish them from SNRs. The third indicator of an SNR is an enhanced flux
ratio of the [S II] to the Ha emission line. Such an enhanced ratio with a value
of >0.67 indicates shock-ionized material, in contrast to photoionized material,
which typically shows lower ratios (Fesen et al., 1985). These three indicators have
been used within the scope of this thesis to identify and study SNR B0543-68.9,
as described in Section 6.3.

Spectral Diagnostics in X-rays

The X-ray spectrum of an SNR is determined by two major features: continuum
emission and line emission. The continuum emission is created by recombination
emission, two-photon emission, and thermal bremsstrahlung. The slope of the
continuum helps to determine the temperature of the plasma: since it is created
through thermal emission, the spectrum gets steeper with higher plasma temper-
atures.

Below ~ 2keV, the spectrum is dominated by line emission and by interstellar ab-
sorption, which causes a decrease of the spectrum at low energies. The emission
lines originate from abundant elements like C, N, O, Ne, Mg, Si, S, Ca, Fe, and
Ni. Many hydrogen- and helium-like ions are present in SNRs, i.e. elements which
are highly ionized, with only one or two remaining electrons. If the resolution
of the spectrum is well enough, these lines allow to draw conclusions about the
chemical composition of the ISM and — for young remnants — of the ejecta of the
star. They are also means of estimating the temperature and the ionization state
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Figure 2.11: Image showing the LMC in optical wavelengths. The 30 Doradus
region, which is shown in Figure 2.1, is visible as a bright area in the upper left
of the galaxy’s bar. Credit: ESO.

of the gas through the examination of line ratios, if these lines are sensitive to
the temperature or the ionization time scale. If they are not, they can be used to
estimate the degree of interstellar absorption (Hamilton et al., 1983).

SNR Observation in the Large Magellanic Cloud

The Large Magellanic Cloud (LMC) — our neighbor galaxy — represents a perfect
site for the observation of SNRs, superbubbles, supergiant shells, and the ISM
in general. It is a dwarf SB type® galaxy with indications for a spiral structure
(see Fig. 2.11). The LMC is rich of ISM and harbors many sites of supernova
explosions and star formation. It is a satellite galaxy of the Milky Way and our
closest neighbor with a distance of ~50kpc (Pietrzynski et al., 2013). Many
observations of the LMC are available in various wavelength regimes, and due to
its proximity, the its ISM can be well resolved. With a diameter of ~10kpc, it
has only 1/10 of the Milky Way’s size. Since it is orientated almost face-on in
respect to us and is located at low Galactic latitudes, it can be well observed from
the Earth without significant absorption of the soft X-rays emitted by SNRs,

8 SB type galaxies are galaxies which show a spiral structure as well as a central bar.
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superbubbles, and supergiant shells. Within the Milky Way, these objects are
difficult to observe since the Galactic disk causes interstellar extinction and often
completely absorbes this soft emission. The LMC is therefore a perfect site for the
study of these objects, since the observations are not disturbed by heavy extinction
by neither the Milky Way nor the LMC.

In this Chapter, an introduction about the interstellar medium and about some of
its manifold manifestations were given. After discussing its basic properties, with
special emphasis on cooling and heating processes and on shocked ISM, a closer
look on H II regions, wind-blown bubbles, and supernova remnants was taken.
In the following Chapter, the X-ray satellite XMM-Newton will be introduced,
whose data was used within the scope of this thesis to perform the X-ray studies of
supergiant shell LMC-SGS 2, SNR B0543-68.9, and the DEM L1299 superbubble.
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Chapter 3

The XMM-Newton Space
Observatory

The X-ray Multi-Mirror space observatory XMM-Newton (Jansen et al., 2001) is
an X-ray satellite launched and operated by the European Space Agency (ESA),
which is observing the Universe in X-rays for already more than 14 years. Its high
timing and moderate spatial and spectral resolution allows imaging spectroscopy
of bright and variable sources, and an optical telescope on board the satellite en-
ables simultaneous X-ray and optical/UV observations. The satellite is able to
perform high-resolution X-ray spectroscopy as well and is equipped with a large
effective area which allows high sensitivity imaging. Through XMM-Newton, new
insights have been gained in a great variety of astronomical fields like star forma-
tion, properties of neutron stars, and galaxy cluster evolution (e.g. Schartel, 2012).
With its high sensitivity and large field of view, XMM-Newton is optimally suited
for the observation of faint and extended sources like the interstellar medium.

In this Chapter, an overview of XMM-Newton is given, in which the instrumenta-
tion of the satellite is described. In the scope of this thesis, data of XMM-Newton
has been used to perform the morphological and spectral X-ray analysis of the
supergiant shell LMC-SGS 2 and the H II region DEM L299.

3.1 Set-Up and Instrumentation

XMM-Newton was launched on December 10, 1999 from Kourou in French Guiana
and is since then performing astrophysical observations by orbiting around the
Earth (Fig. 3.1). With a period of 48 hours, it follows a highly elliptic orbit with
a perigee of ~6000 km and an apogee of ~ 115000 km (XMM-Newton Users
Handbook, 2013), which corresponds to almost one third of the distance between
the Earth and the Moon (see Fig. 3.2). This makes low-background observations
possible, since the satellite is shielded against charged particles from the solar
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Figure 3.1: Artist’s impression of the X-ray observatory XMM-Newton orbiting
around the Earth. Credit: Image courtesy of ESA.

wind through Earth’s magnetosphere. At the same time, it is located outside of
the Earth’s radiation belts for the most part of the orbit. In addition, the large
distance to the Earth in apogee allows long and uninterrupted observations since
the time intervals in which observations are not possible because the Earth is too
close to the FOV is relatively short.

One of the most outstanding features of XMM-Newton is the large geometric ef-
fective area of 1500 cm? for each of its three X-ray mirror modules (Turner et al.,
2001). Each X-ray mirror module consists of 58 nested Wolter-I (see Sect. 1.3.1)
mirror shells (Fig. 3.3), with a diameter of 70 cm for the largest mirror shell and
a minimum packing distance of 1mm (Jansen et al., 2001). The X-ray mirror
modules have a focal length of 7.5m, with one detector of the European Photon
Imaging Camera (see Sect. 3.1.3 for a more detailed description) situated at the
focal point of each module. An illustration of the satellite’s set-up is shown in Fig-
ure 3.4. Besides the European Photon Imaging Camera, there are two further sci-
entific instruments on board XMM-Newton: the Reflection Grating Spectrometer
(see Sect. 3.1.1) and the Optical /UV Monitor Telescope (see Sect. 3.1.2). All three
instruments can be operated in parallel, allowing for simultaneous, time resolved
X-ray and optical/UV imaging and spectroscopy. In the remainder of this section,
an overview of XMM-Newton’s scientific instruments will be given, with special
emphasis on the European Photon Imaging Camera (see Sect. 3.1.3), with which
the X-ray data analyzed within the scope of this thesis have been taken. In addi-
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Figure 3.2: Illustration of the orbit of XMM-Newton around Earth. Credit:
Dornier Satellitensysteme GmbH, (XMM-Newton Users Handbook, 2013).

tion, a discussion of the different background components of this camera can be
found in Chapter 4.

3.1.1 Reflection Grating Spectrometer (RGS)

The Reflection Grating Spectrometer (den Herder et al., 2001) provides dispersed
high-resolution spectra in an energy range of 0.3—2.1keV. It consists of two iden-
tical grating stacks located in the converging X-ray beam behind two of the mir-
ror modules, and of a detector array of nine back-illuminated charge-coupled
devices (CCDs) which can perform single-photon counting. Each grating stack
diverts ~ 50 % of the photon flux emanating from the mirror module (den Herder
et al., 2001).

3.1.2 Optical/UV Monitor Telescope (XMM-OM)

The Optical/UV Monitor Telescope (XMM-OM, Mason et al., 2001) is an ad-
ditional telescope on board XMM-Newton which enhances the observable range
of the electromagnetic spectrum to optical/UV wavelengths and thus enables si-
multaneous observations in an energy range of 170—650nm (0.007-0.002 keV)
and X-ray wavelengths. It is located on the mirror support platform of the
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Figure 3.3: Image showing one of the three X-ray mirror modules of XMM-
Newton. Each X-ray mirror module consists of 58 nested mirror shells. These
Wolter-I mirror shells are gold-coated nickel shells with diameters ranging from
30.6 —70 cm, a thickness of 0.47—-1.07 mm, and a common length of 60 cm. The
mirror shells are attached to a spider wheel for mechanical stability. Credit:
Image courtesy of Dornier Satellitensysteme GmbH and ESA.

XMM-Newton Service Module and consists of a Ritchey Chrétien telescope! and
a microchannelplate-intensified CCD? (Fordham et al., 1992).

3.1.3 European Photon Imaging Camera (EPIC)

The European Photon Imaging Camera (Striider et al., 2001; Turner et al., 2001)
provides time-resolved, high-sensitivity spectroscopy and imaging in an X-ray en-
ergy range of 0.15-15keV. It consists of three CCD cameras: two EPIC-MOS
cameras (Turner et al., 2001) and one EPIC-pn camera (Strider et al., 2001).
Each camera is located at the focal point of one of the three X-ray mirror modules
and has a field of view (FOV) of ~30’. The sensitivity of each camera, which

L A Ritchey Chrétien telescope is a telescope whose mirrors — both the primary and the sec-
ondary one — are hyperbolic mirrors. This configuration is used to minimize optical errors.

2 Microchannelplate-intensified CCD: Before the incident photons hit the CCD, they are con-
verted to photoelectrons, which are amplified and afterwards reconverted to photons by a
phosphor screen. Microchannel-plates are used to amplify the signal while maintaining the
initial position of the incident photons.
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Figure 3.4: Schematic drawing of XMM-Newton. The spacecraft has a length of
10m and an initial mass of ~4000kg at the time of launch. On the left side of
the image, the Service Module is visible which comprises the three X-ray mirror
modules, the two grating stacks of the RGS, and the XMM-OM. A carbon
fibre tube connects this module with the Focal Plane Assembly (visible on the
right side), which contains the XMM-Newton EPIC and RGS detectors. Credit:
Image courtesy of Dornier Satellitensysteme GmbH and ESA.

is defined here as the minimum detectable flux at 50 after 10ks of integration,
is ~10 " ergs ' cm™2 in an energy range of 0.15-12keV, with the sensitivity
being better for the EPIC-pn than for the EPIC-MOS due to its larger effective
area (Watson et al., 2001). The point spread functions® (PSFs) of the telescopes
have similar sizes of ~6” full width at half maximum (FWHM) and a half energy
width (HEW) of ~15”. While the EPIC-MOS cameras have the better spec-
tral resolution (~70eV at 1keV for EPIC-MOS compared to ~80eV at 1keV
for EPIC-pn), the EPIC-pn camera has a much higher maximum timing resolu-
tion of 0.007 ms than the EPIC-MOS cameras with 1.75ms (XMM-Newton Users
Handbook, 2013). All three cameras possess calibration sources for on-board cal-
ibration. A filter wheel is attached in front of each camera with filters of three
different thicknesses to prevent optical and UV radiation from reaching the X-ray
detectors. The filter wheels also possess an open position and a closed position

3 The point spread function (PSF) of an imaging system describes the shape of the focused
image of an observed point source. A measure for the PSF is either the full width at half
maximum (FWHM) of the intensity distribution, or the diameter of the area in which 50 %
of its energy is contained (HEW).
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Figure 3.5: Image of one of the two EPIC-MOS detectors. The seven individual
CCDs are visible in the center of the image. They are stepped with respect
to each other to follow the focal plane curvature and to allow for an overlap
of ~0.3mm to minimize the dead regions between adjacent CCDs. Credit:
Image courtesy of Leicester University, University of Birmingham, CEA Service
d’Astrophysique Saclay and ESA.

for calibration, background measurement, and for the protection of the detectors
from damage in times of high soft proton background. A more detailed description
of these cameras and of their similarities and differences is given in the following
paragraphs.

EPIC-MOS Cameras

Two MOS (metal oxide semiconductor) cameras (EPIC-MOS1 and EPIC-MOS2)
are part of the XMM-Newton EPIC instrument and detect X-rays in an energy
range of 0.15—12keV%. They are situated in the focal points of those mirror mod-
ules which have the RGS grating stacks attached to them and therefore receive
only 44 % of the reflected photons (XMM-Newton Users Handbook, 2013). Each
EPIC-MOS detector consists of seven front-illuminated CCDs (see Fig. 3.5) with
a size of 2.5cm x 2.5cm. Each CCD has 600 x 600 pixels with a pixel size of
40 pm x 40 pm, which corresponds to a FOV of 171 x 1”1 per pixel. To avoid that
the gaps between single CCDs lie at the same position within the FOV, the EPIC-

4 Scientifically useful energy range of the EPIC-MOS cameras: 0.2—10keV (Turner et al., 2001).
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MOS2 detector is rotated around its central CCD by an angle of 90° with respect
to the EPIC-MOS1 detector?.

For redundancy, each EPIC-MOS CCD has two readout nodes, each of which can
be used to read out the whole CCD or half of it. Four different readout modes are
available for the EPIC-MOS detectors:

— full frame mode: the whole detector is read out, with a time resolution of
2600 ms;

— large window mode: 300 x 300 pixels of the central CCD are read out, with
a time resolution of 900 ms;

— small window mode: only 100 x 100 pixels of the central CCD are read out,
with a time resolution of 300 ms;

— timing mode: the information of only 100 pixel rows of the central CCD are
read out quickly by loosing the spatial information within this row, with a
time resolution of 1.75 ms.

The latter three modes affect only the central CCD of the EPIC-MOS detector,
while the six peripheral CCDs are read out in the standard full frame mode. The
window and timing modes are chosen only for the observation of bright sources
which are either point sources or cover only a small fraction of the FOV, in order
to avoid energy pile-up® and pattern pile-up’.

The peripheral EPIC-MOS1 CCD6 was lost for scientific observations on March
09, 2005 most probably due to micrometeorite impact which scattered debris onto
the focal plane. The same is presumed to have happened to the peripheral EPIC-
MOS1 CCD3 on December 11, 2012. This led also to an increased noise level
of EPIC-MOS1 CCD4. The remaining CCDs of EPIC-MOS1 remain fully oper-
ational for scientific studies (see XMM-Newton Users Handbook, 2013, for more
information).

> The EPIC-pn detector is also rotated by an angle of 45° with respect to both EPIC-MOS
detectors.

6 Energy pile-up: If more than one photon hits the same pixel during the integration time, they
are indistinguishable for the readout electronics. Consequently, they will be recorded as a
single photon with the combined energy of the photons, which will lead to a distortion of the
recorded spectrum and a too low measured photon flux. Pile-up occurs for bright sources
with too high photon fluxes and can be avoided through shorter integration times.

" Pattern pile-up: Similar to energy pile-up, with the difference that in this case not the same
but adjacent pixels are hit during the same integration time. This leads either to a rejection
of the event due to an invalid resulting pattern, or to the false assumption that only one
photon caused this pattern. Pattern pile-up has similar causes, effects, and remedies as
energy pile-up.
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«

Figure 3.6: Image of the EPIC-pn detector of XMM-Newton. Visible is the
connected 6cm X 6 cm single silicon waver on which 12 CCDs are integrated,
three of them in each quarter. Credit: Image courtesy of MPI-semiconductor
laboratory, MPE; Astronomisches Institut Tiibingen, Germany and ESA.

EPIC-pn Camera

The EPIC-pn camera has one pn-detector (see Fig. 3.6) which was developed under
the leadership of the Max-Planck-Institute for Extraterrestrial Physics (MPE),
Garching, Germany. Part of the readout electronics of the EPIC-pn detector
was developed at the Institute for Astronomy and Astrophysics (IAAT) of the
University of Tiibingen.

The EPIC-pn detector is a fully depleted pn-CCD which is back-illuminated and
operates in an energy range of 0.15—15keV. The detector has a size of 6 cm x 6 cm
and is a monolithic detector which has been created out of a single silicon waver
hosting 12 integrated CCDs. Each CCD has a size of 1 cm x 3cm and consists of
64 x 200 pixels with a size of 150 pm x 150 pm, corresponding to a field of view
of 471 x 4”1 per pixel. A major difference to the EPIC-MOS cameras is that
each pixel column of the EPIC-pn detector has its own readout node, resulting
in 12 x 64 readout nodes, while each EPIC-MOS camera has 2 x 7 readout nodes.
This enables a much faster readout of the EPIC-pn detector, which has even in
full frame mode a very good time resolution of 73.34ms. Having a ~ 35 times
better time resolution than the full frame mode of EPIC-MOS (XMM-Newton
Users Handbook, 2013), the EPIC-pn detector is ideal for timing studies, while
the EPIC-MOS detectors have the better spatial resolution due to their smaller
pixel size.
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Table 3.1: Overview of the properties of an XMM-Newton EPIC-MOS detector
and the XMM-Newton EPIC-pn detector.

| EPIC-MOS EPIC-pn

Energy range 0.15-12keV ~ 0.15-15keV
FOV 30 30

Pixel size 40 pm 150 pm
PSF 14"(HEW) 15"(HEW)
Energy resolution 70eV @ 1keV 80eV @ 1keV
Max. time resolution 1.75ms 0.007 ms
[Nluminated from front-side back-side
Number of readout nodes 14 768

The EPIC-pn detector has six different readout modes:

— full frame mode: the whole detector is read out with a time resolution of
73.41ms;

— extended full frame mode: similar to the previous mode, but has an extended
integration time resulting in a time resolution of 199.1 ms, being ideal for
the observation of extended sources;

— large window mode: only data from the inner half of each of the 64 pixel
columns of each CCD is read out, while the outer half is used as a storage
area, leading to a time resolution of 47.7 ms;

— small window mode: operates after the same principle as the large window
mode, but with a much smaller window of 63 x 64 pixels in only one CCD,
resulting in a time resolution of 5.7 ms;

— timing mode: the pixels in each pixel column of only one CCD are combined
to macropixels with a size of 1 x 10 pixels which leads to a loss of the spatial
resolution in one dimension, but improves the time resolution to 0.03 ms;

— burst mode: operates analogous to the timing mode, but with a macro-
pixel consisting of 179 pixels, through which the spatial information of one
dimension is completely lost, but the time resolution is further improved to
0.007 ms.

Depending on the readout mode, different percentages of so called ‘out-of-time
events’ will be present in the data, ranging from 0.15 % in large window mode to
6.2% in full frame mode, in disrespect of the two timing modes (Striider et al.,
2001). These out-of-time events occur when a photon hits the detector during the
readout phase, in which the charges are shifted through the pixel column. When
an event occurs during this phase, a false time stamp and position will be assigned
to it (see Fig. 3.7). Since the EPIC-MOS detectors have much shorter transfer
times than integration times, out-of-time events play a small role for data obtained
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Figure 3.7: Example of out-of-time events in the reconstructed field of view of an
EPIC-pn observation. The out-of-time events, which occur during the readout
phase of the observation, are visible as streaks of enhanced emission originating
from bright sources and running towards the readout nodes. In the upper left
corner, stray light is visible as arc-like structures which are caused by a bright
source lying just outside the FOV of the telescope. Credit: (XMM-Newton
Users Handbook, 2013).

with the EPIC-MOS cameras. For the EPIC-pn detector, however, these out-of-
time events make up a none-negligible fraction of the total number of events due
to the considerably shorter integration times. These out-of-time events cannot be
avoided and have to be accounted for statistically during data analysis.

A concluding summary of the properties of both the EPIC-MOS detectors and
the EPIC-pn detector can be found in Table 3.1.

This chapter was aimed to provide an overview of the X-ray observatory XMM-
Newton, whose data has been used for the spectral and morphological X-ray anal-
yses which have been performed within the scope of this thesis. An introduction to
the different science instruments on board the observatory has been given with a
focus on the XMM-Newton EPIC instrument. In the following chapter, the differ-
ent background components present in an X-ray observation and their subtraction
or modeling during the analysis will be discussed as well as the data processing.
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Chapter 4

Background Components and

Data Processing of
XMM-Newton Observations

Studying extended sources in X-rays provides many challenging tasks due to the
often faint emission and the high level of both instrumental and astrophysical
background present in the soft X-ray range. In addition, determining the local X-
ray background is difficult, since the extended emission is often present in most of
or in the entire FOV of an observation. In this chapter, the different background
components of XMM-Newton EPIC observations are discussed and ways of re-
ducing, eliminating, and estimating them during data processing or data analysis
are presented. Further information about background handling can be found on
the XMM-Newton background analysis web page! where also an overview? of the
various background components is given. This chapter is based upon the infor-
mation provided by these web pages, by Kuntz and Snowden (2008), and by the
XMM-Newton ESAS cookbook (Snowden and Kuntz, 2011b).

The different background components of an XMM-Newton observation can be
separated into three major categories: electronic background, photon background,
and particle background. To handle these background components more efficiently,
the XMM-Newton ESAS package® version 4.3 has been used within the scope of
this thesis for the data processing of the X-ray data. The XMM-Newton ESAS
package was developed by Snowden and Kuntz (Snowden and Kuntz, 2011b,a) and
is part of the XMM-Newton Scientific Analysis System (SAS)*. It is a software
package which has been developed to provide appropriate background subtraction

Lhttp://xmm2.esac.esa.int/external/xmm_sw_cal/background/

2http://www.star.le.ac.uk/~amr30/BG/BGTable.html

3 XMM-Newton ESAS: http://xmm2.esac.esa.int/external/xmm_sw_cal/background/
epic_esas.shtml; ftp://xmm.esac.esa.int/pub/xmm-esas/xmm-esas_4.3.pdf

4SAS: http://xmm.esa.int/sas/
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for the analysis of extended sources and diffuse emission, and for the creation
of (mosaicked) images. It contains tasks for the removal of point sources, soft
protons, and the quiescent particle background. By using these tasks and SAS
tasks, it creates background subtracted spectra of user-defined regions and energy
ranges of XMM-Newton EPIC observations. In addition, background-, exposure-,
and vignetting-corrected images and mosaics can be produced for individual re-
gions or for the whole FOV. The package also uses additional current calibration
files (CCFs) which are not part of the standard CCFs and which contain filter
wheel closed (FWC)?, quiescent particle background, and soft proton calibration
data. These additional CCFs are provided online®. While previous versions only
included the handling of EPIC-MOS data, the XMM-Newton ESAS version 4.3 —
used for the analyses of this thesis — is the first version which also includes tasks
for the processing of data taken with the EPIC-pn camera.

4.1 Electronic Background

The electronic background of an XMM-Newton EPIC observation is created, for
example, by the detectors and the readout electronics. Bad pixels, which can
be either hot, dead, or flickering, can be handled by applying bad pixel maps,
which are included in the XMM-Newton calibration files, available from the XMM-
Newton calibration portal”. Readout noise is created due to statistical variations
of the readout parameters like the number of photoelectrons or dark current. It is
larger for quadruple, triple, and double events compared with single events, since
it increases with the number of read-out pixels. Readout noise is mostly dominant
at energies below ~300eV and is usually avoided by ignoring data points which
lie below this energy threshold.

Another important component of the electronic background, which is irregularly
observed in EPIC-MOS CCDs, are called anomalous states. These are states of
an enhanced background level of individual EPIC-MOS CCDs. They manifest
themselves as a plateau at energies < 1keV in the detected spectrum of an entire
EPIC-MOS CCD (see Fig. 4.1). The origin of these states is unknown up to now,
and the prevalent method of treating them is to exclude data from further analysis,

5 Filter wheel closed observations: Observations which are performed with a closed photon
entrance window of the detector. This is realized for XMM-Newton by an aluminum plate of
1 mm thickness which can be placed in front of the detector (Turner et al., 2001; Striider et al.,
2001). These observations are used for calibration and for the estimation of the electronic
and quiescent particle background, since both X-ray photons and soft protons are blocked
through the aluminum.

6 XMM-Newton ESAS CCFs: ftp://xmm.esac.esa.int/pub/ccf/constituents/extras/
esas_caldb/

"http://xmm2.esac.esa.int/external/xmm_sw_cal/calib/
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] 0.5 1 15 ? 25

Figure 4.1: Event image of the EPIC-MOS2 detector in an energy range of
0.2-0.9keV, taken from an observation during which an anomalous state oc-
curred. EPIC-MOS CCDb5 shows an enhanced background level in this energy
range and can therefore be considered to be operating in an anomalous state.
Credit: Snowden and Kuntz (2011b).

which originates from a CCD showing this anomaly during an observation. Since
the identification of an anomalous state by eye is only possible for observations
with long enough exposure times, a method was developed by Kuntz and Snowden
(2008) and implemented into the XMM-Newton ESAS package which allows the
systematic identification of most of these anomalous states, even for short exposure
times. This method is based upon the observation that almost all anomalous states
show a low hardness ratio and high count rates for the unexposed corners of the
affected CCD. This method is implemented into the XMM-Newton ESAS task
mos_ back, which identifies affected CCDs. The call for all following XMM-Newton
ESAS tasks provides the user with the possibility to deselect the particular CCDs
and, therefore, to explicitly exclude them from the further analysis. This has also
to be done with non-operating EPIC-MOS CCDs, of which the data cannot be
used, e.g., due to a micrometeorite impact (see Sect. 3.1.3).
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4.2 Particle Background

The particle background of XMM-Newton is created through particles present
in the interstellar environment of the satellite. The major contributors to this
background component are soft protons flares of the Sun and cosmic rays, which
are discussed in this section.

4.2.1 Soft Proton Flares

Soft protons with energies of several 100 keV are emitted as flares from the Sun
caused by magnetospheric reconnection events. These flares have a typical du-
ration of minutes, while their frequency varies with the solar cycle. These soft
protons can be funneled through the mirror shells of the telescopes of XMM-
Newton onto its detectors. When they hit a detector and deposit energy, free
electrons are created which are registered by the detector and thus mistaken as
X-ray signals. Since these protons enter the telescope through the mirrors, they
cannot hit the whole detector, but are limited to an area comparable to the FOV
of the X-ray photons and are also vignetted. Since these soft proton flares are
highly time-dependent, the largest part of them can be removed through light-
curve screening. In the light curves, they can be recognized as a sudden increase
in the count rate or as ripples in an otherwise flat light curve as expected in the
observation of a non-variable source (see middle panel on the right side of Fig. 4.2).
The flares can systematically be recognized by creating a count rate histogram as
shown in the upper panels of Figure 4.2 which has been created with the XMM-
Newton ESAS package for two observations which have been used for the analyses
described in Chapter 5 and 6. For a constant source which is uncontaminated by
soft protons, the count rate histogram can be described with a Gaussian, with
its maximum lying at the nominal count rate of the observation (see upper left
panel of Fig. 4.2). For an observation which is contaminated by flares, this Gaus-
sian distribution is distorted and there is a tail towards higher count rates in the
histogram (see upper right panel of Fig. 4.2). Data originating from times with
count rates which deviate more than ~2 ¢ from the peak of the fitted Gaussian
are believed to be created by flares and thus excluded from the further analysis.
If the whole observation is heavily contaminated by flares, the data are often un-
usable for the study of diffuse emission. The light curve for the unexposed corners
of an EPIC-MOS detector can be used to determine if the origin of the increased
count rates are truly soft protons flares (see lower panels of Figure 4.2). This
is the case if the flares are not seen in these corner light curves, since the soft
protons are limited to the FOV of the detectors. If these light curves show the
same increase in the count rate, they must be of different origin, e.g., from the
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Figure 4.2: Output of the XMM-Newton SAS task espfilt for the EPIC-MOS1

detector for two observations used in the X-ray spectral analysis performed for
this thesis. The left panel shows an observation (Obs.-ID: 0094410101) which is
unaffected by soft proton flares, while the right panel shows a heavily contami-
nated observation (Obs.-ID: 0094410701). The upper plot of both panels show
the count rate histogram for the whole FOV in the energy range of 2.5 8.5 keV.
The green line shows the Gaussian which has been fitted to the data points ly-
ing between the blue lines. The red lines indicate the ~ 2 ¢ ranges of the fitted
Gaussian. Data lying outside this range are dismissed as proton flares. The
middle and bottom plots show the smoothed light curves of the FOV and of the
unexposed corners of the detector, respectively. Both are created for the same
energy range as the upper plots. Data points in the middle and bottom plots
which are marked in black are assumed to be created by flares and are therefore
excluded from the further analysis, while green data points mark useful events.
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mos-filter, pn-filter:

- Soft proton flare removal;
- diagnostic output for anomalous states

cheese-bands: Y

- source detection & removal, source lists;
- creation of masks, spectra, images
for user-defined energy bands

mos-spectra, pn-spectra: 'y

- intermediate file for mos_back & pn_back
for user-defined regions and energy bands;
- ARF, RMF

mos_back, pn_back: l
- QPB-subtracted spectra & images
for user-defined regions & energy bands;
- diagnostic output for QPB,
residual soft proton flares, anomalous states

v N
image production Spectral analysis

comb: l
- combination of MOS1, MOS2, and pn data

adapt_900: \

- adaptive smoothing of the input image

merge_comp_xmm: \

- creation of a mosaic by merging different observations

adapt_2000: v

- adaptive smotthing of mosaicked input image

Figure 4.3: Overview of the basic XMM-Newton ESAS tasks which have been
used for the processing of the XMM-Newton EPIC data.
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quiescent particle background (see Sect. 4.2.2) or electronic noise (see Sect. 4.1).%
Plots as shown in Figure 4.2 are provided by the XMM-Newton SAS task espfilt.
This task is called by the XMM-Newton ESAS tasks pn-/mos-filter, which take
care of the cleaning of the data and remove background events (see Fig. 4.3 for
an overview of the most important XMM-Newton ESAS tasks).

However, residual soft proton flares often remain in the data, since they can also
vary over longer time scales and can therefore be missed during light-curve screen-
ing (Kuntz and Snowden, 2008). These residual flares cannot be removed from
the data, but have to be modeled during the spectral analysis (see Sect. 5.4).

4.2.2 Quiescent Particle Background

The quiescent particle background (QPB) is induced by cosmic rays® and origi-
nates either from the direct interaction of these high-energetic particles with the
detector or from fluorescence lines. These lines are created when cosmic rays
interact with the material of the satellite and excite a bound electron, which sub-
sequently emits photons while de-exciting to its ground state. In the resulting
spectrum of an observation which is affected by this background component, the
quiescent particle background can be seen as a continuum with strong line emis-
sion. The energy, intensity, and distribution of the fluorescence lines measured by
the detectors depend strongly on the material located in the immediate vicinity
of the detectors. Therefore, the detected fluorescence lines have a strong spatial
dependence which is different for each CCD (see Fig. 4.4). This strong spatial
dependence should be considered when selecting a spectral extraction region in
order to estimate the local background.

Since cosmic rays are able to penetrate the material of the satellite due to their
high energies, the quiescent particle background is not limited to the field of view
of a detector, but is distributed over the whole detector surface. Therefore, this
background component can also be seen on the unexposed corners of the detectors
and in observations with a closed filter wheel (FWC).

Apart from the strong spatial dependence, the quiescent particle background also
shows a (slow) temporal variation, depending on the cosmic ray flux. This flux
is lower in times of high solar activity, since the enhancement of the solar mag-
netic field and the subsequent extension of the magnetosphere deflect the charged
cosmic rays more efficiently and therefore shield the satellite from their impact.

8 This is only valid for the EPIC-MOS detectors, since the unexposed corners of the EPIC-pn
detector will also show increased count rates due to out-of-time events (see Chapt. 3 for more
information about out-of-time events).

9 Cosmic rays: High-energetic particles of Galactic or extragalactic origin, which are mainly
protons or the nuclei of fully ionized heavier particles, high-energetic photons, and electrons.
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EPIC pn : Mo-Ka [17.1-17.7 keV]

Figure 4.4: Background image showing the EPIC-pn detector in different energy
bands. The strong spatial dependence of the detector background is clearly
visible, which is caused by fluorescence lines within the material close to the
detector. In this example, Mo (left panel) and Cu (right panel) lines are visible
which are caused by the electronics board of the detector. Credit: XMM-
Newton Users Handbook (2013).

The modeling of the quiescent particle background can be performed automati-
cally by using the XMM-Newton ESAS tasks pn_ /mos_back (see Fig. 4.3). The
procedure used by these tasks is described in the following paragraph and can
also be found in Kuntz and Snowden (2008). All additional files needed for this
procedure are included in the additional XMM-Newton ESAS CCFs.

As explained above, the QPB can be estimated by using the unexposed-corner
data of the detectors. Since the statistics of these unexposed pixels is often very
low, the spectra created out of these data have to be augmented in order to obtain
a better statistics. This is done by searching a data base of all archived XMM-
Newton observations for observations which show a similar shape of their unex-
posed corner spectra, i.e. a similar count rate in the energy range of 0.3—10keV
and a similar (2.5-5keV)/(0.4-0.8) hardness ratio. The thus augmented spectra
of the unexposed corners are used to scale the corner spectra of FWC data, in
order to determine the correct level of QPB contamination. The thus determined
scaling factor is then used to scale the FWC data of the desired detector region
of interest, since the QPB shows a strong spatial dependance. To estimate the
QPB for center CCDs which possess no unexposed corners, the results for the
surrounding CCDs are used. The resulting particle background spectrum is then
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Figure 4.5: Output of the XMM-Newton ESAS task pn_ back for the XMM-
Newton EPIC observation with Obs.-ID 0201030301, which was used for the
X-ray analysis performed within the scope of this thesis. The plot shows the
observed spectrum (red) and the modeled spectrum of the quiescent particle
background (green) as determined by XMM-Newton ESAS. The most prominent
fluorescence lines are excluded from the background spectrum and have to be
modeled during spectral analysis.

subtracted from the source spectrum (see Fig. 4.5) during the spectral analysis.
The strong fluorescence lines visible in the particle background spectrum (Al Ko
and Si Ka for the EPIC-MOS detectors, Al Ka and Cu lines for the EPIC-pn
detector) are not subtracted from the source spectrum, since low gain variations
which are part of the detector background would lead to considerable residuals
in the spectral fits. Instead, these lines have to be included as Gaussians into
the model of the source spectrum during the spectral analysis. More information
about this procedure, which is automized in XMM-Newton ESAS, can be found
for example in Snowden et al. (2008).

4.3 Photon Background

The third main background component are photons. The major part of these
are X-ray photons, but also infrared, optical, and UV photons can be detected
by the CCDs (XMM-Newton Users Handbook, 2013) and have to be blocked

through filters which can be placed in front of the photon entrance window during
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Milky Way

L

~
«

Figure 4.6: Artists impression of the Hot Galactic Halo around the Milky
Way, which also encloses the Large and the Small Magellanic Cloud. Credit:
NASA/CXC/M.Weiss; NASA /CXC/Ohio State/A.Gupta et al.

the observation. The major components of the X-ray background are caused by
cosmic X-ray photons, solar wind charge exchange, point sources, and stray light.
These components, which have a weak time- but a strong spatial dependence, are
briefly introduced in this section.

4.3.1 Cosmic X-ray Background

The cosmic X-ray background (CXB) was first discovered by Giacconi et al. in
the year 1962. It consists of photons with energies of ~0.1-10keV and shows a
strong spatial variance depending on the observed region of the sky. It can roughly
be separated into an extragalactic and a Galactic component.

The extragalactic component originates mainly from unresolved active galactic
nuclei (Arnaud et al., 2011b). It is constant in time and can be described by a
power law with a spectral index of & = 1.46 (Chen et al., 1997), which has to be
modeled for the spectral analysis.
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4.3 Photon Background

The Galactic X-ray back- or foreground originates mainly from the Local Bubble
and the Galactic Halo. The Local Bubble (Cox and Reynolds, 1987) is a region
around the Sun which has a radius of ~100-200pc (Arnaud et al., 2011b) and
is irregularly shaped. It is filled with hot gas which has temperatures of ~ 106K,
corresponding to ~ 0.1 keV, and emits thermal X-rays (e.g., Snowden et al., 1998).
The Local Bubble is believed to have been created during the last ~ 107 yr through
multiple supernova explosions (e.g., Maiz-Apellaniz, 2001) and stellar winds. Its
soft X-ray emission creates an unabsorbed background component which has to
be modeled in the spectrum.

The Hot Galactic Halo, which also contributes to the Galactic X-ray background,
consists of a halo of hot gas around the Milky Way, which emits thermal X-rays. It
has temperatures of some million Kelvin (e.g., Snowden et al., 1998) and a radius
of ~100kpc, therefore also enclosing the Large and the Small Magellanic Cloud
(see Fig. 4.6). This hot halo is assumed to be created through Galactic fountains
(see Sect. 2.4). These are fountains of hot gas which has been heated up through
supernovae and stellar winds and which escape from the Galactic disk into the halo
of the Galaxy. The emission of this Hot Galactic Halo can be described through a
cooler halo emission at 0.1keV, and a hotter halo emission at 0.25—0.7keV, which
have to be modeled in the spectrum.

4.3.2 Solar Wind Charge Exchange

Solar wind charge exchange (SWCX) is another source of soft X-ray background
at S1keV (e.g., Koutroumpa et al., 2009). It occurs when highly ionized par-
ticles from the solar wind interact with a particle, e.g., from the ISM and pick
up an electron from a neutral atom. When this picked-up electron is in a highly
excited state, it can emit X-rays while de-exciting. This leads to additional emis-
sion lines of, e.g., highly ionized C, O, Mg, Si, Fe, or Ni (Carter and Sembay,
2008). These lines are also observed in the emission of astrophysical plasma, and
may therefore lead to a misinterpretation of the results of a spectral analysis.
Observations which are contaminated by the emission of SWCX show enhanced
emission lines of O VIII and Mg XI. In addition, they show a varying light curve
in the energy range of 0.5—-0.7keV with a simultaneously quiet light curve in the
range of 2-8keV (Snowden and Kuntz, 2011b). Since this background compo-
nent is variable on the time scale of some days, different observations of the same,
time-independent source can be used to estimate the background and to fit its
emission lines, although this may lead to a confusion with other, time-dependent
background components.
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4.3.3 Point Sources and Stray Light

Another background component encountered during the study of diffuse emission
are point sources. These point sources can be removed during data processing
using the XMM-Newton ESAS task cheese-bands. This task performs source de-
tection and creates an editable source list as well as point source subtracted event
images and exposure images for user-defined energy bands. This is done by com-
bining the EPIC-MOS and EPIC-pn data and applying a flux threshold.

The final background component to be discussed in this chapter is stray light.
Stray light originates from bright X-ray sources outside the field of view, but
within 1.5° from the optical axes of the XMM-Newton telescopes (XMM-Newton
Users Handbook, 2013). The emission of these sources which reaches the detectors
is reflected only once from the mirrors of the Wolter-I telescopes — and not twice,
as needed for focusing. To reduce stray light, an X-ray baffle is mounted in front
of the mirrors of XMM-Newton. Thus, only a part of the FOV is contaminated by
stray light, which appears as near-annular structures in the detector images (see
Fig. 4.7 and XMM-Newton Users Handbook, 2013). This characteristic structure
is a result of the interaction of the stray light with the supporting structure for
the mirror shells (see Sect. 3.1).

If the spectrum of the stray-light producing source is known, its contribution to
the contaminated observation can be estimated during the spectral analysis by
adding a corresponding component to the model of the contaminated observation.
Otherwise, heavily contaminated parts of the observation have to be excluded
from further data analysis.

In this chapter, an overview of the various background components was given
which have to be taken into account when studying diffuse soft X-ray emission with
XMM-Newton. The contribution of the three major background components were
discussed and ways were introduced of estimating, subtracting, or modeling these
components during data processing or in the spectral analysis. These procedures
were also applied to the X-ray data which were analyzed within the scope of this
thesis to study the supergiant shell LMC-SGS 2 as well as the supernova remnant
and the superbubble of DEM L299. These studies and their results are presented
in the following chapters.
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4.3 Photon Background

Figure 4.7: Mosaic image of all seven observations of the supergiant shell LMC-
SGS 2 region used for the studies within this thesis (see Table 5.1) in the hard
energy band (1.5-4.5keV). Stray light, which is most probably originating from
the X-ray binary LMC X-1 (marked in blue) is visible in almost all observations
as near-annular structures. The position of the SNR B0543-68.9 (see Chapt. 6)
is indicated by a red circle.
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Chapter 5

Supergiant Shell LMC-SGS 2

The supergiant shell LMC-SGS 2 is a huge structure in the ISM which lies in the
vicinity of the star-forming region 30 Doradus in the Large Magellanic Cloud (see
Fig. 5.1). It has an enormous size of ~900pc, which corresponds to ~10% of
the size of its host galaxy. A morphological and X-ray spectral analysis of this
supergiant shell (SGS) has been performed within the scope of this thesis. For
these studies, X-ray data of XMM-Newton have been used, which show the entire
supergiant shell in much more detail than shown in previous studies of data from
the Einstein Observatory (Wang and Helfand, 1991) and ROSAT (Points et al.,
2000).

In this chapter, the morphological and X-ray spectral analyses are presented which
were performed within the scope of this thesis for the supergiant shell LMC-
SGS2. After an introduction about LMC-SGS2 (Sect. 5.1), the XMM-Newton
X-ray data are described which have been used for these studies (Sect. 5.2). The
morphological studies are presented in Section 5.3, in which detailed X-ray images
of LMC-SGS 2 are provided and compared with optical and radio 21 cm emission
images of the supergiant shell. Section 5.4 introduces the model which has been
used to perform the X-ray spectral analysis for all objects studied in the scope of
this thesis, i.e. for the supergiant shell LMC-SGS2 (Sect. 5.5), for SNR B0543-
68.9, and for the DEM L299 superbubble (Sect. 6.4). The X-ray spectral analysis
performed for LMC-SGS 2 is discussed in Section 5.5, and its results are used in
Section 5.6 to determine further properties of the supergiant shell. Section 5.7
concludes this chapter with a summary and an outlook.

5.1 Introduction

Among the nine supergiant shells (SGSs) which have been identified in the LMC
through Har observations (see Goudis and Meaburn, 1978; Meaburn, 1980), super-
giant shell LMC-SGS 2 is the brightest in X-rays (Wang and Helfand, 1991). It is
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Figure 5.1: Optical image showing the LMC-SGS 2 region in the Large Magellanic
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Cloud. This region lies south-east of 30 Doradus, which is located just outside
the plotted field of view. The image is a three-color image which has been
created out of data of the Magellanic Cloud Emission Line Survey and shows
Ha emission in red, [S II| emission in green, and [O III]| emission in blue. It
shows an area of ~ 680kpc x 980 kpc.



5.1 Introduction

located east of 30 Doradus and is part of a region of the LMC which is observed
to be very bright and to show a complex structure of hot and warm ISM. The H I
gas associated with the supergiant shell LMC-SGS 2 is centered on RA 05:41:27,
Dec -69:22.4 (J2000) and has a radius of 26’ (380 pc) as determined by Kim et al.
(2003). It is located south-east of 30 Doradus with its center lying at RA 05:44,
Dec -69:20 (J2000) (Book et al., 2008). It shows filaments of warm ISM visible
in Ha, which reach an extent of ~ 900 pc (Goudis and Meaburn, 1978), and har-
bors hot ISM which is projected towards its interior (Wang and Helfand, 1991).
In addition, a spur of hot ISM is observed which extends south from the optical
shell, which has been suggested by Wang and Helfand (1991) to be indicative of
a blowout of LMC-SGS 2, in which the hot gas escapes into the halo of the LMC.
However, this could not be confirmed by Points et al. (1999), who found no sup-
porting evidence in optical or radio wavelengths.

X-rays studies have been performed for LMC-SGS 2 using data of the Einstein Ob-
servatory (Wang and Helfand, 1991) and ROSAT (Points et al., 2000). Wang and
Helfand (1991) determined its energy input through stellar winds and supernovae
to be ~3 x 10° erg, and obtained a temperature of 5 x 10° K (kgT = 0.43keV)
when assuming a column density of ~3 x 102! ecm™2. They derived an age of
~1.8 x 10" yr for LMC-SGS 2, while Book et al. (2008) obtained an age of 9 x 106 yr
using H I data. ROSAT data of LMC-SGS 2 were analyzed by Points et al. (2000),
who determined a temperature kg7 of 0.1-0.7keV for different regions of LMC-
SGS2 and of 0.1-0.5keV for the X-ray spur. Furthermore, they assumed a Galac-
tic plus LMC column density of ~0.45 (0.8~ 1.25) x 10?2 cm~2 for LMC-SGS 2 and
of ~0.42 (0.07-1.35) x 10?2 cm™2 for the X-ray spur.

The morphology and kinematics of LMC-SGS 2 has been the subject of several
analyses, including Wang and Helfand (1991), Points et al. (1999), Ambrocio-Cruz
et al. (2004) and Book et al. (2008). Figure 5.1 shows LMC-SGS 2 in optical wave-
lengths. In this energy range, it shows a clear filamentary structure at its eastern
border, while star formation regions are located at its western edge (Points et al.,
1999). Points et al. (2000) remarked that regions interior of LMC-SGS 2 which
show a low X-ray surface brightness have a large H I column density, suggesting
that absorption might cause some of the variations in its X-ray brightness. This
is supported by the fact that these variations are stronger in the softer X-ray
bands, where absorption is more efficient. Caulet et al. (1982) found LMC-SGS 2
as an expanding shell with an expansion velocity of ~ 30km /s within a local ISM,
which has a heliocentric velocity of 245km /s. In contrast, Points et al. (1999) and
Ambrocio-Cruz et al. (2004) did not find the characteristic velocity distribution
of a coherently expanding shell.! Instead, they concluded that two layers of H I

! The characteristic velocity distribution for an expanding shell is a single-component velocity
profile at the border of the shell, and a two-component velocity profile within the shell, with
the largest difference between these components near the center of the shell (Ambrocio-Cruz
et al., 2004).
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sheets seem to confine the hot gas, with only local expansion of smaller structures.
Points et al. (1999) state that the hot gas seems to be heated by outflows from
SNRs and star-forming regions within the interior of LMC-SGS 2, while the inner
surface of the H I sheets is ionized by the UV radiation of massive stars located
at the periphery of the supergiant shell. The studies of Points et al. (1999) and
Ambrocio-Cruz et al. (2004) both yielded a heliocentric velocity of ~ 250 km /s for
the sheet observed as the front-side of LMC-SGS 2, and of ~ 300 km/s for the sheet
observed as its back-side. Also Book et al. (2008) concluded that LMC-SGS?2 is
not a simply expanding shell, but possesses locally expanding substructures. In
addition, they state that the whole complex seems to be part of a more extended,
expanding H I structure. They also show that — besides optical data — 21 cm radio
data is crucial for the identification of supergiant shells, since a shell will cease
to emit Ha emission ~ 12 Myr after the last OB associations within its periphery
have disappeared. Thus, they concluded that Ha emission is not sufficient for the
unambiguous identification of a supergiant shell. In the following sections, the
morphological and X-ray spectral analysis of LMC-SGS 2 will be discussed which
has been performed using X-ray, optical, and radio data.

5.2 X-ray Data

For the analysis of the supergiant shell LMC-SGS 2, we have used the data of ten
XMM-Newton EPIC observations, listed in Tables 5.1 and 5.2. Four of these ob-
servations (Obs. 1-4) cover LMC-SGS 2. Among these, Observation 1 also covers
DEM L299 and was used for the studies of SNR B0543-68.9 and the DEM 1299
superbubble as described in Chapter 6. Observations 5 and 6 cover the X-ray spur
extending south of LMC-SGS 2, while Observation 7 shows the region south-east
of LMC-SGS 2 which has been chosen for comparison due to its proximity to the
supergiant shell. The remaining three pointings (Obs. 8 -10) are observations of
the South Ecliptic Pole (SEP)?, which have been used for background estimation
(see Sect. 5.4). An overview of the relative positions of these observations is pro-
vided in Figure 5.2. More information about the observations can be found in
Tables 5.1 and 5.2.

Each of the ten observations comprises data from all three XMM-Newton EPIC
detectors. For eight of these observations, at least one EPIC-MOS CCD was iden-
tified during data analysis to be operating in an anomalous state (see Sect. 4.1).
The data of affected CCDs were therefore excluded from further analysis. A list
of the affected CCDs during the respective observations is given in Table 5.3. In
addition, Observation 7 is lacking the data from EPIC-MOS1 CCD6 which was

2SEP - South Ecliptic Pole: The SEP is the southern of the two poles which are defined by
the ecliptic plane, on which the Earth travels around the Sun.
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5.2 X-ray Data

Table 5.1: Overview of the ten XMM-Newton EPIC observations which have
been used to perform the morphological and spectral analysis of LMC-SGS 2 in
X-rays. Observation 1-4 of this list cover LMC-SGS 2 as observed in optical
wavelengths (cf. Fig. 5.2). Observations 5 and 6 cover the X-ray spur, while
Observation 7 shows a region east of LMC-SGS 2, which was tested for its
suitability for local background estimation. Observation 8 - 10 are targeted on
the South Ecliptic Pole (SEP) and have been used for background estimation

during the X-ray spectral analysis.

Observed Reg. Obs.-1ID Target Obs.-Date
RA (J2000)  Dec (J2000)  yyyy-mm-dd
1) LMC-SGS2 0094410101 05 42 36.0 -69 05 00.0 2001-10-19
2) LMC-SGS 2 0201030201 05 46 36.0 -69 12 00.0 2004-01-05
3) LMC-SGS2 0201030101 05 46 36.0 -69 35 00.0 2004-01-05
4) LMC-SGS2 0094410201 05 43 00.0 -69 30 00.0  2001-10-19/20
5) X-ray spur 0094410701 05 43 00.0 -69 50 00.0 2001-10-20
6) X-ray spur 0201030301 05 43 00.0 -70 15 00.0 2004-01-13
7) Local Bkg. 0402000201 05 49 47.3 -69 59 48.0 2006-08-29
8) SEP 0162160101 06 00 00.0 -66 33 38.0 2003-11-24
9) SEP 0162160301 06 00 00.0 -66 33 38.0 2003-12-05
10) SEP 0162160501 06 00 00.0 -66 33 38.0 2003-12-14

Table 5.2: Continuation of Table 5.1. The listed counts refer to the number of
counts after data processing.

PI Eff. Obs. Time Exposure Counts

MOS1 MOS2 PN MOS1 MOS2 PN MOS1 MOS2 PN

[ks| [ks|  [ks] [ks] [ks|]  [ks] [x103] [x 10%] [x 10?]
1) Y-H.Chu 11.3 114 89 11.8 11.8 9.2 37.3x02 38.5+02 76.6x03
2) Y-H.Chu 115 11.3 79 11.7 11.7 83 26.4x02 28.6+0.2 43.5+03
3) Y-H.Chu 10.8 11.0 74 11.3 11.3 7.9 25.1+02 28.0z02 40.5+03
4) Y-H.Chu 11.3 114 89 11.8 11.8 9.2 39.3:02 40.7+03 86.1+0.3
5 Y.-H.Chu 2.1 1.9 15 5.3 54 2.6 T7.9x01 7.2:01 15.9+02
6) Y-H.Chu 107 11.0 79 11.7 11.7 8.3 35.3z02 35.0402 70.1+03
7) F.Haberl 85 83 2.6 153 152 10.2 20.3x02 23.2402 15.8+02
8) B. Altieri 12.0 124 9.8 132 132 11.5 18.9+02 20.0z02 39.4+0.
9) B. Altieri 8.6 86 80 11.1 11.1 94 14.7+02 14.7+02 31.6+02
10) B. Altieri 9.5 93 7.8 104 10.5 9.0 15.9+02 15.4102 29.8+02
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Figure 5.2: Positions of the ten XMM-Newton EPIC observations used for the
studies of LMC-SGS2 overlaid onto an optical image showing this region in
Ha emission, created out of MCELS data. Each pointing is labeled with its
observation-ID as listed in Table 5.1.
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5.2 X-ray Data

Table 5.3: List of EPIC-MOS CCDs which were found to have been operating in
an anomalous state at the time of the observation. For the respective observa-
tions, the data of these CCDs have not been used for further data analysis.

Observation ~ CCD operating in an anomalous state

1) 0094410101 EPIC-MOSI CCD5

2) 0201030201 EPIC-MOS2 CCD5

3) 0201030101 EPIC-MOS2 CCD5

4) 0094410201 EPIC-MOS1 CCD4; EPIC-MOS1 CCD5
5) 0094410701 EPIC-MOS1 CCD5

6) 0201030301 EPIC-MOS1 CCD4; EPIC-MOS2 CCD5
7) 0402000201 EPIC-MOS2 CCD5

8) 0162160101 -

9) 0162160301 EPIC-MOS1 CCD4

10) 0162160501 -

lost for scientific observations in the year 2005 due to the impact of a micromete-
orite (see Sect. 3.1.3).

The observations were performed between the years 2001 and 2006, with the ob-
servations of LMC-SGS 2 and of the X-ray spur (Obs. 1-6) taken within a time
span of 2.5 yr. They were taken in (extended) full frame mode with an average
exposure time of 11 ks. This resulted in an average effective exposure time of 9 ks
after data processing, and an average number of count of (27 000%7309) counts per
detector and observation.

The data processing has been performed with the help of the XMM-Newton ESAS
package version 4.3 and the XMM-Newton SAS package 11.0.0. Detailed informa-
tion about background handling and data processing can be found in Chapter 4.
During data processing, soft proton flares were filtered, the quiescent particle
background was subtracted, and point sources were removed from the observa-
tional data. The point-source detection has been performed using a flux threshold
of 107" ergem2s72, and detected point sources were excluded down to a surface
brightness of 50 % of the surrounding background. After the execution of this
XMM-Newton ESAS task, the point-source list was manually checked and revised

where needed.

Basically all of the seven observations of the LMC-SGS2 region used for the
studies within this thesis show stray light (see Sect. 4.3.3) in the hard energy
band of 1.5-4.5keV. This stray light seems to originate from the high-mass X-ray
binary LMC X-1 which is projected south-west of supergiant shell LMC-SGS 2
(see Fig. 4.7). Observation 1 (containing the north-western part of supergiant
shell LMC-SGS2) and Observation 6 (containing the X-ray spur in the south)
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show the most obvious stray-light contamination. Nevertheless, DEM L299 lies
within the north-eastern, stray-light free half of the FOV of Observation 1 and is
therefore not contaminated. The stray-light contamination of LMC-SGS 2 seems
limited to the hard energy band, which is not in the main focus of the studies
performed within the scope of this thesis. Thus, stray-light contamination was
not taken into further account during this analysis.

5.3 Morphological Studies

We used processed XMM-Newton EPIC data sets of the seven observations cov-
ering the LMC-SGS 2 region to create the X-ray mosaic shown in Figure 5.3. It
is a three-color image which shows in red the soft energy band (0.3—0.8 keV), in
green the medium energy band (0.8 1.5 keV), and in blue the hard energy band
(1.5-4.5 keV). Diffuse X-ray emission is visible in this mosaic at the projected
position of the supergiant shell LMC-SGS2 (Obs. 1-4) and of the X-ray spur
south to it (Obs. 5 and 6). Thus, this emission observed in Obs. 1—4 seems to
originate from the hot gas inside the supergiant shell. The mosaic shows the en-
tire supergiant shell LMC-SGS 2 in much more detail than previous studies did.
Its eastern part is clearly confined (see Obs. 2 and 3), while the western side of
LMC-SGS 2 shows less definite structures, but a brighter and more extended X-
ray emission (see Obs. 1 and 4). Figure 5.4 shows the same observations in the
soft, medium, hard, and broad (0.3—8 keV) energy band. It becomes obvious
from this figure that the major part of the LMC-SGS 2 X-ray emission is present
in the soft and medium energy band (Figs. 5.4a and 5.4b), while the hard energy
band mainly shows stray light (Fig. 5.4c), most likely originating form LMC X-1.
In Observations 5 and 6, the X-ray spur is clearly visible.

Since Observation 5 was heavily contaminated by soft proton flares, it has a much
lower effective observation time after data processing than the other data sets and
therefore has a low statistics. Observation 7, which is pointed south-east of LMC-
SGS 2, shows much less diffuse X-ray emission than the supergiant shell in the
soft and medium energy band and might therefore be used for local background
estimation of LMC-SGS 2 (see Sect. 5.5). Nevertheless, the strong spatial depen-
dance of diffuse X-ray emission in this region and the vast extent of the supergiant
shell of 900 pc leaves a high uncertainty in such a background estimation.

At the northern rim of the supergiant shell LMC-SGS2 (in Obs. 1), DEM 1299
can be recognized as an X-ray bright region in the soft and medium energy range,
which is discussed and analyzed in Chapter 6. Figures 5.5—5.7 show a comparison
of the X-ray image of LMC-SGS 2 with its appearance in optical and radio energy
bands. For this comparison, 21 cm H I radio data of the Magellanic Cloud Survey
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Figure 5.3: X-ray mosaic created out of the seven XMM-Newton observations
showing the supergiant shell LMC-SGS 2. This three-color image shows in red
the soft (0.3-0.8 keV), in green the medium (0.8—-1.5 keV), and in blue the
hard (1.5-4.5 keV) X-ray energy band.

91



Chapter 5 Supergiant Shell LMC-SGS 2

-69:00:00.0

=
=]
=
S
=
S
by

-70:00:00.0

G
5:50:00.0 46:00.0 42:00.0
PRIy PR PR B P B

-69:00:00.0

Q
=1
=
S
=
3
©

-70:00:00.0
-70:00:00.0

5:50:00.0

5:50:00.0

-1.1 -0.7 0.0 1.4 4.3 100 213 439 894 1794 358.7

Figure 5.4: X-ray images showing the supergiant shell LMC-SGS 2 in an energy
range of (a) 0.3—0.8keV, (b) 0.8-1.5keV, (c¢) 1.5-4.5keV, and (d) 0.3—-8.0keV.
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Figure 5.5: Comparison between (a) the radio and (b) the X-ray morphology of
LMC-SGS 2, using radio 21 cm MCS data and the XMM-Newton broadband
X-ray image of Figure 5.4d, respectively. (c): Overlay of (a) and (b).
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Figure 5.6: Same as Figure 5.5, but for optical and X-ray data. The optical data
are the same MCELS Ha data as used in Figure 5.2.
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Figure 5.7: Three-color image showing the supergiant shell LMC-SGS 2 in radio
(red), optical (green), and X-ray (blue) wavelengths. For the creation of this
image, the same data as in Figures 5.5a, 5.6a, and 5.5b have been used.
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(MCS; Kim et al., 1998, 2003) and Ha emission line data of the Magellanic
Cloud Emission Line Survey (MCELS; e.g. Smith et al., 2000) have been used.
The radio image of LMC-SGS 2 (Fig. 5.5a), which traces the position of neutral
hydrogen, shows areas of bright emission and large voids. When comparing the
broadband X-ray image (Fig. 5.4d) of LMC-SGS 2 with this radio image, as done
in Figure 5.5¢, it becomes obvious that the large patches of bright X-ray emission
coincide with the voids visible at radio wavelengths. This suggests that the H I
shells are filled with hot gas, which generates the diffuse X-ray emission. In
addition, the area of low X-ray surface brightness projected towards the center of
LMC-SGS 2 (see Sect. 5.1) coincides with the projection of a bright area of 21 cm
emission, as previously reported by Points et al. (2000). In Figure 5.7, the radio
and X-ray image is compared to the optical image of LMC-SGS 2 (Fig. 5.6a). In
the overlay of the optical and X-ray data (Fig. 5.6b), the X-ray emission appears
confined by the Ha filaments at the eastern and northern rim of LMC-SGS2 in
projection. Comparing the Ha image with the radio image of LMC-SGS2 (see
Fig. 5.6¢), the Ho filaments are clearly confined in projection by the radio shells.
The complete three-color image of LMC-SGS2 is shown in Figure 5.7, in which
the 21 cm radio emission is plotted in red, the optical Ha emission in green, and
the X-ray emission in blue. This multi-frequency appearance of LMC-SGS 2 is the
expected structure for an area of expanding hot gas, which is sweeping up a shell
of warm and cold ISM.

5.4 Model used for Spectral Fitting

The X-ray XMM-Newton EPIC data which were used to perform the morpholog-
ical study were also used to perform an X-ray spectral analysis of LMC-SGS 2. In
this section, the model is described which has been used for the X-ray spectral
analysis of supergiant shell LMC-SGS2 (Sect. 5.5) and DEM L1299 (Sect. 6.4).
The X-ray spectral fitting package Xspec? version 12.7.1 (Arnaud, 1996) has been
used to perform the spectral analyses.

The model which has been used within this analysis is given in Figure 5.8. It is
based upon the one given by Snowden and Kuntz (2011b) for the study of extended
X-ray emission observed with XMM-Newton. In the model, the SOURCE compo-
nent represents the examined source emission, for which several Xspec model
components have been tried: the apec model (Smith et al., 2001), the vnei model

3 Xspec is an interactive program written for X-ray spectral fitting. It is detector-independent
and can therefore be used to analyze data of any spectral X-ray telescope, like for example
XMM-Newton or Chandra (Arnaud et al., 2011a). Web page: http://heasarc.nasa.gov/
xanadu/xspec/
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5.4 Model used for Spectral Fitting

SWCX Local Bubble Cooler Halo Hotter Halo CXB Source

| Fluorescence \ | / | |

1
constant*(g+g+g+g+g+g+g+g+apec+phabs*(apec+apec+vphabs*(vphabs*powerlaw+SOURCE)))

Area normalization Abs. Milky Way Abs. LMCfront  Abs. LMCbehind

Residual Particle Background:

constant*powerlaw

Area normalization Residual Soft Proton Flares

Figure 5.8: Illustration of the model used for the X-ray fits of supergiant shell
LMC-SGS 2, SNR B0543-68.9, and the DEM L299 superbubble. Emission com-

ponents are shown in blue, while absorption components are shown in red.

(Borkowski, 2000), and the vpshock model (Borkowski, 2000). The apec model de-
scribes the emission of a collisionally ionized gas, consisting of thermal bremsstrah-
lung and line emission, while assuming collisional ionization equilibrium (CIE, see
Sect. 2.5.2). In contrast, the models vnei and vpshock describe a shocked gas while
considering collisional non-equilibrium ionization (NEI) effects. wnei is a single
ionization-timescale model, which assumes a delta function for the timescale dis-
tribution. In contrast, vpshock assumes a plane-parallel shock and determines a
lower and upper limit for the ionization timescale (Borkowski et al., 2001). In all
source components, elemental abundances were set to half of the solar values, rep-
resenting typical LMC abundances (Russell and Dopita, 1992). The abundances
could not be fitted freely during the spectral analysis, since the low statistics of
the observations did not allow for a more precise determination during the fits.
All other parameters of the source component were fitted freely to the LMC-SGS 2
(or DEM L299) data. In the model for the simultaneously fitted SEP data, which
was used for background estimation (see below), the normalization of this source
component was set to zero.

Besides this source component (SOURCE), the model consists of several absorption
components (phabs, vphabs), fore- and background emission components (apec,
powerlaw), Gaussian lines (Gaussian (g)), and a constant (constant). These com-
ponents account for different types of background emission and their motivation
and parameters will be discussed in more detail in the following paragraphs.

Foreground emission originating from the Local Bubble (see Sect. 4.3.1) is repre-
sented in the model by an unabsorbed thermal component (Xspec model: apec)
with a fixed temperature of kgT = 0.1keV. The emission of the cooler and
hotter Galactic Halo (see Sect. 4.3.1) is included into the model as two sepa-
rate thermal components, which are absorbed by the Milky Way (Xspec models:
phabs x (apec X apec)), with temperatures fixed at 0.1keV and 0.5keV, respec-
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tively. The Milky Way absorption has been fixed to Ny yw = 0.06 x 102 cm™2,
according to Dickey and Lockman (1990).

To account for the emission of the unresolved, extragalactic cosmic X-ray back-
ground (see Sect. 4.3.1), the model includes a power law component, which is ab-
sorbed by the Milky Way and by the LMC (Xspec models:phabs x vphabs x vphabs
x powerlaw). In this model, the LMC absorption is separated into two compo-
nents: one to account for the absorption through material which lies in the line of
sight in front of the source when observed from the Milky Way (labeled in Fig. 5.8
as Abs. LMCY{,.nt), and one representing absorption of the background radiation
through material which lies behind the source (labeled as Abs. LMCiepina). The
spectral index of the power law was fixed at a value of @ = 1.46 (Chen et al., 1997).
Like for the source component, all chemical abundances of the LMC absorption
components were fixed at half of the value for solar abundances, as generally as-
sumed for the LMC.

Instrumental fluorescence lines, which are caused by the quiescence particle back-
ground (see Sect. 4.2.2), are modeled by six Gaussians (Xspec model: Gaussian)
with zero width and at an energy of 1.49keV (Al Ka) and 1.75keV (Si Ka) for
the EPIC-MOS detectors, and of 1.49keV (Al Ka), 7.49keV, 7.11keV, 8.04keV,
8.89keV, and 8.62keV (Cu Ka lines) for the EPIC-pn detector.

Since Koutroumpa et al. (2009) found evidence for contamination by solar wind
charge exchange (SWCX) in the data of the SEP observations, different typical
SWCX emission lines (see Sect. 4.3.2) were tested as model components for the
spectra of the LMC-SGS2 and DEM L299 during the spectral X-ray analysis.
Only the O VIII line at 0.65keV was found to make an obvious improvement in
the residuals of the fit. Therefore, this line was added to the model as a Gaussian
(Xspec model: Gaussian) with zero width and a frozen energy of 0.65keV.
Residual soft proton flares (see Sect. 4.2.1) can be fitted through an unfolded
(broken) power law (Xspec model: powerlaw). This power law must not be folded
with the ancillary response file (ARF)?. A diagonal unitary redistribution matrix
file (RMF)® has to be used, which is provided in the CCF data of XMM-Newton

4 ARF - ancillary response file: The ARF connects the number of photons which are registered
by the detector, with the number of photons that enter the instrument through the mirror
module. It is calculated by multiplying the effective area with the quantum efficiency of the
instrument. The effective area is a combination of the area of the telescope, of the filter,
and of the detector as ‘seen’ by photons. It has a different size depending on the energy of
the incoming photons due to their energy dependent cross section. The quantum efficiency
describes the number of photons which are registered by a detector relative to the number
of photons which hit the detector. Like the effective area, the quantum efficiency is energy
dependent.

5 RMF - redistribution matrix file: While the ARF is used to determine the number of pho-
tons which are registered by the detector, the RMF converts the energy of each registered
photon into a value for the pulse height of the signal which is obtained when reading out the
detector. This conversion also considers the finite energy resolution of the detector. Thus,
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5.4 Model used for Spectral Fitting

ESAS (see Chapt. 4). Six separate models (see second line of Fig. 5.8) were added
to the Xspec model — one for each detector of the source observation and of the
simultaneously fitted combined SEP observations (see below). The spectrum of
the residual protons can usually be fitted using a power law index of 0.2—1.3
(Snowden and Kuntz, 2011b).

Both the main model and the six separate models are multiplied by a constant
(Xspec model: constant). This constant accounts for the different effective sizes
of the spectral extraction regions for each detector and for each observation, in
particular between the SEP and LMC-SGS 2 extraction regions (see Sect. 6.4 for
more information). Even if the spectral extraction regions would be defined simi-
larly for all observations and detectors, their size usually differs, for example due
to excluded CCDs, bad pixels, or hot columns.

To estimate the cosmic X-ray background of LMC-SGS2 and DEM 1299, the
three combined SEP observations were fitted simultaneously to the LMC data.
The SEP observations can be considered to be representative for the X-ray back-
ground of the supergiant shell LMC-SGS 2 and DEM L1299, since the SEP is pro-
jected close to both objects (with an apparent separation of ~ 190’ between the
SEP and the center of the supergiant shell LMC-SGS 2). Furthermore, the field
of view of the SEP observations is relatively empty, and they have a sufficiently
long, combined effective exposure time of ~ 30ks. This method of background es-
timation was favored over a local background estimation from a region within the
same observation, since a local background extraction region would unavoidably
be contaminated by the X-ray emitting hot gas which is present in almost the en-
tire field of view of the Observations 16, while Observation 7 was found to have
too low statistics for background estimation (see Sect. 5.5). The appropriateness
of the performed background estimation through the combined SEP observations
compared with a local background estimation has been tested for DEM L299 and
is described in Section 6.4. The tests confirmed the validity of the estimates via
the SEP observations.

The three SEP observations were combined with the help of the ftool® (Blackburn,
1995) task mathpha. This function was used to sum up the spectra and the expo-
sure times of the individual SEP observations. For area correction, the backscale
keyword in the header of the resulting FITS -file has been set to the mean value

the comparison of a spectral model with observations data is only reasonable after folding
the model with the ARF and the RMF.

6 ftool: Ftool is a general package of software for the manipulation of FITS files. It is available
at http://heasarc.gsfc.nasa.gov/ftools/.

TFITS - Flexible Image Transport System: FITS is a format for images which has been devel-
oped to handle multidimensional arrays and 2-dimensional tables. Therefore, it is ideal for
storing spectra, images, and data cubes. Thus, it is widely spread in astronomy, for which
it has originally been established. The format has been developed in the late 1970’s and
was first standardized in 1981. It consists of one or more cooperated header plus data units,
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of the backscale variable of the three individual SEP observations.

The normalizations of the model components representing the cosmic X-ray back-
ground were fitted freely and linked between all detectors. The other parameters of
these components were frozen. The normalizations of the Gaussians were unlinked
for all detectors and observations. During the fitting procedure, the positions of
the lines were first frozen at their respective energies. After the other components
were reasonably fitted, the energies of the Gaussians were fitted freely and then
frozen again. Gaussians which could not be fitted due to the low statistics of the
observations were set to a normalization of zero and frozen.

The power law index of the models representing residual soft proton flares should
not be linked between EPIC-pn and EPIC-MOS data due to their different re-
sponse to them, and none of the normalizations should be linked (Snowden and
Kuntz, 2011b). Since the statistics of the observations used for the studies within
this thesis did not allow a free fitting of their power law indices, they were frozen
at 1 and only their unlinked normalizations were fitted.

Before fitting, all spectra were binned to a minimum of 50 counts per channel.
The fits were performed in an energy range of 0.3—-10keV and 0.4-10keV, de-
pending on the level of detector noise in the energy range < 0.4keV. The specific
fitting procedures used for the analysis of the supergiant shell LMC-SGS 2 and of
DEM L299 are described in the Sections 5.5 and 6.4, respectively.

As a first test of the established model, it was used to fit the supernova remnant
DEM L316a, which is one of the two supernova remnants in DEM L316 visible
in Observation 3 (see Fig. 5.1). The fitting results were compared with the ones
obtained by Williams and Chu (2005), who used the same XMM-Newton data
together with additional Chandra data to study DEM L316a. Since both results
were in good agreement, major flaws in the established model could be excluded.
In the following section, the results of the thus performed X-ray spectral analysis
of the supergiant shell LMC-SGS 2 are given.

5.5 X-ray Spectral Analysis

An X-ray spectral analysis of LMC-SGS 2 was performed using the data of the
seven XMM-Newton EPIC observations of the LMC-SGS 2 region (see Table 5.1).
As spectral extraction regions, the entire field of view of each individual observa-
tion was taken, and a spectral analysis has been performed individually for each
of these observations. In addition, one smaller spectral extraction region has been
defined for each pointing, which was taken as a cross-check for the fitting results

in which — besides the data itself — a lot of additional information about the data and the
observation can be stored.
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5.5 X-ray Spectral Analysis

of the entire FOV (see below). For the spectral fits, the model described in Sec-
tion 5.4 has been used. To model the emission of LMC-SGS 2, the Xspec models
apec, vpshock, and vnei were tested separately as source component (see Sect. 5.4).
Their temperature was fitted freely, while different temperatures were tried as a
starting point of the fits. The LMC-SGS2 data of each pointing were fitted si-
multaneously with the combined SEP data. Since the combined SEP observations
have much higher statistics than the individual LMC-SGS 2 observations, the SEP
data dominate in the calculation of the reduced y?. Hence, as a next step, the
back- and foreground components of the LMC-SGS 2 spectra were frozen at the
values determined during the simultaneous fits, and the SEP data were removed.
Thus, the source component of the LMC-SGS2 model was fitted again to the
LMC-SGS 2 data alone — without the SEP data, but with the previously deter-
mined, frozen background components — in order to obtain a more meaningful
reduced x?. (The same fitting method was applied to the DEM L299 spectra; see
Sect. 6.4.)

For Observation 7, which was initially intended as a test for the local background,
no conclusive fitting results could be achieved, due to the low statistics of this
observation. Therefore, this observation was not suitable for an additional, local
background estimation.

As spectral extraction regions of each observation, the entire FOV of the respec-
tive observation was chosen for each pointing, since the major part of the emission
present in these observations seems to originate from LMC-SGS2 and the X-ray
spur (see Fig. 5.9a). This estimation is not valid for Observations 1 and 3, which
show bright X-ray emission originating from DEM L299 (i.e. from the DEM L299
superbubble and from SNR B0543-68.9) and DEM L1316, respectively (see Figs. 5.1
and 5.4). Hence, the contribution of this emission to the LMC-SGS 2 emission was
accounted for by adding an additional component to the model of these observa-
tions with the best-fit parameters of DEM 1299 and DEM L316. The best-fit
parameters for DEM 1299 were taken from the X-ray spectral analysis performed
for the DEM L1299 superbubble and for SNR B0543-68.9 within the scope of this
thesis (see Chapt. 6), and those for DEM L316 from Williams and Chu (2005).
Since these additional components improved slightly the reduced x? of these fits,
the fitting results obtained with this additional model component were used when
determining the parameters of LMC-SGS 2.

To test the validity of the assumption that the FOV emission is dominated by the
LMC-SGS 2 emission, smaller spectral extraction regions were defined, which pos-
sess lower statistics but do not go beyond the border of LMC-SGS 2 or the X-ray
spur, as defined by the X-ray emission (see Fig. 5.9b). The selection criteria for
these smaller extraction regions comprised a coverage of LMC-SGS 2 or the X-ray
spur as defined in X-rays, as little stray light contamination through LMC X-1 as
possible (quantified through the X-ray images of Fig. 5.4), and the availability of
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Figure 5.9: Broadband X-ray image of Figure 5.4d showing the spectral extrac-
tion regions of LMC-SGS 2 and the X-ray spur. In (a), the spectral extraction
regions are defined as the FOV of each observation (marked in green), while
(b) shows the smaller extraction regions (marked in white), with the addition-
ally removed point sources marked with small, black circles. In both images,
the magenta circle indicates the position of the sphere which has been used to
determine the intersecting volume of the cylinder as defined by the spectral ex-
traction regions and the approximate volume of the supergiant shell. The blue
circle indicates the same for the X-ray spur.

data of all three XMM-Newton EPIC detectors for this region.® For Observation 1,
an area had to be selected for which no EPIC-MOS1 data were available, due to a
too large stray light contamination of the other parts of the FOV which cover the
LMC-SGS 2 emission. Thus, the spectra of this region possess a lower statistics
than that of the other regions. For the smaller extraction regions, seven additional
point sources have been excluded, which were not detected during point-source
screening: two point sources in Observation 1, one point source in Observation 2,
and four point sources in Observation 4 (see Fig. 5.9b). These point sources were

not detected during data processing and are not excluded in the spectra of the
entire FOV.

8 For all observations, data of at least one EPIC-MOS detector had to be excluded from the
analysis due to anomalous state activity (see Sect. 4.1).
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Table 5.4: Best-fit parameters obtained for the XMM-Newton EPIC observations
of LMC-SGS 2 (Obs. 1-4) and the X-ray spur (Obs. 5 and 6) for the entire FOV
of each observation (see Fig. 5.9a). In addition, the average values of the fitting
results are listed for LMC-SGS 2 and the X-ray spur. Listed is the temperature
kgT', the ionization timescale 7, the normalization norm (also referred to as
K), the column density Ny rmc of hydrogen within the LMC, and the reduced
x? of the fits with (first value) and without (second value, in parenthesis) the
influence of the SEP observations on the reduced y2. For Observation 1 and 3,
those fitting results are listed for which the additional sources of emission within
the FOV have been modeled. For all observations, these best-fit parameters
were obtained with the vpshock model. Uncertainties are upper and lower 90 %
confidence ranges.

Obs.-1D kT T norm Nu1mc Red. 2
[keV| [10sem™3] [1072cm ™) [1022 cm ™2

1) 0094410101  0.63(0.60-0.66) 2.2(2.1-2.7) 1.1(1.0-1.2) 0.42(0.38-0.45) 1.1(1.5)
2) 0201030201  0.52(0.49-0.54) 4.9(4.1-57) 0.85(0.75-1.0) 0.45(0.39-0.52)  1.1(1.6)
3) 0201030101  0.62(0.60-0.65) 2.3(1.9-3.0) 0.69(0.61-0.79) 0.60(0.53-0.61)  1.2(1.6)
4) 0094410201 0.61(0.60-0.62) 2.9 (2.7-3.2) 1.2(1.1-1.3) 0.26 (0.25-029) 1.3(1.9)
LMC-SGS2  0.60(0.58-0.62) 3.1(2.8-3.5) 0.96(0.91-1.02) 0.43(0.40-0.46) 1.2(1.7)
5) 0094410701  0.58 (0.54-0.59) 4.1(3.3-5.2) 1.1(0.9-1.3) 0.14 (0.08-0.22) 1.1(2.0)
6) 0201030301  0.47 (0.45-0.49) 5.1 (4.6-5.6) 1.6(1.4-1.8) 0.38(0.34-0.42) 1.3(1.8)
X-ray spur 0.53(0.50-0.55) 4.6 (4.1-5.3) 1.411.2-1.6) 0.26 (0.22-0.30)  1.2(1.9)

Table 5.5: Same as Table 5.4, but for the fitting results of the smaller spectral
extraction regions as indicated in Figure 5.9b.

Obs.-ID kgT T norm Nu,Lmc Red. 2
[keV] [10"sem™3] [1072cm™?) [1022 cm 2|

1) 0094410101 0.56(0.48-0.62) 3.6(2.3-53) 0.13(0.10-0.18) 0.33(0.21-0.48)  0.9(1.2)
2) 0201030201  0.51 (0.47-0.54) 6.4(48-89) 0.24(0.20-0.32) 0.50 (0.47-0.54)  1.0(1.6)
3) 0201030101  0.59 (0.47-0.64) 5.3(1.6-86) 0.17(0.16-0.36) 0.57 (0.52-0.91)  0.9(1.6)
4) 0094410201 0.62(0.60-0.64) 3.2(2.6-3.8) 0.33(0.31-0.36) 0.25(0.20-0.29)  0.9(1.2)
LMC-SGS2  0.57(0.54-0.63) 4.6(35-58) 0.22(0.20-0.28) 0.41(0.37-0.51)  1.0(1.5)
5) 0094410701 0.63 (0.55-0.73) 2.6(1.2-4.6) 0.12(0.10-0.17) 0.14(0.01-0.31)  0.9(1.4)
6) 0201030301  0.42(0.31-047)  9.8(>6.9)  0.25(0.19-0.54) 0.41(0.33-0.56)  0.9(1.4)
X-ray spur 0.53(0.46-0.59)  6.2(>4.5) 0.19(0.15-0.34) 0.28(0.20-0.40) 0.9 (1.4)
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Figure 5.10: Source and SEP data points and fitted model for the entire FOV
of Observation 1 with Obs.-ID 0094410101, for (a) the EPIC-MOS1 and EPIC-
MOS2 detectors, and (b) the EPIC-pn detector. For these fits, the vpshock
model has been used as the source component. The spectrum is plotted in an
energy range of 0.4-2.5keV, and the residuals are shown in the lower part of
the plot. The modelled residual soft proton component is visible as a straight
line. Crosses indicate data points, while the solid lines are the fitted model
with (upper line) and without (lower line) the contribution of the residual soft
proton component to the model.
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Figure 5.11: Same as Figure 5.10, but for Obs. 2 with Obs.-ID 0201030201.
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Figure 5.12: Same as Figure 5.10, but for Obs. 3 with Obs.-ID 0201030101.
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Figure 5.13: Same as Figure 5.10, but for Obs. 4 with Obs.-ID 0094410201.
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Figure 5.14: Same as Figure 5.10, but for Obs. 5 with Obs.-ID 0094410701.
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Figure 5.15: Same as Figure 5.10, but for Obs. 6 with Obs.-ID 0201030301.
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5.5 X-ray Spectral Analysis

For the observations of the supergiant shell and of the X-ray spur, the best re-
duced y? was obtained with the vpshock model. The resulting best-fit parameters
for the FOV extraction regions and for the smaller extraction regions are listed
in Table 5.4 and 5.5. The spectral fits of the entire FOV of the individual ob-
servations and the respective smaller extraction region resulted in similar best-fit
temperatures with overlapping confidence intervalls. Thus, temperatures obtained
from the FOV of each observation were confirmed by the fitting results of the
smaller regions. The results of both types of extraction regions will be considered
in Section 5.6 when determining further properties of LMC-SGS 2 and the X-ray
spur. The fitted spectra extracted from the entire FOV of the individual pointings
are plotted in Figure 5.10-5.15. The four individual LMC-SGS 2 observations re-
sulted to have an average temperature of (0.607505) keV, i.e. (7.0703) x 10°K, (for
the smaller extraction regions: (0.577505) keV, i.e. (6.7737) x 10°K) and an aver-
age column density of (0.4375:53) x 10?22 cm™2 (for the smaller extraction regions:
(0.4115:39) x 1022 cm™2). The average ionization timescale was determined to be
(3.1703) x 10 sem™ (for the smaller extraction regions: (4.67}7) x 10 scm™3),
indicating that the gas has not yet re-established collisional ionization equilibrium.
For the X-ray spur, the best-fit results were also obtained with the vpshock model.
For this region, an average temperature of (0.537002)keV, i.e. (6.270%) x 10°K,
(for the smaller extraction regions: (0.537095)keV, i.e. (6.2737) x 10°K) was de-
termined, which is lower than for LMC-SGS2. Also, the column density of
(0.2615:57) x 1022 cm™2 (for the smaller extraction regions: (0.2870732) x 1022 cm™2)
is slightly lower than that for the supergiant shell. The ionization timescale was
found to be (4.6707) x 10" scm™ (for the smaller extraction regions: 6.2 (> 4.5)
x 10" sem™3), indicating collisional non-equilibrium ionization. The determined
temperature for LMC-SGS 2 is higher but comparable with the 0.43keV as deter-
mined by Wang and Helfand (1991) using data from the Einstein observatory and
assuming a column density of ~0.3 x 10?2 cm~2. This assumed column density is
comparable to the one determined during the spectral analysis performed within
the scope of this thesis. Considering the different column densities, the resulting
temperatures seem to be in good agreement. Points et al. (2000) used the ROSAT
data to study individual regions of LMC-SGS 2, for which they determined a tem-
perature range of 0.1-0.7keV for the supergiant shell and 0.1-0.5keV for the
X-ray spur, which is in good agreement with the results of the analysis performed
within the scope of this thesis. The same holds for the column density, for which
Points et al. (2000) assumed values of ~0.45 (0.8-1.25) x 10*?cm~2 for LMC-
SGS2 and ~0.42 (0.07-1.35) x 10?2 cm™2 for the X-ray spur (see Sect. 5.1).

The resulting column density towards the X-ray spur is much lower than the one
determined towards LMC-SGS2. Furthermore, the column density determined
for Observations 2 and 3 are higher than those resulting for Observation 1 and 4,
which is valid in particular for the fitting results of the smaller extraction re-
gions listed in Table 5.5. This is in agreement with the X-ray morphology of
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LMC-SGS 2 in the soft and medium energy band, in which the eastern part of the
supergiant shell shows fainter X-ray emission than its western part (cf. Fig. 5.4),
corresponding to a higher absorption.

5.6 Discussion

In this section, the fitted parameters of LMC-SGS2 and the X-ray spur as de-
scribed in Section 5.5 are used to calculate further properties of both objects. For
these calculations, the ideal gas equations are used. A more detailed description
of the used formulae can be found in Section 6.5.2, in which similar calculations
have been performed for the DEM 1299 superbubble.

The calculations have been performed individually for the average spectral results
of the FOV and of the smaller extraction regions. The differences of the results
of the spectral analysis for the different types of extraction regions had only a
minor influence on the results of the properties determined in this section, with a
difference of less than ~ 5% for LMC-SGS 2 and less than ~ 8% for the X-ray
spur, and with the results for both extraction regions lying within the confidence
ranges of each other for each observations, respectively.

The total hydrogen number density nugas of the hot gas inside LMC-SGS 2 was
determined by using the fitted normalization K of the vpshock model, which pro-
vided the best fitting results for all pointings. For each of the four observations
which cover LMC-SGS2 (Obs. 1—4), a total hydrogen number density was deter-
mined using the equation

An K D? 1/2
i = ( T ) , (5.1)

1.2 x 104V, ¢

with D being the distance to the LMC and Vi, being the volume resulting from
the spectral extraction. For the calculation done for the entire FOV of each
observation, this volume was defined as the intersection between a cylinder with
a radius of R. = 15" (as defined by the FOV of the individual observations) and
a sphere with a radius Rg = 26" (as given by Kim et al. (2003) for LMC-SGS 2 as
defined in H I), as shown in Figure 5.9a. The intersecting volume of both geometric
shapes were determined according to Lamarche and Leroy (1990). This resulted
in intersecting volumes of 2.08 x 10% cm?, 1.31 x 10%3 cm?, 9.95 x 102 cm?®, and
2.73 x 10% cm?® for Observations 1-4. For the smaller extraction regions, the
intersection of the respective cylinder defined by each extraction region and the
sphere with a radius of Rg = 26" was taken (see Fig. 5.9b). This resulted in
volumes of 3.67 x 102 cm?, 3.22 x 1092 cm?, 2.75 x 102 cm?, and 6.86 x 1052 cm3
for Observations 1—-4. The filling factor ¢ for the hot gas inside the supergiant
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shell was assumed to be equal to one. Averaging over the individual results for
nm,sgs obtained for each of the four observations, a mean total hydrogen number
density < npgas > of (0.01210501) ¢~*° cm™3 was obtained for LMC-SGS?2 as
determined for the FOVs, and of (0.01275:00%) %% cm ™ as determined for the
smaller extraction regions. This average value for LMC-SGS 2 has been used to
calculate the thermal pressure of the hot gas inside the supergiant shell by using
the ideal gas equation, resulting in

pSGS,i/kB =231 < npsgs > < TX,SGS > = (191_83) X 105 ¢—0.5 CIIl_3K, (52)

with < Txgsas > being the average fitted X-ray temperature of (0.607003) keV
for LMC-SGS2 as determined for the FOV (see Table 5.4).° For the smaller
extraction regions, the average temperature of (0.577005) keV lead to a thermal
pressure of (1.8703) x 10°¢%°cm™3K. The resulting thermal pressure is in
agreement with the pressure of ~10°-10°cm 3K as expected for star-forming
regions (Malhotra et al., 2001) and conforms to the value of ~10%cm 3K as es-
timated by Oey and Garcia-Segura (2004) for the LMC. The resulting pressure
is higher than determined for example for another LMC supergiant shell (LMC-
SGS4: psasi/ks =2 x 10*cm ™ K, Bomans et al., 1994) using ROSAT data, but
comparable values and higher values have also been obtained for LMC superbub-
bles (e.g. for LHA-N 158: pspi/kp = (1.1703) x 108¢~%° cm 3 K, Sasaki et al.,
2011). Despite of the high interior pressure of the supergiant shell, it can survive
in the LMC due to the galaxy’s large interstellar pressure, which counteracts the
shell growth (Oey and Garcia-Segura, 2004). A large interstellar pressure, which
is larger than the midplane pressure estimated for the Milky Way (3 x 10* cm 3 K,
see e.g. Oey and Garcia-Segura, 2004), is typical for star-forming galaxies, since
the turbulent pressure, cosmic-ray pressure, and magnetic pressure increase with
the star-formation rate (e.g. Oey and Garcia-Segura, 2004). In addition, the ex-
pansion of the bubble leads to a compression of the ambient magnetic field, which
counteracts the expansion as a self-induced impedance (Slavin and Cox, 1992).
The thermal energy content of the hot gas inside the supergiant shell can be
determined by using the ideal gas equations through the following relation:

Emsas = (3/2) psas,iVeas ¢ = (1.1103) x 107 ¢*° erg, (5.3)

with Vsas = (2.8870:2%) x 10% cm?® being the volume of LMC-SGS2 as defined by
the X-ray emission (see Fig. 5.16). This volume has been approximated by an

/ /
ellipsoid with radii of a = 18.’5jg;(1°’ =c (ie. (~269733)pc) and b = 22{23,3 (i.e.
(~323720) pc), as indicated in Figure 5.16. For the smaller extraction regions, a
thermal energy content of (1.1703) x 10°% ¢*° erg has been obtained.

9 Unless otherwise stated, the given values are the results as obtained from the data of the entire
FOV, while the results from the smaller spectral extraction regions are given in brackets.
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Figure 5.16: Broadband X-ray image of Figure 5.4d, in which the areas are indi-
cated which show diffuse X-ray emission projected towards LMC-SGS 2 (marked
in green) and towards the X-ray spur (marked in white). These ellipses have
been used to estimate the volume of the X-ray emitting region of LMC-SGS 2
and the X-ray spur.

As expected, the calculated thermal energy content of the hot gas is lower than
the energy input of ~3 x 105 erg through stellar winds and supernovae which
has been determined by Wang and Helfand (1991) using data of the Einstein
Observatory. The thermal energy of the hot gas is required to be lower than the
total energy input, since part of the energy can be found as kinetic energy of the
warm and cold shell of the supergiant shell.

The mass of the hot gas inside LMC-SGS 2 has been calculated by applying the
equation

MSGS,i =231 < nHsGs > MmH‘/éGS gb = (411_?(1)) X 104 ¢0'5 M@, (54)

with © = 0.61 being the molecular weight of a fully ionized gas and my being the
hydrogen mass. For the smaller extraction regions, a mass of (4.179:9) x 10* ¢*> M,
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has been determined. The mass and the thermal energy content of the hot gas
have a strong dependance on the volume assumed for the X-ray emitting region.
Thus, an increase of the volume by a factor of two leads to an increase of the mass
and energy content of about the same factor. This should be kept in mind when
considering these values.

The same calculations have been performed for the X-ray spur which extends
south of LMC-SGS2. For the calculations performed with the fitting results
for the entire FOV of each observation, the volume Vi, xg has been assumed
to be equal to the intersecting volume of a cylinder with a radius of 15’ (corre-
sponding to the FOV of each individual observation) and a sphere with a radius
~200 pc (as assumed by Points et al. (2000) for half the width and depth of
the X-ray spur), as can be seen in Figure 5.9a. This intersecting volume has
been determined according to Lamarche and Leroy (1990) and resulted to be
1.002 x 10% ¢cm? and 2.222 x 10% ¢cm?® for Observations 5 and 6. (For the intersec-
tion of the sphere with the cylinders as defined by the smaller extraction regions,
a volume of 2.619 x 1052 cm? and 2.020 x 1052 cm® has been determined for Obser-
vations 5 and 6; see Fig. 5.9b.) This led to a mean total hydrogen number density
of < nusasxs >= (0.01570002) %> cm=3. (For the smaller extraction regions,
a value of (0.0147505,) #~%% cm™> has been obtained.) The volume of the X-ray
emitting region required for the determination of the thermal energy content and
the mass of the hot gas has been defined according to the X-ray images as an el-

lipse with radii of a = 21{66j8§z (ie. (~314.8770) pc) and b = 13(763;2; = c (i.e.
(~199.972%7) pc), resulting in a volume of (1.54810-315) x 10%% cm?® (see Fig. 5.16).
For the hot gas,

— a pressure of psgs xsi/kp = (2.1707) x 10°¢7%° cm 3K,

(for the smaller extraction regions: (< 2.07%4) x 10°¢%% cm ™2 K)
— a thermal energy content of Ey, sas.xs = (0.67703]) x 10% ¢%? erg
(for the smaller extraction regions: (< 0.64719) x 105 ¢%5 erg), and
— amass of Msgsxs; = (2.8705) x 10 ¢% My,
(for the smaller extraction regions: (< 2.6%7%7) x 10* ¢"> M)

were calculated. Again, the mass and the energy content depend strongly on
the assumed volume of the X-ray emitting region. Furthermore, it has to be
considered that Observation 5 does not only have a lower statistics than the other
observations (see Table 5.2), but that it includes emission of both the X-ray spur
and of LMC-SGS 2. Thus, for the X-ray spur, the results of the smaller extraction
regions should be favored instead of the entire FOV, although they possess the
lower statistics.
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The values obtained for the X-ray spur can be used to determine an estimation of
the parameters for LMC-SGS 2 plus the X-ray spur, for the case that both areas
should be physically connected. Adding both results,

— a the thermal energy content of Eiy, sgs = (1.819%) x 10 ¢*Serg
(for the smaller extraction regions: (< 1.7t%4) x 10° ¢%%erg), and
— a mass of Mggs; = (6.9J_r(1)j2) x 10% ¢ Mg
(for the smaller extraction regions: (< 6.712) x 10* ¢%5 M)

were obtained for the hot gas.

All determined parameters are consistent with the concept of a supergiant shell. In
order to get better constraints on the parameters, more detailed spectral extraction
regions are required, as well as longer observation times. This would also allow
for a more detailed analysis of the spatial dependance of the different parameters,
which requires longer observation times, since the current X-ray data possess too
low statistics for the definition of small spectral extraction regions.

5.7 Summary and Outlook

In this chapter, the morphological and X-ray spectral analysis of LMC-SGS 2
and the X-ray spur were presented. After an introduction to the used data sets
of XMM-Newton and to the model used for the spectral fits, the morphological
studies performed in X-ray, optical, and radio wavelengths were presented. For
these studies, X-ray images of the LMC-SGS 2 region were created which show
the supergiant shell in more detail than previous studies did. This allows a more
precise confinement of the supergiant shell, enabling a better characterization of
its properties.

In the X-ray spectral analysis, basic properties of LMC-SGS 2 and the X-ray spur
could be determined for two kinds of spectral extraction regions. For both LMC-
SGS 2 and the X-ray spur, the best fitting results were achieved with the vpshock
model.

For LMC-SGS 2, the obtained average best-fit values for the FOVs are

— a temperature of kgTx sas = (0.607003) keV

(for the smaller extraction regions: (0.577305) keV),

— an ionization timescale of Tsgs = (3.170%) x 10" scm™
(for the smaller extraction regions: (4.671%) x 10" secm™3), and

— a column density within the LMC of Ngpycsas = (0.437003) x 1022 cm 2
(for the smaller extraction regions: (0.41703%) x 102cm=2 ).

3
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The X-ray spur was found to have

— a temperature of kgTk sas.xs = (0.537003) keV
(for the smaller extraction regions: (0.53%395) keV),
~ an ionization timescale of Tsgsxs = (4.670%) x 10" scm™
(for the smaller extraction regions: 6.2 (> 4.5) x 10! scm™3), and
— a column density of Ny mcsasxs = (0.2675:07) x 1022 cm—2

for the smaller extraction regions: (0.287912) x 10?2 cm=2 ).
0.08

3

The obtained temperatures and the densities are consistent with values reported
in previous studies by Wang and Helfand (1991) and Points et al. (2000). Fur-
thermore, the column densities are coherent with the results of the morphologi-
cal studies. The ideal gas equations were used to calculate further properties of
LMC-SGS 2 and the X-ray spur out of the parameters obtained during the spec-
tral analysis. A summary of these determined properties is provided in Table 5.6.
By comparison with the smaller extraction regions, it was shown that the spec-
tral extracted from the entire FOV of each observation are representative for the
emission of LMC-SGS2 and the X-ray spur. When considering these results, it
should be kept in mind that the thermal energy content and the mass of the hot
gas depend strongly on the volume assumed for the X-ray emitting gas.

To obtain more precise values for the parameters of LMC-SGS 2 and the X-ray
spur, a spectral analysis of smaller regions is necessary, which follow the morphol-
ogy of the X-ray emission more accurately. Since the current XMM-Newton data
possess too low statistics for the definition of small spectral extraction regions,
further X-ray observations are required to perform a detailed morphological and
spectral spatial analysis of LMC-SGS 2, in which the spatial dependance of these
parameters can be examined. An estimation of the stray light contamination of
these pointings by LMC X-1 will allow to determine the properties of the gas more
accurately. A population study of the LMC-SGS 2 region would enable the cre-
ation of an energy budget for the supergiant shell. This could be used to test if the
growth-rate discrepancy (see Sect. 2.4.1) observed for superbubbles also applies
for LMC-SGS 2. Furthermore, the luminosity of LMC-SGS2 can be determined
out of the X-ray data. In order to obtain a good estimate for the luminosity,
the contribution of low- and high-mass stars to the diffuse X-ray emission of this
region has to be determined. Additional X-ray observations of the X-ray spur — in
particular of the region covered by Observation 5 which was heavily contaminated
by solar flares — will allow for a more complete mass and energy determination
for LMC-SGS 2 and the X-ray spur. In addition, the stellar contribution to the
diffuse emission of LMC-SGS 2 and in particular of the X-ray spur has to be in-
vestigated by performing a population study and determining the number of low-
and high-mass stars within this region.
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Chapter 5 Supergiant Shell LMC-SGS 2

All these studies are complicated by the vast extent (~900pc) of the supergiant
shell. These tasks are easier to accomplish for superbubbles, which follow the same
physical principles as supergiant shells, but have much smaller sizes of ~ 100 pc.
The studies performed within the scope of this thesis for the DEM L299 super-
bubble are discussed in the following chapter, together with the analysis of the
supernova remnant SNR B0543-68.9.
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Table 5.6: Summary of the calculated properties of supergiant shell LMC-SGS 2,
the X-ray spur, and the combined values for the supergiant shell plus X-ray
spur. Given are the results for the FOV of the observations and for the smaller
extraction regions (s.e.r.).

Object Parameter Value Unit
P k 1. +0.2 10° —0.5 -3 K
Supergiant Shell | | 1e51re/ ke 9-02 x10%¢™ em
LMC-SGS 2; Thermal energy content 11152 x 10%3¢%5 erg
FOV Mass of the hot gas 41198 x 10% %5 M,
inside the superbubble
P k 1. +0.4 10°49-5 S K
Supergiant Shell ressure/kp 802 X 10°%97 " em
LMC-SGS 2; Thermal energy content — 1.1703 x 10%3¢%5 erg
S-et Mass of the hot gas 41199 x 10 %5 M,
inside the superbubble
X-ray spur; Pressure/kp 21704 x 10°%¢7 %% em 3 K
FOV Thermal energy content  0.67703] x 103 %5 erg
Mass of hot gas 2.870% x 101 ¢%° M,
X-ray Spur; Pressure/kg < 2.0104 x 10°¢ %% ecm 3 K
S.€.I. Thermal energy content < 0.64701%  x 1053 ¢S erg
Mass of hot gas < 2.6%07 x 10% %5 M,
Combined LMC- | Therppal energy content  1.8703 x 10°3¢%5 erg
SGS2 & X-ray
spur; FOV Mass of hot gas 6.970 x 10 ¢*5 Mg,
Combined LMC- | Thermal energy content < 1.7+04 X 10%3¢%5 erg
SGS2 & X-ray
SpUT; S.0.1. Mass of hot gas < 6.7112 x 10% ¢%° Mg,
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Chapter 6

DEM L299: Supernova Remnant
and Superbubble

The H II region DEM 1299 is a complex area of interstellar medium, which
is located in the eastern part of the Large Magellanic Cloud and harbors the
supernova remnant SNR B0543-68.9. It can be found east of the famous and large
star-formation region 30 Doradus, and lies at the northern rim of the supergiant
shell LMC-SGS 2. In the course of this dissertation, the morphology of DEM 1.299
has been studied at optical, radio, and X-ray wavelengths and a spectral analysis
has been performed in the X-ray band. In optical light, emission line studies
reveal the distribution and composition of the ionized and therefore warm gas of
DEM L299. At radio frequencies, 21 cm H I data show the distribution of the
neutral hydrogen of this region, and radio-continuum data provide information
whether the radiation is of thermal or non-thermal origin. By using X-rays, the
hot interstellar medium can be observed. These studies revealed a more complex
structure of DEM L1299 as expected on first glance, giving strong evidence for
DEM L299 to be a superposition of the supernova remnant SNR B0543-68.9 with
a superbubble.

In this chapter, the analyses of DEM 1299 which have been performed within the
scope of this thesis are described and the results of these studies are given. After an
introduction to the DEM 1299 region (see Sect. 6.1), the X-ray, optical, and radio
data are presented (see Sect. 6.2). Section 6.3 discusses the morphological studies
in these energy bands, followed by a description of the X-ray spectral analysis in
Section 6.4. The results of these studies are used to calculate further properties
of SNR B0543-68.9, the superbubble, and the blowout of the superbubble which
is indicated by the optical images (see Sect. 6.5). The effects of non-equilibrium
ionization on the resulting values are discussed and the contribution of stars to the
X-ray luminosity of DEM L1299 is determined. Finally, the energy and mass input
to the superbubble through stellar winds and supernovae is calculated, before the
chapter is concluded with a summary (Sect. 6.6). The analyses of the DEM 1299
region and their results are published in Warth et al. (2014).
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6.1 Introduction to DEM L299

DEM 1299 is an H II region which has first been listed in the Ha catalog of
Henize (1956) as the emission nebula LHA 120-N 165. In optical light, this H II
region has a shell-like structure with a shell diameter of ~5/8 x 4’ correspond-
ing to ~84pc x 58pc assuming an LMC distance of 50 kpc (Pietrzynski et al.,
2013), and a central cavity of 1/8 x 2/3 (26 pc x 33 pc), as determined by Desai
et al. (2010). DEM L1299 has been observed by the Einstein Observatory (Long
et al., 1981; Wang et al., 1991) and by ROSAT (Haberl and Pietsch, 1999). While
its X-ray size of 4'3 (62 pc) approximately corresponds to its optical size, it has
a much smaller radio extent of 3’ (44 pc) as determined by Berkhuijsen (1986).
Within DEM L299 lies the supernova remnant SNR B0543-68.9, which has been
classified as an SNR candidate in the Ha catalog of Davies et al. (1976) and has
been optically confirmed by Mathewson et al. (1983).

The area around DEM L299 as observed in optical wavelengths is shown in Fig-
ure 6.1. Another, smaller H II region is projected at the north-western rim of
DEM L299 with a diameter of ~1’. This H II region contains a young stellar ob-
ject as well as an OB-star and is located exterior to the boundary of SNR B0543-
68.9 (Desai et al., 2010). South of DEM L299 lies the H II region LHA 120-N 164,
and in the west DEM 1297 is situated. The H II region DEM 1299 itself has pre-
viously not been studied very thoroughly due to its proximity to 30 Doradus and
the busy field of view which makes it hard to observe, considering the given light-
contamination and confusion with back- and foreground interstellar medium (cf.
Fig. 6.1). The studies of DEM 1299 performed in the course of this dissertation
are the subject of this chapter and will be discussed in the following sections.

6.2 X-ray, Optical, and Radio Data

For the multi-wavelength study, data of X-ray, optical and radio wavelengths were
used. These data and their reduction are discussed in this section.

For the X-ray analysis, data of the European Photon Imaging Camera of the
satellite XMM-Newton were used (see Chapt. 3 for more information about XMM-
Newton). For this study, the archived XMM-Newton observation 0094410101 was
used, which will be hereafter referred to as the DEM L299 observation. This is
one of the six observations used to investigate the supergiant shell LMC-SGS 2
as described in Chapter 5 and is roughly centered on the H II region LHA 120-
N 164 which lies south of DEM L299 (cf. Fig. 6.1). This observation was taken
in 2001 in full-frame mode with the medium filter and has an original duration
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Figure 6.1: Three-color image of the vicinity of DEM L1299 as observed in optical
wavelengths. Ho emission is plotted in red, [S II] emission in green, and [O III]
emission in blue. DEM L299 is visible at the center of the image as a shell-like
structure, with the H II regions LHA 120-N 164 and DEM L297 lying south and
west of it. The image is dominated by the bright star-forming region 30 Doradus
in the west, and the northern half of the supergiant shell LMC-SGS 2 can be seen
as a filamentary structure in the south-east. The image has been created out
of MCELS data and shows an area of the sky of ~ 67" x 50’ (~974 pc X 727 pc)
with east towards the left side of the image and north upwards.
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Table 6.1: Table showing the specifications of the XMM-Newton observations
used for the X-ray analysis. Given are the soft proton flare filtered, effective
observation times for the DEM L299 and the three SEP observations.

Observed Obs.-ID Filter Eff. Obs. Time P1” Obs.
Region MOS1 MOS2 pn Date
[ks| [ks| [ks|

DEM L299 0094410101 Medium  11.3 114 89 Y.-H. Chu 2001
SEP 0162160101  Thinl 12.0 124 9.8 B. Altieri 2003
SEP 0162160301  Thinl 8.6 8.6 8.0 B. Altieri 2003
SEP 0162160501  Thinl 9.5 9.3 7.8 B. Altieri 2003

* P.1.: principal investigator.

of 12ks. After data processing, an effective observation time of 11 ks for the EPIC-
MOS1 and EPIC-MOS2 detectors and 9 ks for the EPIC-pn detector were obtained
(for more information about the observation and about the data processing, see
Sect. 5.2 and Chapt. 4). Analog to the studies of supergiant shell LMC-SGS 2 (see
Chapt. 5), the three combined observations of the South Ecliptic Pole (SEP) were
used for background estimation, with an effective observation time of 30 ks for the
EPIC-MOS1 and EPIC-MOS2 detectors and 26 ks for the EPIC-pn detector. More
information about these four observations can also be found in Section 5.2 and in
Table 6.1. The processing of these data was performed as described in Chapter 4
with the help of the XMM-Newton ESAS package. During the processing, the
quiescent particle background, soft proton flares, and point sources were identified
and subtracted. EPIC-MOS1 CCD5 of the DEM L1299 observation has been found
to be operating in an anomalous state and its data were therefore excluded from
the analysis. The same is true for EPIC-MOS1 CCD4 of the SEP observation
with Observation-ID 0162160301.

For the optical studies of DEM L1299, data of the Magellanic Cloud Emission
Line Survey (MCELS)!' have been used (e.g. Smith et al., 2000). This survey
is supported by the Cerro Tololo Inter-American Observatory (CTIO)? and the
University of Michigan (UM). It covers most of the ionized interstellar medium
of the Large and the Small Magellanic Cloud in three optical emission lines: the
Ho line at 6563 A, which is the transition line from the state of principle quantum
number n = 2 to the n = 3 state of neutral hydrogen, and the two forbidden lines
[S 11| and [O III] at 6724 A and 5007 A. In addition, two continuum bands have
been used in the survey for the subtraction of the stellar continuum. The data

! Magellanic Cloud Emission Line Survey (MCELS) homepage: http://www.ctio.noao.edu/
mcels/
2 For more information about the CTIO, see http://www.ctio.noao.edu/noao/
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6.2 X-ray, Optical, and Radio Data

have been taken with the UM /CTIO Curtis Schmidt telescope, which is situated at
CTIO in Chile to where it was moved in 1966 due to better observation conditions,
after it had been installed in Michigan at the Portage Lake Observatory in 1950.
This telescope is a 0.6-meter aperture f/3.5 Schmidt telescope and is dedicated
to study artificial space debris. It has a SITE 2048 x 2048 CCD camera with a
resolution of 273 /pixel and an FOV of 1.35° x 1.35° per image.

The MCELS data used in this analysis were reduced by Sean D. Points from the
Cerro Tololo Inter-American Observatory, Chile. The data were sky-subtracted,
flux-calibrated, and continuum subtracted. The images created out of these data
are exposure time normalized to one second and smoothed.

In addition to these MCELS optical emission line data, radio-continuum data and
H I 21 cm emission line data were used to study DEM L299 at radio wavelengths.
For the radio-continuum studies, data of the Molonglo Synthesis Telescope (MOST)
and the Australia Telescope Compact Array (ATCA) were used. MOST is a radio
telescope observing at 843 MHz operated by the School of Physics of the Univer-
sity of Sydney and is located near the Molonglo River close to Canberra, Australia
(see Fig. 6.2a). It consists of two cylindrical paraboloids and has a total size of
1.5km x 12m (see MOST homepage®). The telescope is east-west aligned and
can be rotated around its longer axis. MOST performed for example the Sydney
University Molonglo Sky Survey (SUMSS) of the Southern Hemisphere. ATCA
is an Australian telescope array which consists of five movable and one fixed 22-
meter antennas (see Fig. 6.2b). The dishes can be moved in configurations with
baselines between 75m and 6 km. Thus, wavelengths between 0.3 cm and 20 cm
can be observed (see ATCA Users Guide, 2010). It is located at the Narrabri Ob-
servatory and is part of the Australia Telescope National Facility (ATNF)?*. The
MOST and ATCA data of DEM 1299 which were used within this thesis were
processed by Luke M. Bozzetto and Miroslav D. Filipovi¢ from the University of
Western Sydney, Australia. They used unpublished images as described by Mills
et al. (1984) for 36 cm flux density measurements and images from Hughes et al.
(2007) for 20 cm measurements. Furthermore, they combined the ATCA obser-
vations with mosaic observations from project C918 (Dickel et al., 2005). More
about this radio-continuum data and the data reduction can be found for example
in Warth et al. (2014).

3 MOST homepage: http://www.physics.usyd.edu.au/sifa/Main/MOST

4 ATNF — Australia Telescope National Facility: The ATNF is operated by Australia’s national
science agency CSIRO, the Commonwealth Scientific and Industrial Research Organisation.
ATNF is a facility which is supporting Australia’s research in radio astronomy. The four
Australian radio observatories which are part of the ATNF — among them the ATCA and
Parkes telescopes — can be used together for Very Long Baseline Interferometry which yields
highly resolved radio data.
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Figure 6.2: Three Australian radio telescopes. (a): The MOST radio telescope
consists of two cylindrical paraboloids with a total size of 1.5km x 12m. It
is situated near Canberra, Australia. Credit: George Warr (MOST home-
page, http://www.physics.usyd.edu.au/sifa/Main/MOST) (b): Image of the
ATCA radio observatory located near Narrabri, Australia. Shown are five of
the six 22 m antennas, with the sixth being located 3 km further west. Credit:
ATCA Users Guide (2010). (c): Image of the 64m Parkes radio telescope sit-
uated near Parkes, Australia. Credit: Parkes homepage: http://www.csiro.
au/Portals/Education/Programs/Parkes-Radio-Telescope.aspx.
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6.3 Morphological Studies

To perform the H I 21 cm radio analysis, data of the Magellanic Cloud Survey
(MCS; Kim et al., 1998, 2003) were used which can be retrieved from the project’s
web page®. The MCS is an H I survey of the LMC which combines ATCA and
Parkes multi-beam receiver data. The Parkes radio telescope, lying close to the
same-named town in Australia, is a movable 64-meter dish telescope which has
been operating since 1961 (Fig. 6.2c). It is part of the ATNF and has also been
used e.g. for the communication with space missions like the Apollo missions and
the Mars rover. The Parkes multi-beam receiver is a 13-beam cooled 21 cm receiver
system mounted at the prime focus of the dish. More about this receiver can be
found in Staveley-Smith et al. (1996).

For the MCS, the ATCA data provide information about the small-scale structure
of the ISM below 20/, while the Parkes data give new insights into the large-scale
structure of the LMC above 1°. The merged data set, which can be downloaded
from the MCS web page®, has a velocity resolution of 1.649km/s and is sensitive
to structures with a size of > 15 pc.

6.3 Morphological Studies

This section presents the studies which have been performed within the scope of
this thesis in X-ray, optical and radio energy bands to understand the morphology
of DEM L299. Within these studies, DEM L299 has been found to be a super-
position of the supernova remnant SNR B0543-68.9 and a superbubble. Different
properties of the SNR were used to determine its exact position and extend. While
the superbubble was identified using the optical data, H I 21 cm data were used
to investigate the position of both objects with respect to each other.

6.3.1 X-ray Images

To study the morphology of DEM 1299 in X-rays, images were created using
XMM-Newton EPIC data of observation 0094410101. The processing of these data
is described in Chapter 4. After data processing, the XMM-Newton ESAS tasks
comb and adapt 900 were used to create images which are adaptively smoothed,
point source subtracted, vignetting- and exposure-corrected, quiescent particle
background subtracted, and soft proton filtered (see Sect. 6.2). For these images,
the combined EPIC-MOS1, EPIC-MOS2, and EPIC-pn data were rebinned with
a factor of two, and adaptively smoothed with a smoothing counts value of 50.

> MCS homepage: http://www.atnf.csiro.au/research/Imc_h1/index.html
6 Query form for the online retrieval of MCS data: http://www.atnf.csiro.au/research/
HI/mc/queryForm.html
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Figure 6.3: Intensity-scaled XMM-Newton X-ray images showing DEM L1299 in
energy ranges of (a) 0.3—0.8keV (soft band), (b) 0.8—1.5keV (medium band),
(c) 1.5-4.5keV (hard band), and (d) 0.3-8.0keV (broad band). The im-
ages show an area of the sky of ~158pc x 125 pc (1079 x 8/6) and have been
smoothed adaptively and additionally by a Gaussian with a kernel radius of
three pixels. Scales are in units of counts/s/deg?.
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Figure 6.4: Three-color X-ray image of DEM L1299 in which the soft energy band
(0.3-0.8keV) is plotted in red, the medium band (0.8-1.5keV) in green, and
the hard band (1.5—4.5keV) in blue. The image shows the same area of the sky
as Figure 6.3 and the same smoothing parameters and scale units were used.
Areas appearing in white color show an enhanced X-ray emission in all three
energy bands.

For a better presentation, these images were then smoothed again with a Gaussian
using a smoothing kernel radius of three pixels.

The resulting images are shown in Figure 6.3 in four different energy bands. These
images are intensity-scaled zoom-ins onto the FOV of the DEM L1299 observation
in the energy bands of

— 0.3-0.8keV (soft band),

— 0.8-1.5keV (medium band),
— 1.5-4.5keV (hard band), and
~ 0.3-8.0keV (broad band).

The images show an area of the sky of 10’9 x 8/6 which corresponds to a size of
~ 158 pc x 125 pc, assuming an LMC distance of 50kpc. At the center of each
image, DEM 1299 can easily be recognized as a region of enhanced diffuse X-ray
emission. A point source has been subtracted at the northern rim of DEM 1299,
which corresponds to the position of the stellar X-ray source [SHP2000| LMC 347
(Sasaki et al., 2000). In all four energy bands, the diffuse X-ray emission is bright-
est at the south-western part of DEM L299. This can also be seen in the three-color
image of Figure 6.4, which is a Red-Green-Blue (RGB) image that shows the soft
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energy band in red, the medium band in green, and the hard band in blue. In
these images, the area containing the brightest X-ray emission appears in white
color, indicating that it is bright in all three energy bands. The fact that the in-
tensity of the emission decreases in all energy bands around this area of enhanced
emission — and not only in the soft energy band — indicates that a true decrease of
diffuse X-ray emission is observed. In contrast, an only apparent decrease caused
by absorption would be observable only in the softer X-ray energy bands. In the
hard band, the enhanced emission is almost entirely restricted to this area, while
in the other three X-ray bands, the emission occupies a much larger area and has
a similar appearance in these bands.

6.3.2 Optical Images

For the studies of DEM L299 in optical wavelengths, optical images were cre-
ated out of the MCELS emission line data which were reduced by Sean D. Points
from the Cerro Tololo Inter-American Observatory, Chile. For the data reduc-
tion, he performed a continuum subtraction, flux calibration, sky subtraction,
and smoothed the images. The resulting Ha, [S II], and [O III] images are shown
in Figure 6.5.

All three images show a very similar appearance of DEM 1299 which is character-
ized by a shell-like structure with a diameter of 4’ (58 pc) and a central cavity with
a diameter of ~2' (~29pc). In [O III|, this shell has a break at its north-western
rim, while the [S II] and Ho images show a blurred structure at the position of
this break in the |O III| emission, which suggests a blowout from the shell-like
structure at this position. The blowout is also indicated by an enhancement in the
soft and medium X-ray emission at this position (Fig. 6.3), although the statistics
of the XMM-Newton X-ray observation of DEM 1299 is too low to obtain a clear
distinction of the blowout from the X-ray background. South-west of this shell
lies a region of enhanced Ha and [S II] emission which cannot be found in the
[O III| image. Apart from DEM 1299, the northern rim of the supergiant shell
LMC-SGS2 and LHA 120-N 164 are visible in the east as a filament and in the
south as a region of bright emission, respectively, and also DEM L1297 and the
YSO are easily identified (see Fig. 6.1 for the relative positions of these objects).

To determine the exact position of the supernova remnant SNR B0543-68.9, the
[S II] /Ha flux ratio can be used, since the relative flux of these two lines provides
information about the ionization mechanism that produced these ionization states
(see Sect. 2.5.3): a high ratio indicates shock-ionization, while a low ratio points
to photo-ionization. To investigate this, the flux-ratio image of DEM 1299 was
created (Fig. 6.6). A circular structure with an enhanced flux ratio and a radius
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Figure 6.5: Intensity-scaled, continuum-subtracted, flux-calibrated, sky-
subtracted, and smoothed optical images created out of MCELS data, showing
DEM L299 in (a) Ha, (b) [S II], and (c) [O III|. The white circle marks the
position of SNR B0543-68.9 as determined through the [S II|/Ha flux ratio (see
Fig. 6.6), while the black circle indicates the position of the Ha cavity. Overlaid
onto these images are the contours of the broadband X-ray image shown in Fig-
ure 6.3 with contour levels at 18, 28.5, 39, 49.5, and 60 counts/s/deg?. Scales
are in units of erg/cm?/s, and the shown area of the sky is the same as in Fig-
ure 6.3. The data were reduced by Sean D. Points, Cerro Tololo Inter-American
Observatory, Chile.
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Figure 6.6: S 11| /Ha flux-ratio image of DEM 1299, created out of the [S II] and
Ho images of Figure 6.5, showing the same are of the sky as Figure 6.3. (a):
A circular structure with an enhanced flux ratio is clearly visible in the center
of the image, being indicative for an SNR. (b): Same as (a), but with contour
levels at 0.46 and 0.67. The position of this circular structure is marked with
a white circle, while the black circle indicates the position of the Ha cavity as
defined in Figure 6.5. Apart from DEM 1299, LHA 120-N 164 is visible in the
south, DEM L297 in the west, and the YSO and the OB-star in the north-west,
each with a low [S II]/Ha flux ratio, which indicates photo-ionization and is
therefore consistent with their nature.

of ~2" (~30pc) is clearly visible in the middle of the image, with its center lying
at RA 05:43:02.2, Dec -69:00:00.0 (J2000). The north-eastern half of this structure
has a flux ratio of 2 0.67, which is a strong indication for the shock-ionized shell
of an SNR lying in an H II region (Fesen et al., 1985). Therefore, this spherical
structure should indicate the position of SNR B0543-68.9. When comparing its
position with the position of the Ha cavity as indicated in Figures 6.5 and 6.6,
it becomes evident that the positions of these two structures do not conform to
each other, but that the center of the Ha cavity lies ~ 1/4 (~20pc) more to the
north and ~0!5 (~7pc) more to the east of the shock-ionized circular structure.
Furthermore, no shell-like structure is visible around the Ha cavity in the flux-
ratio image. This is a strong indication that these two structures represent two
distinct objects which are observed in superposition: SNR B0543-68.9, as defined
by the [S II]/Ha flux ratio, and a superbubble, as defined by the clearly visible
shell in He, [S I1], and [O III] emission. Both the area of brightest X-ray emission
of DEM L299 and the region south-west of the Ha cavity which is bright in Ha and
[S II], but not in [O III], lie outside of the superbubble, but inside the borders of
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Figure 6.7: XMM-Newton EPIC image of DEM L299 in the hard X-ray en-
ergy band of 1.5-4.5keV. The position of the SNR as determined through the
[S IT]/Ha flux ratio is marked with a white circle, while the brown circle indi-
cates the position of the Ha cavity. The brightest region of hard X-ray emission
is projected within the borders of the SNR. Smoothing parameters, scale pa-
rameters, and the area of the sky are the same as in Figure 6.3.

the SNR. They are located in the south-western part of the SNR which has a low
[S II] /Ha flux ratio, while the higher flux ratio roughly corresponds to that area of
the SNR which overlaps with the superbubble in projection. When comparing the
hard X-ray image with the [S II]/Ha flux-ratio image (see Fig. 6.7), it becomes
evident that the projection of the hard emission is almost entirely restricted to
the position of the SNR.

6.3.3 Radio-Continuum Images

To study DEM L299 in radio wavelengths, Luke M. Bozzetto and Miroslav D. Fil-
ipovi¢ from the University of Western Sydney, Australia, processed and reduced
the radio-continuum data which were used to create the images shown in Fig-
ure 6.8. These images show the region in wavelengths of 20 cm and 36 cm, with
overlaid Ha contours and marked positions of SNR B0543-68.9 and the superbub-
ble. At the position of these objects, a clear enhancement of the radio-continuum
emission can be seen. In both images, the emission shows the same basic features:
a shell-like structure and a tendency of the emission to follow rather the distribu-
tion of the Ha emission than the distribution of the X-ray emission. Compared
to the distribution of the 36 cm emission, the 20 cm emission shows a much more
obvious correspondence of the radio emission with the Ha emission, which is prob-
ably due to its lower background emission. Furthermore, the same surrounding
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Figure 6.8: Radio 20cm (a) and 36 cm (b) images of DEM L1299 created out of
ATCA and MOST data. The position of SNR B0543-68.9 and of the super-
bubble is marked with a white and a black circle, respectively. Ha contours
taken from Figure 6.5a are overlaid onto these images with contour levels at 2,
6, and 10erg/cm?/s. A clear correspondance between the Ha emission and the
radio emission can be seen in the 20 cm image and is also indicated in the 36 cm
image. Both images have been smoothed by a Gaussian using a kernel radius
of two pixels and show the same area of the sky as Figure 6.3. Scale units are
in Jy/beam. Credit: data processed and reduced by L. M. Bozzetto and M. D.
Filipovi¢ from the University of Western Sydney, Australia.

features can be seen in these radio bands as in the optical emission lines: LHA 120-
N 164, DEM L1297, and the young stellar object with the OB-star.

In order to estimate whether this radio-continuum emission is created through
synchrotron radiation which would indicate an SNR, or through thermal emission
as can be originating from an H II region, Luke M. Bozzetto and Miroslav D.
Filipovi¢ created the spectral index map of DEM L1299 shown in Figure 6.9. The
index map has been created using the 20 cm and 36 cm data (Fig. 6.8). The po-
sition of the SNR and of the superbubble is marked with the red and the black
circle, respectively. A clear distinction between DEM 1299 and the H II region
LHA 120-N 164 south-west of it can be obtained through their different spectral
indices: the region around DEM L1299 has a spectral index between —1 and 0,
which is typical for an SNR, while LHA 120-N 164 shows typical values for an H 11
region, with spectral indices ranging from 0 and +2. This indicates that the radio
emission at the position of SNR B0543-68.9 is indeed synchrotron emission, which
is likely to originate from the remnant. The rather flat spectral index matches the
rather mature age of SNR B0543-68.9 as determined during the X-ray spectral
analysis, presented in Section 6.4.
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Figure 6.9: Spectral index map of the region around DEM L1299 which was cre-
ated out of the 20 cm and 36 cm radio images shown in Figure 6.8. The position
of SNR B0543-68.9 and of the superbubble is marked with a red circle (corre-
sponding to the white circle shown in the previous figures) and a black circle,
respectively. South-west of both objects, the H II region LHA 120-N 164 can
easily be distinguished from DEM L299 due to its lower spectral index. Credit:
L. M. Bozzetto and M. D. Filipovi¢, University of Western Sydney, Australia;
Warth et al. (2014); modified.

6.3.4 H 1 21 cm Radio Images

A morphological study of the distribution of the neutral hydrogen of DEM 1299
was performed via the 21 cm radio data. Through the redshift and blueshift of this
line, information is obtained about the position of the neutral hydrogen within
the LMC. Since the LMC and the Milky Way are moving with respect to each
other, every region in the LMC has a certain velocity relative to the Earth. This
relative velocity can be observed through a shift of the 21 cm line. Although an
unknown proper motion of the observed objects will cause a misinterpretation of
their position, the thus obtained over-all picture of the LMC is a good approx-
imation. Therefore, observing the 21 cm line yields 3-D information about the
position of the gas. With this method, a data cube is obtained which shows in
two dimensions the intensity-scaled RA-Dec position and in the third dimension
the intensity-scaled heliocentric velocity of the neutral hydrogen.
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Figure 6.10: Combined ATCA and Parkes H I 21 cm radio data of the Magel-
lanic Cloud Survey showing an area with a size of 57’ x 85 (~ 828 pc x 1235 pc)
around DEM L1299 at a heliocentric velocity of ~ 264 km/s. Ha contours of the
MCELS data are overlaid, with contour levels at ~ 0.3, 96, and 191 erg/cm? /s
and with a contour smoothness of two. supergiant shell LMC-SGS 2 is visible
as a shell-like structure consisting of filaments in both the radio and the optical
data. The position of SNR B0543-68.9 and of the superbubble is marked in
white and black, respectively. Scales are in Kelvin, representing the brightness
temperature.
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Figure 6.11: Zoom-in of Figure 6.10 onto DEM L1299, with overlaid X-ray con-
tours of the broadband XMM-Newton observation. The image shows an area of
the sky of ~ 25" x 21’ (~ 363 pc x 305 pc), with the position of SNR B0543-68.9
and of the superbubble marked with a white and a black circle, respectively.
The H I emission indicates a shell-like structure around both objects. The ma-
genta box marks the area which has been used to create the channel maps of
Figure 6.12 and the position-velocity plots of Figure 6.13.

The aim of this study was to proof if a common shell of neutral hydrogen can be
identified around SNR B0543-68.9 and the superbubble, which would be a strong
evidence that both objects lie close together, indicating that they might have the
same population of stars as their common origin. A shell of neutral hydrogen is
expected to be found around superbubbles and older SNRs, since the expanding
hot gas sweeps up the surrounding cold ISM.

To perform this study, 21 cm radio data of the Magellanic Cloud Survey (MCS)
(Kim et al., 1998, 2003) have been used. Figure 6.10 shows this MCS H I 21 cm
data of a large area of the sky around DEM L1299 — including the supergiant
shell LMC-SGS 2 — with a size of 0.7kpc x 1 kpc and at a heliocentric velocity of
~264km/s. The position of SNR B0543-68.9 and of the superbubble is marked
with a white and a black circle, respectively, and Ha contours are overlaid onto
the image. Lying south-east of DEM 1.299, the supergiant shell LMC-SGS 2 can
be recognized as a shell-like structure consisting of filaments. A zoom-in onto
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DEM L299 is shown in Figure 6.11, with overlaid X-ray contours of the FOV of
the broadband XMM-Newton observation and with the marked positions of the
SNR and the superbubble. The bright X-ray regions south-east and south-west of
DEM L299 coincide with the regions with low radio emission, in consistency with
the assumption that these H I shells of cold ISM are filled with hot ISM, visible
in X-rays. In Figure 6.11, the magenta square, which has a size of 10’3 x 103
(150 pe x 150 pc), marks the area which has been used to further investigate the
3-D distribution of the neutral hydrogen around DEM L299. For this purpose,
channel maps (Fig. 6.12) and position-velocity plots (Fig. 6.13) were created for
this area. The channel maps in Figure 6.12 show the RA-Dec position of the neu-
tral hydrogen gas in the DEM 1299 region at different velocities. To create the
channel maps, velocity slices were cut from the data cube at heliocentric velocities
between ~ 233 km /s and ~ 327 km/s in steps of the resolution limit of 1.649km/s.
To obtain better statistics, three velocity slices were combined to form one plot,
resulting in the 20 plots show in Figure 6.12 with velocity steps of ~4.95km /s
between the separate plots. At heliocentric velocities of 302 -312km /s, the north-
ern rim of the supergiant shell LMC-SGS 2 can be seen as an enhancement of the
emission in the south-east. In these plots, the position of SNR B0543-68.9 and
of the superbubble is marked with a white and a brown circle, respectively. A
shell-like structure is visible at heliocentric velocities of 258 -277km/s (plots in
second row of Fig. 6.12), which can most easily be recognized in the plots with
heliocentric velocities of 263 km /s and 268 km/s. This structure suggests the ex-
istence of a shell of neutral hydrogen surrounding both SNR B0543-68.9 and the
superbubble, indicating that both objects lie close to each other. However, these
plots represent no final proof for this, since the proper motion of the gas leads to
projection effect in the channel maps.

Position-velocity plots were created to further investigate the distribution of the
neutral hydrogen. If one considers the channel maps of Figure 6.12 to show the
‘front side’ of the 21 cm data cube, then the position-velocity plots of Figure 6.13
show the data cube from the other sides: Figure 6.13a shows the data cube ‘from
top’, and the plots of Figure 6.13b show it ‘sideways’. This means that the plots
of Figure 6.13a show different slices of the data cube, with each slice showing the
intensity of the H I emission as a function of the RA-position (on the abscissa)
and the velocity (on the ordinate). The different plots show this for different
Dec-positions. The RA- and Dec-positions are taken from the magenta box in
Figure 6.11. Thus, the first plot of Figure 6.13a shows the combined lowest two
pixel rows of the magenta box (i.e. from east to west) over a velocity range from
251-322km/s. The second plot shows the combined third and forth pixel row
of the magenta box over the same velocity range, and so on. The pixel rows
were combined to obtain better statistics. This velocity intervall was chosen since
Points et al. (1999) determined the velocity of the borders of the supergiant shell
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Figure 6.12: Channel maps showing DEM L299 in the 21 c¢m emission line of
neutral hydrogen at different velocity slices between 233 —327km/s in steps of
~5km/s. The position of SNR B0543-68.9 and of the superbubble is marked
with a white circle and a dark circle, respectively. Each image shows an area
of the sky of 10’3 x 10’3 (150 pc x 150 pc) as indicated by the magenta box in
Figure 6.11. Scales are in Kelvin, representing the brightness temperature.
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Figure 6.13: Position-velocity plots of DEM 1.299. (a): Position-velocity plots
showing the intensity of the 21 cm emission line of neutral hydrogen for
DEM 1299, with the heliocentric velocity (ordinate) of the neutral hydrogen
plotted against its RA-position (abscissa). The different plots show this for dif-
ferent Dec-positions. The RA- and Dec-positions are taken from the magenta
box in Figure 6.11. The first plot shows the two combined most southern pixel
rows of the magenta box. The next plot (to the right) has been created using
the third and forth pixel row of the magenta box, and so on. East is left and
west is right in the resulting position-velocity plots. The width of the white and
black rectangle indicates the position of SNR B0543-68.9 and of the superbub-
ble, respectively, and its height marks velocity range (258 =277 km/s), in which
a shell-like structure was found in the channel maps of Figure 6.12. Scales are
in Kelvin. (b): Same as (a), but for the heliocentric velocity plotted against the
Dec-position of the gas. The different plots show different RA-positions. The
first plot shows the two combined most eastern pixel columns of the magenta
box, the next plot the third and fourth column, and so on. South is left and
north is right in the resulting position-velocity plots.
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LMC-SGS2 to be 250 km/s and 300 km/s, respectively, and in the H I catalog of
Kim et al. (2007), a velocity of ~280km/s is given for the large H I cloud which
is projected towards DEM L299. The plots in Figure 6.13b were created following
the same procedure, but — instead of pixel rows — the pixel columns of the magenta
box are plotted against the velocity. The different plots of Figure 6.13b show this
for different RA-positions. Thus, the first plot shows the first two pixel columns
(from left to right) of the magenta box (i.e. from south to north) in the same
velocity range, the second plot shows the third and fourth pixel column, and so
forth. In the plots, the position of SNR B0543-68.9 and of the superbubble is
marked with the white and the black square, respectively. The extent of these
squares in the velocity-ordinate has been determined through the existence of a
hydrogen shell at the respective velocity slices of Figure 6.12. At the thus marked
positions, a shell-like structure can be assumed, although the data are highly
ambiguous. In the south-north plots (Fig. 6.13b), this shell can be recognized
more clearly, and also the YSO is visible as a bright region of radio emission.

In the channel maps as well as in the position-velocity plots of DEM 1299, a shell-
like structure with an enhanced H I 21 cm radio emission could be recognized,
indicating a common shell around both SNR B0543-68.9 and the superbubble.
The existence of a common shell of neutral hydrogen would represent a strong
evidence that both objects lie close together, indicating a common origin. Since
in particular the position-velocity plots are not unambiguous and since projection
effects always have to be taken into account, the observed common H I shell
as indicated by the 21 cm data should not be considered as a proof, but as an
indication that both objects lie close to each other.

In the morphological studies performed with optical, X-ray, radio-continuum, and
radio 21 cm data, strong indication was found that the H II region DEM L299
consists of the superposition of the supernova remnant SNR B0543-68.9 and a
superbubble. The position of the SNR is defined through the [S II]/Ha flux
ratio and the position of the superbubble through the Ha, [S II|, and [O III]
cavity. For the remnant, all three indicators for an SNR could be confirmed:
diffuse X-ray emission, an enhanced [S II]/Ha flux ratio, and synchrotron radio
emission. As indicators for the superbubble, an optical shell with a central cavity
was found, as well as diffuse X-ray emission. A comparison of the emission at
different wavelengths showed that the SNR-only region shows much more emission
in optical and hard X-rays than the overlap region between SNR B0543-68.9 and
the superbubble, while no absorption effects could be detected in X-rays, which
indicates an actual change in the strength of the emission. The radio-continuum
data suggest a rather mature remnant, which agrees with the age of SNR B0543-
68.9 as determined in the X-ray spectral analysis (see Sect. 6.4). In the 21 cm
radio data, a shell-like structure could be recognized surrounding both objects,
which suggests that they lie close to each other, indicating that they might have
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a common population of stars as their origin and are not just by chance projected
towards the same area of the sky.

6.4 X-ray Spectral Analysis

An X-ray spectral analysis of DEM L1299 has been performed within the scope
of this thesis, using data of the European Photon Imaging Camera of the XMM-
Newton satellite. For the examination of DEM L1299, four different extraction
regions for the spectral analysis were defined, which can be seen in Figure 6.14:

a) an SNR region as defined by the [S II|/Ha flux-ratio image (marked in
white);

b) a superbubble-only region, which contains only that part of the superbubble
as defined through the Ha image which is not projected in superposition
with the remnant (marked in brown);

¢) a blowout region as indicated in the optical as well as in the soft and medium
X-ray images (marked in green); and

d) alocal background region of an as much as possible empty region within the
same DEM 1299 observation (marked in magenta).

The processing of the X-ray data and the model used for the fitting of the data
is described in Chapter 4 and in Section 5.4. For all spectral extraction regions,
the same procedure and model has been used, with exception of the SNR region,
for which an additional thermal component was added to the model to account
for superbubble contamination, as discussed below. As described in Section 5.4,
the SEP observations were fitted simultaneously to the DEM L1299 data for the
estimation of the X-ray background of DEM L299. Each of the four spectral ex-
traction regions a)—d) has a much smaller size than the FOV which has been
used as an extraction region for the combined SEP observations. To account for
these different sizes of the extraction regions of the DEM L299 spectra and the
simultaneously fitted SEP spectra, each SEP model — the main model and the six
residual soft proton models (see Sect. 5.4) — was multiplied by a constant which
was determined through the ratio of these areas: constant = %.7 This
normalization is necessary since Xspec does not include an area normalization of
the data, but plots it in counts/s/keV. The model for the SEP spectrum is mul-
tiplied with this constant. (Alternatively, the data of the SEP observations — i.e.
the flux — could be divided by this constant.) The area normalization was done
in order to be able to fit simultaneously one common model to both observations,

” For the DEM 1299 model, this constant is set to one.
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Figure 6.14: Intensity-scaled X-ray image showing the FOV of the XMM-Newton
observation of DEM 1.299 in an energy range of 0.8—1.5keV. The different
spectral extraction regions used for fitting during the X-ray spectral analysis
of DEM L1299 are marked in white for the SNR region (labeled as region a),
in brown for the superbubble-only region (region b), in green for the blowout
region (region c¢), and in magenta for the local background region (region d).
The image has been smoothed by a Gaussian using a kernel radius of three
pixels. Scales are in units of counts/s/deg?.

with linked normalizations for the X-ray background components.

As a test for the appropriateness of this background estimation via the SEP obser-
vations, the local background of the DEM L1299 observation was extracted from an
as much as possible empty field within the same XMM-Newton pointing. For the
extraction region of the local background, an area was chosen which is located east
of DEM L299 (see Fig. 6.14). The spectrum of this local background region was
fitted simultaneously to the SEP spectrum, using the same model as described
in Section 5.4, with the normalization of the source component — which is not
present in this background observation — set to zero. Both spectra were in good
agreement, apart from a small thermal excess in the local background spectrum
which could be fitted with an additional thermal component. For this additional
component, Xspec’s thermal plasma model apec, the shock-ionized NEI plasma
model vpshock, and the collision-ionized NEI plasma model vnei were tested (see
Sect. 5.4 for more information about these models). Due to the high uncertain-
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Table 6.2: Best-fit parameters for the SNR region, the polygonal region (i.e. the
superbubble-only region), the blowout region, and the local background region.
Listed for each region are the temperature kg7, the ionization timescale T,
the normalization norm (also referred to as K), the column density Npimc
of hydrogen within the LMC, and the reduced x? of the fits. For all fitting
regions, these parameters were obtained with the vpshock model. Uncertainties
are upper and lower 90 % confidence ranges. The listed reduced x? are those
fitted without the SEP data.

SNR Polygon Blowout Local Bkg.
kT [keV] 0.64 (0.44-1.37) 0.74 (0.44-1.1)  0.62 (0.2-1.0)  0.69 (0.6-0.9)
T [101°secm™3] 2.1 (15-34) 85 (26-29) 37 (25-150) 46 (14-110)
norm [107%*em™®] 8.3 (18-17.3) 1.7 (1.2-75 1.2 (05-631) 1.2 (0.9-16)
Nurme  [1022em™2] 0.66 (0.59-0.77)  0.30 (0.07-0.66) 0.27 (0-1.2) 0.07 (<0.3)
Red. x? 1.2 0.8 0.9 1.3

ties which resulted from the large number of model components, a series of fits
was performed, in which 20 different temperatures between 0.1 keV and 7.0 keV
were used as starting points for the energy parameter of the source component.
Although set to different starting points, this energy parameter was fitted freely.
The best reduced y? of 1.3 was obtained with the wpshock and the vnei model.
Since the vnei model resulted in a high column density of 1.1 x 10?2 cm ™2, which
is not confirmed by the optical and radio observations, the vpshock model was
considered to be the most appropriate model in this case. It shows a low column
density of 0.07 x 10?2 cm~2, which corresponds to the low emissivity of this ex-
traction region in the optical and radio observations. The best-fit results for the
vpshock model for this local background region are listed in Table 6.2. The inclu-
sion of the thermal component increased the goodness of the fit considerably (from
2.1 to 1.3 without the SEP observations, see below). Most likely, this component
is caused by the hot gas which is present in the entire FOV of the observation and
probably in the entire supergiant shell LMC-SGS 2 region. However, the statistics
of this local background spectrum are much too low (~ 0.06 counts/s) to be fitted
simultaneously to the DEM L1299 spectra, which already have low statistics as well
(SNR: ~0.19 counts/s, superbubble: ~ 0.08 counts/s, blowout: ~ 0.04 counts/s).
Nevertheless, this additional thermal component was taken into account when
estimating the luminosities of the different DEM L1299 regions.

The spectral analyses of the SNR, the superbubble, and the blowout extraction
region were performed with the same model as described in Section 5.4. Since
the SNR and the superbubble are strongly overlapping, a contamination of the
SNR spectrum through the superbubble emission has to be assumed and vice
versa. To account for this, a superbubble-only region was defined (see region b) in
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Fig. 6.14, marked in brown), which contains only those parts of the superbubble
which are not overlapping with the SNR as defined by the [S II]/Ha flux-ratio
image. After fitting the data which were extracted from this superbubble-only
region, the resulting parameters were added to the model of the SNR spectrum as
an additional model component and frozen. The normalization of this additional
component was adjusted to account for the different sizes of the superbubble-only
region and the overlapping region of SNR B0543-68.9 and the superbubble. To
do so, the normalization of this additional component has been multiplied by the
ratio of the overlap of the SNR fitting region with the superbubble as defined
through the Ha image and the size of the polygonal superbubble-only region.

For the source component of the SNR, superbubble, and blowout, the same models
were tested as for the local background (apec, vpshock, vnei) and the same fitting
procedure of testing a series of 20 different energies was used. This series resulted
in several sets of favored fitting results, which were compared for their reduced
x? and in the ability to determine their 90 % uncertainty limits. For all three
regions, the wpshock model provided the best fitting results, although in some
cases the vnei model yielded an only slightly worse reduced y2. However, for the
further discussion of these regions, the results obtained with the vpshock model
were used, since the resulting parameters were very similar. As already done
for the fits of the supergiant shell LMC-SGS 2, the spectra of the DEM 1299
regions were first fitted simultaneously to the SEP spectra. Then, all background
parameters of the DEM 1299 model were frozen at the values determined through
these simultaneous fits, the SEP data were removed, and the source component
of the DEM L299 spectra was fitted again. Through this, a more meaningful
reduced y? was obtained, since with this method, the goodness of the fit is no
longer dominated by the SEP data and the change in the fitting results of the
source region is negligible. The fitting results for all regions are shown in Table 6.2
and the fitted spectra of the SNR region are plotted in Figures 6.15 and 6.16.

As a best-fit result for the superbubble, a temperature of kgTx s = (0.7475:35) keV
and a hydrogen column density within the Large Magellanic Cloud of Ny 1mc s
= (0.3075:35) x 10?2 cm™2 were obtained. Uncertainties of the fitted parameters are
90 % confidence ranges throughout this thesis, unless otherwise stated. Adopting
this temperature kg7Tx sp, the normalization timescale, and the area-corrected
normalization for the additional component in the SNR model, a temperature
for SNR B0543-68.9 of kgTxsvr = (0.647373)keV and an ionization timescale
of Tsng = (2.175%) x 101°scem ™2 were achieved. For the blowout, comparable
values as for the superbubble were obtained, being consistent with a blowout,
although the temperature of a blowout is expected to be lower than that of the
superbubble due to the cooling of the gas through its expansion. Since the large
uncertainties prevent a better constraint of the temperature, the data do not
allow to decide which temperature is higher. For the blowout, a temperature
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Figure 6.15: Fitted XMM-Newton EPIC-pn spectrum of the combined SEP ob-
servations which were simultaneously fitted to the DEM L299 spectrum for
background estimation (see Fig. 6.16). The spectrum is plotted in an energy
range of 0.4—2.5keV with additive model components (dotted lines) and resid-
uals (lower part of plot). The modeled residual soft proton component is visible
as a straight line. Crosses indicate data points, while the solid lines represent
the fitted model with (upper line) and without (lower line) the contribution of
the residual soft proton component to the model.

of kgTx gL = (0.627)35)keV and a column density of the LMC of Ny imcpr =
(0.2715:93) x 1022 cm™2 were obtained.

The luminosity was obtained for all four extraction regions a)—d) (see Fig. 6.14)
in the energy range of 0.5—-8keV by determining their flux using the Xspec func-
tion fluz and multiplying it with the area 47 D}y, with Dy being the distance
to the LMC. The X-ray fluxes were calculated by setting all back- and fore-
ground parameters as well as the absorption of the LMC and the Milky Way to
zero. Since the resulting luminosities determined with and without the SEP data
(as described above) deviate less than 1% from each other, only the luminosities
determined without the SEP data are listed in Table 6.3. This table gives the
absorbed and unabsorbed luminosities of the fitting regions, with and without
subtraction of the local background contribution. Before subtracting the luminos-
ity of the local background from the SNR, blowout, and superbubble-only region,
it was scaled to the respective size of the other region (row three of Table 6.3 gives
the size of the extraction region in percent compared to the size of the extraction
region of the local background). Since the accuracy of the local background fit
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remains uncertain due to the low statistics of the pointing, the local background
subtracted values should be considered as tentative. However, since the contribu-
tion of the local background emission to the unabsorbed luminosities of the source
regions is small, the local background subtracted, unabsorbed luminosities will be
used for further calculations. Since the spectral extraction region of the SNR is
a superposition of the SNR and the superbubble, several luminosities are listed
in Table 6.3 for this extraction region: the total luminosity of this region, the
luminosity due to the SNR contribution to this region, and the luminosity due
to the superbubble contribution. The latter two contributions were determined
by putting the other thermal model component to zero, respectively, when cal-
culating the flux. Since the uncertainty of the luminosity is proportional to the
uncertainty of the normalization of the vpshock model component, the percentual
uncertainty of the normalization was determined and used to estimate the uncer-
tainty of the luminosity. For the superbubble, the local background subtracted
unabsorbed luminosity was determined to be (3.4775) x 10% ergs~!, which is the
sum of the values of the polygonal superbubble-only extraction region and of the
superbubble contribution to the luminosity of the SNR extraction region. The
local background subtracted, unabsorbed luminosity of the blowout was calcu-
lated to be (5.672%0%) x 103 ergs™'. The SNR contribution to the luminosity of
the SNR extraction region was used to determine a local background subtracted,
unabsorbed luminosity of (1.577%) x 106 ergs™! for the SNR.

In this section, the X-ray spectral analysis was described which was performed for
the DEM L299 region using XMM-Newton data, and its results were presented.
For background estimation, three combined observations of the South Ecliptic Pole
were used, which were fitted simultaneously to the DEM L1299 data. As a test
for this background estimation, data were extracted from an as much as possible
empty region next to DEM L1299 within the same XMM-Newton observation and
were fitted simultaneously to the SEP data. The fits showed a good agreement, al-
though a small thermal component was still present in the local background. This
thermal component was considered when determining the luminosities of the ex-
amined objects. For SNR B0543-68.9, a temperature of kgTx sng = (0.647033) keV
was determined and an ionization timescale of Tsxg = (2.175%) x 101°scem™3. The
superbubble resulted to have a column density within the LMC of Nyimcss =
(0.30703%) x 1022 cm =2 and a temperature of kgTx sg = (0.747030) keV. The val-
ues obtained for the blowout region are reasonable when compared to the values

of the superbubble region, with a temperature of kgTk pr, = (0.627575) keV and

a column density of Nypmenn = (0.277095) x 1022ecm~2. For the calculation of
the luminosities, the different contributions of the SNR and the superbubble to
the total luminosity of the SNR extraction region were taken into account — a
consequence of the superposition of both objects. A local background subtracted,

unabsorbed luminosity of (1.5715) x 10%¢ ergs™! was determined for SNR B0543-
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Figure 6.16: Source and SEP data points and fitted model for (a): the EPIC-
MOS1 and EPIC-MOS2 detectors, and (b): for the EPIC-pn detector. These
source and background spectra were used for the fits of the SNR region with
the vpshock model as source component. The parameters of the plots are the

same as those in Figure 6.15, unless otherwise stated.

Table 6.3: Luminosities in the energy range of 0.5—-8keV calculated for the ex-
traction region of the SNR, the polygonal region (i.e. part of the superbubble),
the blowout, and the local background. Given are the absorbed and unab-
sorbed luminosities with and without local background subtraction. The third
row gives the percentual size of the extraction region with respect to the size
of the local background region. This percentage was used to determine the
background subtracted luminosities.

confidence ranges.

Uncertainties are upper and lower 90 %

Fitting region SNR

Total SNR SB
Absorbed Ly [103% erg/s| 1.5 (0.3-3.1) 1.3 (0.2-27) 0.2 (0.04-0.5)
Unabsorbed Ly [103% erg/s|16.0 (3.4-33.3) 14.7 (3.1-30.6) 1.3 (0.2-2.7)
Size cp. to local Bkg. [%] 34.0 24.8 14.2
Local Bkg. subtracted Ly [103% erg/s| 1.3 (0.2-2.7) 1.2 (0.2-25) 0.1 (0.02-0.3)
Unabs. local Bkg. subtr. Ly [10%° erg/s|15.7 (3.4-32.7) 14.5 (31-30.2) 1.2 (0.2-2.5)
Fitting region Polygon Blowout Local Bkg.
Absorbed Ly [10%° erg/s] 0.8 (0.77-35) 0.3 (0.1-17.9) 0.5 (0.3-0.7)
Unabsorbed Ly [10%° erg/s| 2.4 (1.8-107) 0.8 (0.3-43.4) 0.8 (0.5-1.0)
Size cp. to local Bkg. [%] 26.2 35.5 100.0
Local Bkg. subtracted Ly [10%°erg/s] 0.7 (0.5-2.3) 0.2 (0.06-8.6) 0
Unabs. local Bkg. subtr. L, [10%erg/s|] 2.2 16-98) 0.6 (0.2-29.2) 0

144



6.5 Discussion

68.9, and of (3.41735) x 10%¥ ergs™! and (5.673%°) x 103 ergs™! for the superbub-
ble and its blowout. These results will be used in the following section to calculate
further properties of the objects.

6.5 Discussion

In this section, the calculation of further properties of SNR B0543-68.9, the su-
perbubble, and the blowout will be discussed. Special attention is paid to the
contribution of stars to the diffuse X-ray luminosity of the DEM 1299 region and
to the energy and mass input of the superbubble. The calculations performed in
this section follow the same approach as the ones presented in Sasaki et al. (2004)

and Bozzetto et al. (2014).

6.5.1 Supernova Remnant SNR B0543-68.9

To determine further properties of SNR B0543-68.9, the Sedov-Talyor-von Neu-
mann self-similar solution (in short: Sedov solution or Sedov model) is used, which
is valid for SNRs in their adiabatic phase (Sedov, 1959; Taylor, 1950; von Neu-
mann, 1947). Before the calculations are presented, a short description of the
Sedov solution, of the concept of collisional ionization equilibrium (CIE), and of
temperature equilibration are given, including ways to test for CIE and temper-
ature equilibration. A more detailed introduction concerning these topics can be
found in Section 2.5.2.

The adiabatic phase of an SNR is defined as the phase in which only a small
fraction of the remnant’s energy is radiated away and a reverse shock is formed due
to the swept-up ISM. In this phase, the SNR can be described through the Sedov
solution (see Sect. 2.5.2 for an overview of this solution). SNR B0543-68.9 can be
assumed to be in a late adiabatic phase, since it has a large diameter of ~ 60 pc
and due to the fact that good fitting results were obtained with the vpshock model
when assuming LMC abundances, indicating that the SNR is dominated by the
emission of shocked ISM and not by the emission of its ejecta. In the Sedov model,
the evolution of a remnant depends only on the initial energy Ej of the explosion
and on the density ng of the ambient gas at the time of the explosion. Assumptions
for this model are a homogenous ambient medium, a spherical symmetric point
explosion, and a monatomic ideal gas. The Rankine-Hugoniot jump conditions
(Rankine, 1870; Hugoniot, 1887, 1889) are used, which describe the relationship
between the properties of the gas in front of the shock front and directly behind
the shock front. For an ideal gas, for example, the relationship between the density
of the gas in front of the shock (pg) and directly behind the shock (p1) is p1 = 4pp.
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In the Sedov phase, the hot, X-ray emitting gas has its highest density close to
the shell due to shocked ISM, and decreases towards the center of the SNR. The
Sedov model has been used to calculate further properties of SNR B0543-68.9 (see
below).

As the fits indicate an incompletely re-established collisional ionization equilibrium
(CIE) for the SNR B0543-68.9, the degree of collisional non-equilibrium ionization
(NEI) are discussed in this section as well as the effects of a not re-established
temperature equilibration onto the calculated properties of the SNR.

A way to estimate how well CIE has been re-established is given by Smith and
Hughes (2010). They provide a plot which shows the characteristic maximum ion-
ization timescale for different elements of a plasma as a function of temperature
(see Smith and Hughes, 2010, Fig. 1). Their plot can be used to estimate the
degree of CIE using the fitted values for the X-ray temperature and the ioniza-
tion timescale. Comparing the fitted X-ray temperature Tx sxg and the ionization
timescale Tgng for SNR B0543-68.9 with their plot, it was found that the ioniza-
tion timescale of carbon has already been reached, and within the uncertainties
of Tx snr and 7gnr, the same is true for nitrogen, oxygen and neon, while the
heavier elements Mg, Al, Si, S, Ar, Ca, Fe, and Ni are still in NEI. Thus, ac-
cording to the method of Smith and Hughes (2010), only carbon should be near
collisional ionization equilibrium, while most of the heavier elements are still in
NEI. These results are in agreement with the value obtained for the ionization
timescale (Tsxr = (2.175:2) x 10! scm ™) as determined during the X-ray spectral
analysis (see Sect. 6.4) indicating NEI, since Smith and Hughes (2010) give an
estimate for 7 of some 10'2scm™3 for a fully re-established CIE. A further indi-
cation for NEI is the better fit result for the NEI model vpshock than for the CIE
model apec (see Sect. 6.4).

A method introduced by Itoh (1978) was used to estimate how well temperature
equilibration has been re-established again and to calculate its effect on the prop-
erties of the SNR as determined through the Sedov solution. In this method, the
intersection point fr :=< T, > /Ts ~ Tx snr/Ts between the curve for Coulomb
equilibration and the curve defined by Tx snr/Ts = 0.043Tx snr(Rsnrno) ~V207/°
is used to estimate the degree of temperature equilibration, with the average
electron temperature < 7. >, the shock temperature Ty, the X-ray tempera-
ture Tx snr, the SNR radius Rgngr, the pre-shock number density of nuclei ny,
and the reduced time variable v (see Sect. 2.5.2 for more information about this
method). A value of fr = 1 indicates a fully re-established temperature equili-
bration with < T, > = Ts, while smaller values imply an incomplete equilibration.
This method was applied to SNR B0543-68.9 within the scope of this thesis. For
this, the X-ray temperature kgTx sxr = (0.647073) keV was used, as determined
in Section 6.4. Furthermore, the [S II|/Ha flux-ratio image (Fig. 6.6) was used
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to obtain the radius of Reyg = 113”74 = (27.4%%1) pe for SNR B0543-68.9,
assuming a distance of 50 kpc to the LMC. The fitted normalization of the wvp-
shock model can be used to determine the emission measure and, out of this,
the pre-shock number density of hydrogen nyg (see below for the detailed cal-
culations). By using this value and assuming cosmic abundances, a pre-shock
number density of nuclei of ng &~ 1.1ngy = 0.069(5030) cm™ is found for the
ambient gas at the time of the explosion. With these parameters, a value of
fr=Txsxr/Ts = 0.371“8:2? was obtained, which indicates that temperature equi-
libration has not yet been re-established. This temperature ratio fr will be used
to calculate the non-equilibration values of the parameters which are determined
in the remainder of this section. However, the resulting values should be taken
with caution, since the temperature ratio has a large uncertainty, which is a result
of the low statistics of the DEM L299 observation, and since Itoh (1978) used
Galactic abundances for the ISM whereas DEM 1299 is located in the LMC.

For the following equations, which were used to determine further properties
of SNR B0543-68.9, the electron number density n, of the plasma is needed
as well as the mean mass per nucleus m, and the mean mass per free par-
ticle m. Assuming cosmic abundances and that the particles in the plasma
are at least singly ionized, the electron number density is given by n, = ny +
0.1ng x (1...2) +0.013 (Lvenyg X 1= [(1.1...1.2) +0.013 (L] =~ (1.11...1.21)ny,
with nyg being the hydrogen density and (pve = 0.5 being the metallicity of
the LMC with respect to the Milky Way. The mean mass per nucleus is given
as my, = l.4m, assuming cosmic abundances, with m, = 1.67x107?*g be-
ing the proton mass. The total number density of particles is the sum of the
number density of nuclei n =~ 1.1ng and the number density of electrons n.:
Nt = N+ Ne ~ (2.2..2.3)ny. This leads to a mean mass per free particle
(including electrons) of m = my/nwt ~ (0.64...0.61)m,, with m ~ 0.61m,
in the case of a fully ionized plasma. In addition, the volume of the SNR is
needed for the following calculations. Assuming an LMC distance of 50 kpc and
a spherical symmetric shape of the remnant, the volume was determined to be
Vanr = (4/3)mRéyg = (2.537045) x 1050 cm?®, using the [S 11]/Ha flux-ratio im-
age. The volume of the SNR and of its fitting region are assumed to be equal,
since their projections are almost identical.

With these preparations, the X-ray temperature and the normalization obtained
from the X-ray spectral analysis can now be inserted into the Sedov solution to
determine further basic properties of the SNR.

The normalization K of the Xspec model vpshock, which provided the best fitting
results for the SNR B0543-68.9 (as well as for the superbubble and the blowout),
can be used to determine the emission measure £F'M with

EM = / nenudV (6.1)
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of the X-ray emitting plasma. The normalization is defined as

10—14
K=——— [ nenudV , 6.2

47 D3 1o / H (62)
with the distance D¢ in ¢cm and the electron and hydrogen number densities in
cm~3. This results in an emission measure of EM = (2.5737) x 10 cm™3. The
emission measure can be used to determine the pre-shock hydrogen density ny o by

using the Sedov solution and the approximation for the radial density distribution
of Kahn (1975), resulting in

EM = 2.07 ("—) 2V, (6.3)
ny ’

with V' being the volume of the SNR (see e.g. Hamilton et al., 1983; Hamilton

and Sarazin, 1984). With n./ng = 1.21, this results in a pre-shock hydrogen

density of ng o = (0.0637)05r) cm™3. Out of this, the pre-shock density of nuclei

was determined to be ny ~ 1.1ngo = 0.069(T0050) cm ™3, which is in accordance

with the density expected for an H II region (e.g. McKee and Ostriker, 1977).

To obtain the shock velocity vg, the following equation can be used:
3m

= T6kp S

Ts (6.4)
with Ty representing the shock temperature and kg = 1.38 x 10~ erg /K being the
Boltzmann constant. Considering that with fr = Tx gxr/7s = 0.37, temperature
equilibration has been found to be not re-established yet, the shock velocity results
to be vs = [(16kgTx snr)/(3 % 0.37 x 0.61m,,)]/2 = (1200712 kms™". In the
case of full temperature equilibration, the X-ray temperature can be assumed
to equal the shock temperature, which leads to fr = 1 and a shock velocity of
vs,tE = [(16kTx sxr)/(3 x 0.61my,)]/2 = (7307120) kms ™.
These values can now be inserted into the Sedov solution to determine the age of
SNR B0543-68.9 and the initial energy of the supernova explosion. Its age tsng is
given through the relation
_ 2Rsnr
Stsnm
which leads to tsxr = (2Rsnr)/(5vs) = (8.9797) kyr in the case of no re-established
temperature equilibration (with fr = 0.37), while when assuming a fully re-estab-
lished temperature equilibration (with fr = 1), the age of the SNR becomes
tSNR,TE = (151@) kyr.
The initial energy of the explosion Ej can be determined using the formula

Us (6.5)

2.02E0t2g \ °
77_/Lnn[) ‘

Rai = ( (6.6)
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For no re-established temperature equilibration (with fr = 0.37), this results in
an explosion energy of Ey = (1.4mynoR3xg)/(2.02t3g) = 4.3 (< 14.0) x 10°! erg,
being in accordance with the typical value of 105 erg. When assuming fully re-
established temperature equilibration (with fr = 1), an upper limit for the explo-
sion energy of Egrg = (1.6735) x 10°! erg is obtained.

The mass Mgy of the interstellar medium swept up by the shock front can be
estimated out of the volume of SNR B0543-68.9 and the density of the ambient
ISM as

4
Misyt = Vsngr po = gﬂRgNRl.llmpno = (21011%0) M, (6.7)

when assuming a homogeneous density of the ISM and a spherical symmetric
shape of the the remnant. This large mass of swept-up ISM justifies the earlier
assumption of the remnant being well into its adiabatic phase.

6.5.2 DEM L299 Superbubble and its Blowout

This section discusses the calculations performed for the superbubble and the
blowout in DEM L299. These calculations are based upon the ideal gas equations,
which are assumed to be adequate for the gas, since it can be considered to be
in thermal equilibrium. This assumption is based upon the typically large ages of
superbubbles of this size and on the absence of shocks in superbubbles, with the
exception of shocks caused through supernova explosions within a superbubble.

DEM L299 Superbubble

Since both the superbubble and SNR B0543-68.9 were fitted best with the same
model source component (vpshock), the number density of hydrogen ny gp for the
gas inside the superbubble can again be determined out of the fitted normalization
of this component. For this, Equation 6.2 holds, with the only difference that the
volume has to be multiplied by the filling factor ¢. This factor accounts for the
fraction by which the superbubble is filled with the hot gas. Young interstellar
bubbles can be assumed to be completely filled with hot gas, leading to a filling
factor of ¢ ~ 1 (Sasaki et al., 2011). For the volume in Equation 6.2, the volume
Vspht as defined by the polygonal superbubble extraction region of the X-ray
spectra has to be inserted (see Fig. 6.14). To determine its volume, the polygonal
region was approximated by an ellipsoid. The radii of this ellipsoid have been
estimated to be a = 153”ff;: = (37151 pe, b = 65””:2:: = (1573) pc, and ¢ =
108" 4+ 12" = (26.2731) pc, with ¢ — representing the radius of the depth of the
ellipsoid — assumed to be identical to the radius of the superbubble as determined
through the Ha image (Fig. 6.5a). This leads to a volume of Vgg ¢ = (4/3)7 abc =
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(1.8703) x 1050 cm? for the polygonal superbubble fitting region, assuming an LMC
distance of 50kpc. The volume of the whole superbubble — differing from the
volume of the polygonal fitting region of the superbubble — was estimated from
the Ha image to have a radius of Rgp = 1()8’”:5: = (26.275 1) pc. This leads to
a volume of Vgp = (4/3)7 R = (2.217079) x 10% ¢cm? for the whole superbubble,
assuming the LMC distance and a spherical symmetric shape. The total hydrogen
number density of the hot gas inside the superbubble can now be determined by
using Equation 6.2, resulting in

4K D? 12
MH,SB = (1.2 < 1011V ﬁt¢) = (0.04870055) ¢~ %Pcm 3. (6.8)

The ideal gas equations can be used to calculate the pressure psp; and the thermal
energy content Iy, sp of the hot gas inside the superbubble. The pressure follows
the ideal gas equation

PsB,iVsB = NiothTsB (6.9)

with the following definitions:

psp; : pressure in gem ™ sT2,
3

Vsp : volume of the superbubble in cm?,
Niot : total number of particles,
Tsg : temperature in K.

The temperature Tsg of the superbubble can again be assumed to be Tsg ~
Tx sp. Inserting niot = Niot/Vsp = ne + 1.1ng and ne = (1.2 + 0.013¢pc) np into
Equation 6.9, it becomes

ps.i/ks = 2.31nuTx sB (6.10)

which leads to a value of psp;/ks = (9.511%) x 10°¢~"% em ™3 K for the pressure

of the hot gas inside the superbubble. The thermal energy content of the hot gas
inside the superbubble can be described by the following equation for an ideal

gas:
3

Eisp = intothTX,SB ¢ (6.11)

Inserting Equation 6.9 into Equation 6.11 results in a thermal energy of Ey, s =

(3/2)pspiVepd = (4.3%1 &) x 1050 ¢%° erg. The mass of the hot gas inside the su-

perbubble can be determined through the relation
Msp i = nior pmuVsg (6.12)

with © = 0.61 being the molecular weight of a fully ionized gas and my being
the hydrogen mass. Expressing the total number of particles ny, through the
hydrogen density, the mass of the hot gas inside the superbubble results to be
Msp; = 2.31nyy pmyVsp = (13072%) ¢%° M.
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Blowout

The same calculations were performed for the blowout of the superbubble. The
volume of the fitting region of the blowout (see Fig. 6.14) was approximated by
an ellipsoid with radii of a = 166”2, = (40.2+1- 2)pe, b= 8478, = (20*4) pe, and

c= 108”+12,, = (26.2731) pc, assuming the LMC distance. The radius ¢, which
is representing the depth of the ellipsoid, is again chosen as the radius of the
superbubble as defined by the Ha image (Fig 6.5a). This results in a volume of the
blowout fitting region of Var g = (2.6797) x 10%° cm?® and in a hydrogen number
density of ny g, = (0.03470511)¢%° cm % for the hot gas inside the blowout. Since
the spectral extraction region for the blowout has been defined in a way to include
as much as possible of the X-ray emission originating from the blowout, the actual
volume of the blowout is considerably smaller than its fitting region (see Fig. 6.14).
Therefore, the volume of the blowout was determined separately. This was done by
approximating its volume as defined by the medium X-ray image With an ellipsoid.
The thus determined radii are a = 157”+11,, = (38" pc, b= 60”+7// = (15%3) pc

and ¢ = 108//+12// = (26.2731) pc, with the radius of the depth ¢ assumed again to
be equal to the superbubble radius. This leads to an approximate volume of the
blowout of Var, = (1.870%) x 109 ¢cm?. With the formulae described above for the
superbubble,

— a pressure of ppr;/kp = (0.571543%) x 109 0° cm 3 K,
— a thermal energy content of Ey, 1, = (2.075%") x 105%0 S erg, and
— amass of Mpy; = (7T0735°1) ¢%5 Mg,

were obtained for the hot gas inside the superbubble.

DEM L299 Superbubble plus its Blowout

Summing up the values of the superbubble and of its blowout, a total mass and
thermal energy content can be given. For the total mass of the hot gas inside the
superbubble plus blowout, a value of M; = (2007157%) ¢°® My, was obtained, as
well as a thermal energy content of Ey, = (6.375%%) x 1050<;§05 erg. Although the
90 % confidence ranges for the blowout values are large due to the low statistics of
the observation and the small size of the spectral extraction region, these summed
up values are still given to provide an estimation for the properties of this region.
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Dynamic Age of the DEM L299 Superbubble

The dynamic age of a superbubble can be estimated by using the equation:
R = a(Buss/p) /"t o5 (6.13)

with the following definitions:

R : radius of the outer shell in cm (= Rsp),
Einsp : thermal energy content of the superbubble in erg,
tayn,sB : its dynamic age in s,
p : mass density of all particles of the ambient medium in g/cm?.

The mass density can be determined through p = n pum,, with the total particle
density n of the ambient medium, the mean molecular mass i, and the proton mass
my. In the formula, a is a coefficient corresponding to the stage of evolution of the
interstellar bubble and is set to 0.76, according to an intermediate stage (Weaver
et al., 1977). To determine the total particle density n of the ambient medium, the
hydrogen density ng of the ambient medium of the SNR has been used, which
resulted in n = 2.31lngy = (0.157007) cm™3. Solving Equation 6.13 leads to a
dynamic age of the superbubble of t4y, s = (70752) kyr. For this calculation, the
thermal energy content of only the superbubble (without the blowout) was used
due to the large confidence ranges of the blowout and since this approach provides
an upper limit for the dynamic age. Compared to the age of the stars which
formed it, the dynamic age of the superbubble seems quite young. Too young
dynamic ages have also been found for several other superbubbles, see e.g. Sasaki
et al. (2011) or Cooper et al. (2004). A possible answer to this problem might
be the growth-rate discrepancy, which has been observed in several superbubbles
(e.g. Cooper et al., 2004; Jaskot et al., 2011), and which can explain too small
observed sizes of superbubbles due to a lower growth rate than expected from
the stellar wind input. More information about the growth-rate discrepancy can
be found in Section 2.4.1. Out of the dynamic age, an average mass loss rate of
(1.9739) x 1073 M, /yr and an average energy input rate of (2.077%) x 103 erg/s
were determined for the superbubble (without the blowout), considering its mass
and thermal energy content as obtained above.

6.5.3 Contribution of Stars

In the previous sections, the basic properties of SNR B0543-68.9 and the DEM
1299 superbubble were deduced, emanating from the results of the X-ray spectral
analysis. This section will now discuss how and to what extent some of these
previous results — and the SNR and the superbubble themselves — are affected by
the presence of stars in the vicinity of these two objects.
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Population Study

To estimate the influence of these stars, the astronomical database SIMBAD?® has
been used to perform a population study for the vicinity of DEM L1299, covering
an area with a radius of ~4/5 (65 pc) around the center of SNR B0543-68.9 as
defined by the [S II]/Ha flux-ratio image. In this area, two clusters of stars,
two associations of stars, and five OB-stars were found. A list of these objects
is given in Table 6.4, and their positions are marked in the X-ray and optical
images of Figure 6.17. Three of these objects — the two OB-stars in the south-
west of DEM 1299 and the association KMHK 1274 lying projected towards one
of these OB-stars — are too far away from the border of the remnant (4') and of
the superbubble (2’ and 3/, respectively) to be likely to have a great influence on
them. Furthermore, this association is marked by Bica et al. (1999) to be possibly
connected to the emission object LHA 120-N 164, visible as a bright region south
of DEM L299 in the Ha image of Figure 6.17b.

The remaining six objects are projected close to the border of SNR B0543-68.9
and of the superbubble, including the OB-star CPD-69 513 lying in projection
within the remnant, the OB-star GSC 09163-00731 which is visible at the position
of the circular star-forming region at the northern rim of the superbubble, and the
cluster H88 324 imaged at the intersection point of the SNR and the superbubble
(see Fig. 6.17). The cluster H88 324 is marked by Bica et al. (1999) to be possibly
connected to DEM L1299, but unfortunately, no further information is available
about this cluster. There is also no deep study of the other cluster (H88 325) and
the association (BSDL 2862) projected close to the border of DEM 1299, and no
detailed information about the spectral types of the OB-stars could be found in
SIMBAD.

Stellar Contribution to the X-ray Luminosity

In Section 6.4, the X-ray luminosity in the energy band of 0.5—-8keV was deter-
mined for SNR B0543-68.9 and for the superbubble. To do so, it was assumed
that all X-ray point sources in this energy range were masked and that the entire
remaining X-ray emission in this energy band originates from either the remnant
or the superbubble. However, there are two additional types of X-ray sources

8 SIMBAD - Set of Identifications, Measurements, and Bibliography for Astronomical Data:
An astronomical database which is maintained by the Centre de données astronomiques de
Strasbourg (CDS), France. The first online version of SIMBAD has been released in 1981.
Today, it contains information about more than 3.5 million astronomical objects excluding
objects from the Solar System. Beyond basic information like object type or coordinates,
information needed for, e.g., cross-calibration of catalogs and bibliographic references are
provided. SIMBAD hompage: http://simbad.u-strasbg.fr/simbad/
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Figure 6.17: Clusters of stars, stellar associations (both indicated by blue, dashed
circles), and OB-stars (marked with green circles) in the DEM L299 region as
found in SIMBAD. The position and size of the clusters and associations are
taken from the catalog of Bica et al. (1999). The position of SNR B0543-
68.9 as found through the [S II]/Ha flux-ratio image (Fig. 6.6) and of the
superbubble as defined by the Hoa image (Fig. 6.5a) is marked in white and
black, respectively. The objects are overlaid onto (a) the XMM-Newton EPIC
X-ray broadband (0.3—8keV) image of DEM 1299, showing approximately the
same area of the sky, smoothing parameters, and scale parameters as used for
Figure 6.3; and (b) the DEM L299 region in He, with the same parameters as
used for Figure 6.5.
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Table 6.4: Table showing the results of the population study performed with STM-
BAD for an area with a radius of ~ 4’5 (65 pc) around the center of SNR B0543-
68.9. Listed are the clusters of stars, stellar associations, and OB-stars in this
region. For each object, the coordinates, the type, and the identifier are given.
A possible physical connection to another object — as given by Bica et al. (1999)
— is stated in the last column.

RA (J2000) Dec (J2000) Type Identifier

05:42:49 -68:58.7 Cluster HS88 324 in DEM L299
05:43:15 -69:02.0 Cluster HS88 325

05:42:34 -68:59.4 Assoc. BSDL 2862

05:42:42 -69:03.7 Assoc. KMHK 1274 in LHA 120-N 164

05:42:11.561 -69:01:39.33 OB-star HD 270019
05:42:41.496 -69:03:45.10 OB-star TYC 9163-564-1
05:42:54.93  -68:56:54.5  OB-star GSC 09163-00731
05:42:55.414 -68:59:52.81 OB-star CPD-69 513
05:43:24.67  -68:57:00.1  OB-star GSC 09163-00590

which can spoil these assumptions and the influence of which has to be investi-
gated: a considerable amount of X-ray emission can be produced by OB-stars (i.e.
high-mass stars) and low-mass stars.”

Contribution of OB-Stars

OB-stars emit X-ray emission due to shock waves in their stellar winds (Oskinova,
2005), which are generated through radiation pressure. The contribution of OB-
stars to the X-ray luminosity of DEM 1299 can be estimated by using the results of
the population study. The OB-star CPD-69 513 is projected towards the spectral
extraction region of SNR B0543-68.9, while OB-star GSC 09163-00731 is lying
within the extraction region of the superbubble. Since no further information
about the spectral type of these stars is available, typical soft X-ray luminosities
for O-type stars of ~ 103t ~10% ergs™! were used as an estimate of their X-ray
luminosity (Chlebowski et al., 1989; Berghoefer et al., 1997; Sana et al., 2006).
Therefore, these high-mass stars contribute ~2 x 103! —2 x 1033 ergs™! to the X-
ray luminosity of DEM L299. Considering the unabsorbed, local background
subtracted luminosities as determined in Section 6.4, this only accounts for 0.6 % of
the luminosity of the superbubble and for 0.14 % of the luminosity of SNR B0543-
68.9 and is therefore negligible.

9In general, stars with intermediate masses produce a negligible amount of X-ray emission
(Oskinova, 2005).
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Contribution of Low-Mass Stars

The second source of potentially considerable, additional X-ray emission are low-
mass stars. These stars produce X-ray emission due to magnetic activity, for which
the presence of outer convective layers is important (Oskinova, 2005). Although
each of these stars with masses < 3Mg has a low X-ray luminosity compared
to OB-stars, the large number of low-mass stars in any stellar population may
nonetheless lead to their considerable contribution to the X-ray luminosity of an
area of the sky. Furthermore, if these low-mass stars are unresolved, their emis-
sion might easily be confused with diffuse X-ray emission as emitted by hot gas.
When studying diffuse X-ray emission, it is therefore important to ensure that the
observed emission is truly diffuse emission and not the sum of the radiation of a
large number of unresolved low-mass stars.

To test this, the actual number of these low-mass stars in the observed popu-
lation is needed as well as the average X-ray luminosity of these stars. Their
number was estimated by creating a color-magnitude diagram of DEM L299 (see
Fig. 6.18). Since there are no extensive studies about the OB-stars, the clusters,
and the association projected towards DEM 1299, the color-magnitude diagram
was produced within the scope of this thesis by using the photometric catalog of
Zaritsky et al. (2004). This catalog comprises stars in the bandpasses UBVI of
the central 8° x 8° of the Large Magellanic Cloud (Zaritsky et al., 1997). This
catalog was used to create the color-magnitude diagram for a composed area of
DEM L299 consisting of two circles: one circle centered around the superbubble
with a radius of 2’ and another circle around SNR B0543-68.9 with a radius of
2!3. Figure 6.18 shows the resulting color-magnitude diagram, with evolutionary
tracks and isochrones taken from Lejeune and Schaerer (2001), for which the basic
model set for the Johnson-Cousins-Glass photometry was used and the metallicity
of Z = 0.008 was chosen, since — being about half of the solar value Z5 = 0.02 — it
is close to the metallicity of the LMC. In order to plot the evolutionary tracks into
the color-magnitude diagram, the absolute magnitude M for the V-band as given
by Lejeune and Schaerer (2001) was converted into the apparent magnitude m
using the distance modulus:

m — M = bmaglog(r/10pc), (6.14)

with r being the distance to the LMC in pc.

Since no information about the distance to the stars is provided in the catalog
of Zaritsky et al. (1997), background and foreground stars will be present in the
thus created color-magnitude diagram of DEM L299. This was considered by
ignoring those stars during the further analysis which lie on a different isochrone
than the most massive stars. This approach is justified since stars belonging
to the same stellar population should follow the same isochrone, as they should
be approximately of the same age (apart from second generation stars), and as
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Figure 6.18: Color-magnitude diagram for the stars in the DEM L299 region
created with data from the photometric catalog of Zaritsky et al. (1997). Plotted
are the stars within an area with a radius of 2!3 from the center of SNR B0543-
68.9 plus stars within an area of 2" around the center of the superbubble. Stars
are plotted in blue, with the yellow star symbols marking the most massive
stars. Evolutionary tracks taken from Lejeune and Schaerer (2001) are plotted
as dashed lines for stars with masses of — from bottom to top — 1, 3 (green), 5
(red), 7, and 12Mg. The two isochrones at 28 Myr and 35 Myr, which are also
taken from Lejeune and Schaerer (2001), are plotted as dotted curves in purple
and blue, respectively.
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DEM L299, being located in a star-forming region of the LMC, is expected to
harbor young stars. Following this procedure, it was assumed that all stars in the
DEM L299 region originate from the same stellar population.

Since a stellar population develops along its isochrone in the color-magnitude
diagram, the turn-off point of a stellar population from the main sequence can be
used to determine the age of the population. Since more massive stars develop
faster than low-mass stars, this turn-off point can be observed first at the high-
mass end of the main sequence, moving downwards as the population gets older.
Out of the created color-magnitude diagram from DEM 1299, an age of 28 — 35 Myr
was estimated for the DEM L299 population, since the most massive stars of this
diagram (with masses between 7—12Mg) seem to follow these isochrones (see
Fig. 6.18). However, since no unambiguous turn-off point can be determined and
to consider possible confusion with back- and foreground stars, this age estimate
should rather be treated as an upper limit.

For a population of stars which formed from the same parental molecular cloud,
the initial mass function (IMF) can be used to determine the amount of stars in
a certain mass bin when knowing the number of stars in any mass bin of this
population. The IMF describes empirically the mass distribution of the stars of a
population which they initially had during their main-sequence phase. The IMF
can empirically be well described for stars with masses m 2 1 Mg as a power law
with an index of o = 2.35 and is then called the Salpeter IMF (Salpeter, 1955) 1
with

Y ocm 2 (6.15)

where ¢ gives the number of stars per volume (pc®) with a mass between m and
m~+dm. This empirical formula shows that low-mass stars are more frequent than
stars with high masses. For stars with masses m < 1Mg, the power law index
decreases. A universal description fails in this mass range and different formulae
exist.

In this analysis, the Salpeter IMF was used to determine the number of stars in
the mass bin of 1-3 Mg out of the color-magnitude diagram, assuming that the
population of stars formed from the same parental molecular cloud. This was
accomplished by first counting the number of stars in a certain mass bin in the
color-magnitude diagram and then using the Interactive Data Language (IDL)
routine IMF' to calculate the number of stars between 1-3 M. This was done six
times using different mass bins between 3 M. and 7 M. and then averaging the
results in order to even out statistical effects and rounding procedures. Mass bins
above 7 Mg were not used since some of these high-mass stars of the original popu-
lation might already have become a supernova and are therefore not represented

10 TDL — Interactive Data Language: an analysis and visualization software developed specifically
for scientists, enabling the handling of large data sets.
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in the color-magnitude diagram, which was created out of an empirical catalog.
Given the low statistics of the higher mass bins, missing stars in these bins would
have an enormous effect on the calculated values and therefore, only lower mass
bins are used. With this procedure, a number of 306755 stars were obtained for
the mass bin of 1-3My. To determine the uncertainty limits, the Poissonian
uncertainties of each of the six different mass bins used for normalization were
applied. These upper and lower number limits were then used to determine the
upper and lower number limits of the stars in the mass bin of 1-3 My, which were
then averaged.

In addition to the number of stars in this low-mass bin, the average X-ray lumi-
nosity of stars in this mass bin is needed to estimate their contribution to the
total X-ray luminosity of DEM 1.299. To obtain this, a method was applied which
has also been used previously by e.g. Getman et al. (2006); Ezoe et al. (2006);
Broos et al. (2007); Kavanagh et al. (2012) and which makes use of results of
the well-studied Orion Nebula Cluster (ONC). In this method, the studied po-
pulation is compared to the population of the Orion Nebula Cluster under the
assumption that both populations can be described by the same IMF and differ
only in age and size. The ONC, of which the OB-stars are illuminating the Orion
Nebula, has been studied very thoroughly within the scope of the Chandra Orion
Ultradeep Project (COUP, Getman et al., 2005). This project covers six Chandra
(Weisskopf et al., 2002) observations of the ONC taken within 13.2 days in the
year 2003 with a total exposure time of 838 ks, equalling 9.7 days. In the Chandra
Orion Ultradeep Project, ~ 1400 stars were classified as associated with the Orion
Nebula Cluster (Getman et al., 2005; Feigelson et al., 2005). Feigelson et al. (2005)
used these observations to determine global properties of the ONC, such as for
example the number of stars in different mass bins, their integrated unabsorbed
X-ray luminosity in an energy band of 0.5—-8keV, and the percentual contribution
of each bin to the total X-ray luminosity of the population. These results allow
the determination of an average luminosity per star for different mass bins. For
the ONC, Feigelson et al. (2005) found that 70 stars lie within the mass bin of
1-3Mg and have an integrated X-ray luminosity of 9.12 x 1032 ergs~!. Within
this thesis, this result was used to calculate an integrated luminosity for the same
mass bin of DEM L299. Taking the upper limit of 364 stars within this mass bin as
determined above for DEM 1.299 and taking the average luminosity per star of the
same ONC mass bin, an integrated luminosity of 4.7 x 103 ergs~! was obtained
for this DEM 1.299 mass bin. According to Feigelson et al. (2005), the luminosity
of the stars within this mass bin accounts for 41 % of the total X-ray luminosity
of a stellar population, with another 33 % originating from stars below 1 M. Us-
ing these numbers, an unabsorbed total X-ray luminosity of 8.6 x 10?3 ergs™! was
calculated within the scope of this thesis for stars of the DEM L1299 population
with a mass of <3Mg. This is the sought contribution of low-mass stars to the
X-ray luminosity of DEM 1.299.
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After having considered the different size of the ONC and the DEM L299 po-
pulation, also their different ages have to be taken into account. Getman et al.
(2005) give an age of <1 Myr for 80 % of the stars within the central region of the
ONC, i.e. within 1 pc of its center, while the star sample of Preibisch and Feigel-
son (2005) has an assigned age of <0.1—~ 10 Myr. Both values are considerably
lower than the upper age limit of 2835 Myr as determined for DEM 1.299. Since
the DEM L299 population seems most likely to be older than the ONC popula-
tion and since the X-ray luminosity of low-mass stars with m <3 M. decreases
with time (Preibisch and Feigelson, 2005), the here determined X-ray luminos-
ity should be considered as an upper limit for the contribution of low-mass stars.
Since this value makes up for only ~ 0.5 % of the total, unabsorbed X-ray luminos-
ity of DEM L1299 of 1.79 x 10%¢ ergs™! (i.e. the sum of the luminosity of the SNR
and the polygonal superbubble-only fitting region as determined in Section 6.4 for
the same energy band), the contribution of low-mass stars to the diffuse X-ray
luminosity of DEM L299 seems to be negligible.

The studies performed in this section about the stellar contribution to the X-ray
luminosity of DEM L299 concluded that high- and low-mass stars only account
for a negligible fraction of the detected X-ray emission of DEM L299. Therefore,
it can be assumed that the observed diffuse X-ray emission of DEM L299 is truly
diffuse emission.

Energy and Mass Input for the DEM L299 Superbubble

Since superbubbles are created through the stellar winds and supernovae of a po-
pulation of stars, the energy and mass content of a superbubble should equal this
energy and mass input. However, a growth-rate discrepancy of superbubbles has
been observed, which manifests itself in a too low energy content of a superbub-
ble compared to the energy input of the stellar population which formed it (see
Sect. 2.4.1 for more information). The energy content of a superbubble is the sum
of its thermal energy, mainly stored in the hot gas in its interior, and its kinetic
energy, mainly stored in its expanding shells of warm and cold gas. Unfortunately,
not enough information about the shell of the DEM 1299 superbubble is available
to determine its kinetic energy in order to create a complete energy and mass
budget. Nevertheless, the mass and energy input of the stellar population which
formed DEM L1299 can be estimated. To do so, another color-magnitude diagram
was created with the same method as described in the previous section, but this
time for an area within 2’ (30 pc) around the center of the superbubble, cover-
ing only the superbubble region of DEM 1.299. The resulting diagram is shown in
Figure 6.19, in which ~ 1900 stars are plotted. To estimate the number of already
occurred supernova explosions in this stellar population, the number of high-mass
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stars present in the initial stellar population with masses between 8 -100 M, has
to be determined and then compared to the observed number of stars within the
same mass bin. This mass bin was chosen since only stars with initial masses
above 8 My can undergo a core-collaps supernova. By using again the Salpeter
IMF and the same approach as described in the previous section, an average ini-
tial number of 973 stars was obtained for this mass bin. In the color-magnitude
diagram, only two stars lie within this mass bin. Thus, 7J_r§ supernovae can be
assumed to have already occurred within this DEM 1299 superbubble region.

The color-magnitude diagram can further be used to determine the total initial
mass of the stars in the mass bin of 1-100 Mg and the age of the stellar popu-
lation, which are both needed for the next steps of the analysis as described in
the following paragraph. With the same method as described above and after the
calculation of an average mass, this total initial mass of the population resulted
to be (6367121) M. The uncertainty limit was determined following the same
method as described above, using the Poissonian error of the number of stars in
six different mass bins. These upper and lower number limits were then used to
calculate the number of stars in the 1-100 M bin and out of this, the average
mass error. The two most massive stars in the color-magnitude diagram have a
mass of 7-12My. Since both stars lie close to the main sequence, no turn-off
point and therefore no exact age of the population can be determined, but an
upper limit of 28 =35 Myr can be given. This upper limit is in agreement with the
age determined above for the whole DEM L1299 population and can therefore be
assumed as the age of the stellar population of the superbubble.

In addition to the number of previous supernovae, the stellar wind energy input is
needed to determine the total energy input for the superbubble. This input was
estimated using the Starburst99'! v6.0.4 software and data package (Leitherer
et al., 1999; Vazquez and Leitherer, 2005), which allows the calculation of spec-
tral and photometric properties of a stellar population. It was originally written
for the modeling of galaxies with active star formation and predicts for example
several colors, luminosities, the strength of diagnostic lines, and stellar continua of
a population as well as its mass and energy return and the stellar inventory — the
latter two being needed for the estimates done within the scope of this thesis. As
basic input parameters, the package requires the age of the population, its total
initial mass, and its IMF exponent. For the mass and age, the values determined
from the magnitude-color diagram were taken. As input parameters, a Salpeter
IMF exponent of 2.35 was chosen with mass limits of 1-100 Mg, a metallicity of
Z = 0.008, and the UV spectral library for the LMC. For the remaining parame-
ters, their default values were taken.

11 Starburst99 homepage: http://www.stsci.edu/science/starburst99/
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Figure 6.19: Color-magnitude diagram for the stars within a projected distance
of 2/ (30 pc) around the center of the superbubble. To create this plot, the same
parameters have been used as for Figure 6.18.
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Energy Input through Supernovae
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Figure 6.20: Energy input through supernovae, energy input through stellar
winds, and total mass input for the DEM L1299 superbubble as determined
with Starburst99. Crosses are the Starburst99 simulation results for a stellar
population with an age of 32 Myr. The blue line represents the linear function
f(x), which has been fitted to the simulation results and was used to extrapolate
the results to lower initial masses.
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Since Starburst99 was written for the simulation of whole galaxies, only total ini-
tial masses down to 1 x 10® M, are accepted by the input mask, with a minimal
step size of 1 x 103 M. Since the total initial mass for the DEM L299 superbubble
population was determined to be (6367 127) M, it is smaller than the lowest possi-
ble initial mass to be used in Starburst99. For this reason, a series of 12 different
simulations was run with initial masses between 1 x 103 Mg, and 1 x 105 M. The
results were plotted as a function of initial mass and fitted to enable their extrap-
olation to lower masses. As an example of the results, the obtained values for the
energy input through stellar winds, the energy input through supernovae, and the
mass input are plotted in Figure 6.20. All three parameters have been found to de-
crease linearly with the initial mass. Thus, the energy input through core-collaps
supernovae was extrapolated to be ~ (9.137307) x 10°! erg, with uncertainties ac-
cording to the upper and lower mass and time limits. This represents a second
way to determine the number of already occurred supernovae, in addition to the
number obtained from the color-magnitude diagram: assuming an energy input of
10°! erg per supernova, ~ 973 supernovae should have already occurred in this re-
gion. This number is similar to the ~ 73, although both values seem unexpectedly
high. This might be a result of a possible confusion with fore- and background stars
in the color-magnitude diagram - an error that would propagate to the results of
Starburst99 through its input parameters, which were determined with the help of
the color-magnitude diagram. The energy input through stellar winds was extrap-
olated to be ~ (1.561035) x 10°! erg. This results in a total energy input through
core-collaps supernovae and stellar winds of ~ (1.1153.) x 10°2 erg. Furthermore,
a total mass input through supernovae and stellar winds of ~ (164143) M, is es-
timated through Starburst99. This number is comparable to the mass of the hot
gas inside the superbubble as determined in Section 6.5.2. Still, the latter mass
has a very high upper limit, and the mass of a superbubble is indeed expected
to be higher than the mass input through supernovae and stellar winds through

evaporation of its swept-up, cooler shell (see Sect. 2.4.1 and Silich et al., 1996).

As a result, it can be stated that the contribution of the stellar population — in
particular of the low- and high-mass stars — to the X-ray luminosity of DEM 1.299
can be neglected. The performed study about the energy and mass input through
supernovae and stellar winds for the DEM L1299 superbubble yielded reasonable
values. To obtain smaller uncertainties of the calculated values, additional in-
formation about the OB stars, the two stellar clusters, the stellar association in
the DEM L299 region, and the swept-up warm and cold shell of the superbubble
would be needed, which would also enable to establish the complete energy budget
of the superbubble.
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6.6 Summary and Outlook

In this chapter, the detailed multi-wavelength study of DEM L299 has been pre-
sented, which has been performed within the scope of this thesis. The study
includes an X-ray spectral analysis as well as morphological studies in radio, op-
tical, and X-ray wavelengths of DEM 1.299.

The morphological study in optical wavelengths, which was performed using Ha,
[S II], and [O III] data, showed very strong evidence for DEM L299 to be a su-
perposition of the known supernova remnant SNR B0543-68.9 and a superbubble.
This manifested itself through the created [S II]/Ha flux-ratio image. The su-
perbubble resulted to lie further to the north than SNR B0543-68.9. The relative
position of both objects to each other was studied in more detail using 21 cm radio
data. In these 21 cm images, an H I shell could be recognized, which seems to
enclose both objects. This indicates that the SNR and the superbubble lie close
to each other and might have the same population of stars as common origin, and
are not just by chance projected towards the same area of the sky. Yet, the images
are ambiguous, and no final statement can be made out of these data. However,
since DEM L1299 lies next to an active star-forming region and since the center of
SNR B0543-68.9 is projected inside the superbubble, the probability seems high
that both objects are connected and that both the SNR and the superbubble orig-
inate from the same stellar association.

The exact position of SNR B0543-68.9 within DEM L299 was determined, with
its center lying at RA 05:43:02.2, Dec -69:00:00.0 (J2000) and a diameter of
~4" (~60pc). All three indicators for a supernova remnant could be verified
for SNR B0543-68.9: diffuse X-ray emission, an enhanced [S II]/Ha flux ratio,
and a low spectral index between -0.5-1 as visible in the spectral index map
of DEM 1299, created out of radio-continuum data by Luke M. Bozzetto and
Miroslav D. Filipovié¢ from the University of Western Sydney, Australia. This
rather flat spectral index indicates a rather mature SNR, which is in agreement
with the results of the X-ray spectral analysis. The DEM L299 superbubble has
been identified through a clear shell-like structure in the He, S II], and [O III]
images; diffuse X-ray emission; and an H I radio shell. It is centered at RA
05:43:07.4, Dec -68:58:39.3 (J2000) with a diameter of ~3' (~45pc), as deter-
mined through the Ha image. Evidence has been found — in particular at optical
wavelengths — for a blowout of the superbubble at its north-eastern rim.

In the spectral X-ray analysis, three different regions of DEM [L299 were exam-
ined using archived XMM-Newton EPIC data: an SNR region, a superbubble-
only region which is not overlapping with the remnant as indicated through the
[S II]/Ha flux-ratio image, and a blowout region. For background estimation,
three XMM-Newton EPIC observations of the South Ecliptic Pole were combined
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and fitted simultaneously to the DEM L1299 observation. As a verification of this
background estimation, an as much as possible empty region inside the field of
view of the DEM L1299 observation was used as an extraction region for the local
background of DEM L1299, and its extracted data were fitted simultaneously to
the SEP observations. The fits of the SEP and the background region are in good
agreement and differ only through a slight excess of the local background spec-
trum. This excess can be fitted through an additional thermal component and is
probably a result of the local hot ISM in the busy field of view of the DEM L1299
observation. However, the spectrum of the local background extraction region
has far too low statistics to be used for background estimation of the SNR, the
superbubble, or its blowout. Nevertheless, this additional thermal component was
considered when calculating the luminosities of the different regions.

In the model used for the spectral fits, several sources of soft X-ray fore- and
backgrounds have been considered, as described in Section 5.4. To account for
the superbubble contribution to the spectrum of the overlapping remnant, an ad-
ditional component has been added to the SNR model. For this additional model
component, the resulting parameters of the source component of the previously
fitted superbubble-only spectrum were adopted and frozen. For all three spectral
extraction regions, Xspec’s plane-parallel shock model vpshock provided the best
reduced y2. For SNR B0543-68.9, the obtained best-fit values are

— a temperature of kgTx snr = (0.64707%) keV,
— an ionization timescale of 7gyg = (2.1758) x 101°scm ™3, and
— a column density within the LMC of Ny 1mcsng = (0.66J_r8:(1)%) x 10?2 cm 2.

The superbubble was found to have

— a temperature of kgTx sp = (0.741030) keV and
— a column density of Ngpmcss = (0.30705%) x 1022 cm ™2,

and for the blowout,

— a temperature of kgTx pr, = (0.6273%) keV and
— a column density of Ny meprL = (0.277097) x 1022 cm—2

were obtained. The absorbed and unabsorbed X-ray luminosities in an energy
range of 0.5—-8keV were determined for the SNR, the superbubble, the blowout,
and the local background region. The contribution of the latter was subtracted
from the luminosities of the other three regions. This resulted in an unabsorbed,
local background subtracted luminosity

— of (1.57]5) x 10% ergs~" for SNR B0543-68.9,
— of (3.4%78) x 10® ergs™! for the superbubble, and
— of (5.673%) x 10** ergs™! for the blowout.
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The fitting results were used to calculate further properties of these objects, which
are summarized in Table 6.5. For SNR B0543-68.9, the Sedov model was used to
determine its age, the initial energy of the explosion, and the mass of the swept-up
ISM. The method of Smith and Hughes (2010) was used to show that collisional
ionization equilibrium has not yet been re-established, and the method of Itoh
(1978) was used to show that also temperature equilibration is not re-established,
with a temperature ratio of fr = 0.371032. This temperature ratio was considered
when calculating the SNR properties.

The ideal gas equations were applied for the DEM L299 superbubble to determine
its dynamic age as well as the pressure, the thermal energy content, and the mass
of the hot gas in its interior (see Table 6.5). With these parameters, the average
mass loss rate and the average energy input rate were calculated for the superbub-
ble (without the blowout). For the blowout, comparable values for the pressure,
the thermal energy content, and the mass were obtained as for the superbubble,
although the low statistics of the observation lead to large uncertainty ranges.

A population study of the DEM 1299 region was performed to estimate the contri-
bution of stars to the determined properties. The X-ray emission of low- and high-
mass stars has been proven to be negligible when calculating the X-ray luminosity
of DEM L1299, accounting for <1.1% of its total X-ray luminosity. Thus, it was
shown that the observed diffuse X-ray emission is truly diffuse emission. A color-
magnitude diagram was created for the stellar population of DEM L1299, which
resulted in an age of 2835 Myr for this population. A second color-magnitude
diagram for the stellar population of the superbubble and the Starburst99 software
were used to determine the number of 4 —12 supernovae which should already have
occurred in this region, and to determine the energy input through stellar winds
and core-collaps supernovae for the superbubble to be ~ (1.1703.) x 10°2 erg and
the mass input to be ~ (164735) M.

For the creation of a complete energy budget of the superbubble, additional infor-
mation is needed about the OB-stars, the clusters, the stellar association in the
DEM L299 region, and about the properties of the Ha and radio shells around the
superbubble. This will allow to test current models for the growth-rate discrep-
ancy of superbubbles and will enhance the knowledge about this still not well-
understood discrepancy in superbubble evolution. To supply more constrained
confidence ranges for the determined properties of SNR B0543-68.9 and the super-
bubble, deeper X-ray observations are required for all spectral extraction regions,
in particular for the blowout and for the local background region. This would lead
to better confined values for, e.g., the age and the swept-up mass of the objects.
In addition, a detailed X-ray analysis of the blowout of the superbubble would
be possible, which can be well recognized up to now only in optical wavelengths.
Higher X-ray statistics would also allow a much better estimate of the local back-
ground, which would lead to a more accurate background estimation during X-ray
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spectral analysis. In addition, deeper observations would enable the fitting of el-
emental abundances, which can yield important information about the chemical
composition of the SNR and the superbubble, allowing for a better understanding
of stellar evolution and the matter cycle.
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Table 6.5: Summary of the calculated properties of SNR B0543-68.9 (assuming
no re-established temperature equilibrium with fr = 0.37), the DEM L299
superbubble, its blowout, and the combined values for the superbubble plus

blowout.
Object Parameter Value Unit
SNR B0543-68.9 | Age 8.9727 kyr
Initial energy 4.3(<14) x10°"erg
of the explosion
Mass of swept-up ISM 2107135 Mg
Shock velocity 12007329 kms™!
DEM 1,299 Dynamic age 70733 kyr
Superbubble Pressure/ kg 9.5%2 X 105 %5 em 3 K
Thermal energy content 0.431554 x 1051¢%5 erg
Mass of the hot gas 1301230 #°> Mg,
inside the superbubble
Average mass loss rate 1.9739 x 1073 Mg, /yr
Average energy input rate  2.077% x 1038 erg /s
Blowout Pressure/kg 571,50 x 10°¢p%% cm 3 K
Thermal energy content O.Qfgji‘é x 10%1¢%° erg
Mass of hot gas 70350 #°> Mg,
Combined Thermal energy content 0.631535 x 10°1 g% erg
Superbubble

and Blowout

Mass of hot gas

2007757

¢0'5 Mg
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Chapter 7

Summary and Outlook

Within the scope of this thesis, a detailed analysis of the hot ISM has been per-
formed for the LMC-SGS2 region in the Large Magellanic Cloud. This region
contains the supergiant shell LMC-SGS2 and the H II region DEM 1.299. For
these objects, a multi-frequency morphological and X-ray spectral analysis has
been performed. During these studies, we have obtained the most detailed X-
ray image of LMC-SGS 2 which exists up-to-now, and we have identified a new
superbubble embedded in DEM L299.

For the studies of the supergiant shell LMC-SGS 2, a morphological analysis has
been performed using X-ray, optical, and radio data. For the morphological X-
ray analysis, seven observations of the XMM-Newton satellite have been used.
The mosaicked images, created out of these data for several X-ray energy bands,
show LMC-SGS 2 in unprecedented detail. This allows a better confinement and
identification of individual structures of the supergiant shell and thus a better
determination of its properties.

For the X-ray analysis of LMC-SGS 2, three additional XMM-Newton observations
of the South Ecliptic Pole were processed, combined and used for the estimation of
the X-ray background. A spectral analysis was performed for the supergiant shell
and for the X-ray spur extending south of it. For both regions, the best fitting re-
sults have been obtained with a collisional non-equilibrium ionization (NEI) model
assuming a plane-parallel shock (vpshock). The resulting best-fit parameters are
in accordance with those expected for a supergiant shell. Individual spectra have
been created for different regions of the supergiant shell and the X-ray spur: for
the entire FOV of each observation as well as for smaller extraction regions. It was
shown that the spectra extracted from the entire FOV are representative of the
emission of LMC-SGS 2 and the X-ray spur. The results of the spectral analysis
confirm those obtained through the morphological X-ray studies: a higher column
density was obtained for the eastern half of LMC-SGS 2, which is in accordance
with its X-ray morphology, indicating a lower apparent brightness of this eastern
part.
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The fitting results were used to determine further properties of LMC-SGS 2 and
the X-ray spur (see Table 5.6), like the thermal energy content, the pressure, and
the mass of their hot gas. The results obtained from the entire FOV are well in
agreement with those obtained for the smaller extraction regions. The obtained
results are consistent with those expected for a supergiant shell.

At the north-western rim of LMC-SGS 2 lies the H II region DEM L1299, which
harbors the supernova remnant SNR B0543-68.9. We analyzed X-ray data of
the XMM-Newton satellite, optical data of the Magellanic Cloud Emission Line
Survey, and radio 21 cm data of the Magellanic Cloud Survey. For SNR B0543-
68.9, the three major indicators for a supernova remnant were found: diffuse
X-ray emission, an enhanced [S II|/Ha flux ratio, and a spectral index for the
radio-continuum emission indicative of a mature SNR. The morphological analysis
allowed a more accurate determination of the position of the supernova remnant,
which unexpectedly resulted to be shifted in respect to a shell-like structure clearly
visible in Hey, [S II], and [O III] emission line data. This led to the conclusion
that besides SNR B0543-68.9, a superbubble is projected towards DEM 1.299.
Indications for a blowout has been found at the north-western rim of the super-
bubble, with the strongest evidence visible in the optical images. Radio 21 cm
emission line data revealed a common shell-like structure of neutral hydrogen
around SNR B0543-68.9 and the superbubble, indicating that both objects lie
close to each other. However, the data did not allow for an unambiguous identifi-
cation of their relative position.

An X-ray spectral analysis has been performed for SNR B0543-68.9, the DEM
L.299 superbubble, its blowout, and for a local background region within the same
FOV. For SNR B0543-68.9, the contamination by the superbubble emission has
been accounted for in the model used for the spectral fits. All four regions were
fitted best with a plane-parallel shock NEI model (vpshock). For background es-
timation, the combined SEP data were fitted simultaneously to the source data.
The resulting best-fit parameters were conclusive for the respective objects. The
local background spectra revealed a small thermal contribution to the spectra,
which has been considered when determining the luminosities of SNR B0543-68.9,
the DEM L1299 superbubble, and its blowout.

The best-fit parameters were used to calculate further properties of the objects
(see Table 6.5). Thus, for the SNR, the initial energy of the supernova explo-
sion, the mass of the swept-up ISM, and the shock velocity were determined.
For the superbubble, its dynamic age and the pressure, thermal energy content,
and mass of the hot gas in its interior and in its blowout have been calculated.
For SNR B0543-68.9, it was shown that neither NEI nor temperature equilibra-
tion have been re-established yet. The effects of the latter were considered when
calculating the properties of the SNR.
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During the population study, the diffuse X-ray emission of this region has been
proven to be truly diffuse emission and to have only a negligible contribution from
low- and high-mass stars. The age of the stellar population of DEM 1299 has been
determined to be 28 —35 Myr, and a number of 4—12 already occurred supernovae
have been calculated for this region. For the superbubble, the energy and mass
input of the stellar population have been determined, which are in agreement with
the results of the X-ray spectral analysis.

Both LMC-SGS 2 and DEM L1299 offer the possibility of further, deeper studies,
which will reveal more of their characteristics and physics. For the creation of a
complete energy budget of the superbubble and of the supergiant shell, additional
information about their stellar population and about their Ha and H I shells are
required. This would allow to further enhance the knowledge about the growth-
rate discrepancy, which has been observed for several superbubbles and which is
not entirely understood yet. In addition, deeper X-ray observations are necessary
to further constrain the confidence ranges of the determined parameters, and for
a more precise local background estimation. A better statistics of the data would
also enable a more exact analysis of the spatial dependance of its parameters.
This is of particular interest for the supergiant shell, which has a huge extend and
which shows a strongly varying X-ray morphology. A better statistics will also
enable the examination of the chemical composition of both objects, which would
reveal further information about their origin and about their physical history.
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