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An X-ray investigation of the Small Magellanic Cloud with XMM-N ewton

Abstract

Observations of Local Group galaxies allow detailed studietheir stellar and interstellar content. With a
distance of only 60 kpc, the Small Magellanic Cloud (SMC)he second nearest star-forming galaxy. The
XMM- Newtonsurvey of the SMC provides for the first time a complete caygeraf the SMC main body with
imaging X-ray optics in the (0:212.0) keV band down to a luminosity 6f10°* erg s. The observations
reveal the large population of high-mass X-ray binaries #Bd), supernova remnants (SNRs), super-soft X-
ray sources (SSSs), and the hot interstellar medium (ISM)arsMC, as well as active galactic nuclei (AGN)
behind the SMC. Based on the XMMewtondata, this thesis is focusing on the point-source populatidhe
SMC field, individual X-ray sources, and thefdise X-ray emission in the SMC.

To investigate the X-ray point-source population, | seacctor sources in the EPIC images using maximum-
likelihood techniques. This yielded 3053 unique X-ray peiaurces with a median position uncertainty of’1.3
in a field of 6.32 de§ In total 49 SMC HMXBs, 4 SSSs, 34 foreground stars, and 72 A@hind the SMC
could be identified. | classified other X-ray sources usinglhess ratios, X-ray variability, and their multi-
wavelength properties. This resulted in candidates for M%& $IMXBs and 8 faint SSSs, as well as 2092
AGN and 13 galaxy clusters. | discuss statistical propgriige spatial distribution, X-ray colour diagrams,
luminosity functions, and time variability of the populati The bright-end power-law slope for théfdrential
luminosity function of HMXBs in the SMC is significantly steer @ = 3.302%)) than found for HMXB
populations of other nearby galaxies above a luminosityodf érg s*. This indicates a dierent behaviour of
Be/X-ray binaries and supergiant HMXB.

Three X-ray sources were analysed and discussed in detalsyimbiotic binary SMC 3, an accreting white
dwarf (WD) with thermonuclear surface burning, was foundsahighest X-ray luminosity as observed until
now. | found, that the X-ray variability can be explained layiations either in normalisation (by a factor-&0)
or in temperaturek(T = 24— 34 eV) but not by photoelectric absorption around an ecligdéMU J010147.5-
715550 was found as a new faint SSS in the point-source gataland correlates with AzV 281, an early Be
star. The X-ray spectrum is well represented by black-bad/\&D atmosphere models with highly model-
dependent temperature (20 — 100 eV). | discuss the sourdeds<t candidate for a B&/D binary system
in the SMC. To investigate the observational boundary da for B¢WD systems and to constrain stellar-
evolution models, it is of high importance to find more sucteyns. Four previously unknown transient sources
were found during the survey, of which XMMU J004814.0-73220discussed as an example. Coherent X-ray
pulsations with a period of 11.86642(17) s and the hard ptaweilike (I' = 0.66+ 0.03) X-ray spectrum reveal
the neutron-star nature of the compact object. The long-¥ray variability and the | emission line of the
optical counterpart identify the source as a HMXB of Be type.

To analyse the diuse emission, | created a background-subtracted X-rayimosage of the SMC field
and developed a method for the spectral analysisfifish emission with low surface brightness detected by
the EPIC-pn camera. The morphology and derived spectrahpeters confirm the hot ISM of the SMC as
origin of the difuse X-ray emission. The spectra are well described by tmildly ionised plasma emission
with a temperature kT ~ 200 eV. | obtain an absorbed and unabsorbed luminosity oSME plasma in
the (0.2-2.0) keV band with statistical uncertainties 008395 x 10° erg s* and 3957355 x 10°” erg s,
respectively. For the first time, | show that the X-ray lunsity of the ISM correlates with star formation in the
SMC ~40 Myr ago.

The results of the thesis yield deeper insights into thessizdl and individual properties of X-ray emitting
sources in the SMC, where fainter sources can be studied iandnaginated from each other than in more
distant star-forming galaxies. Also the connection to ttae-®rmation history can be investigated in more
details. The point-source catalogue is the most compréleehist of X-ray sources in the SMC field. It will,
together with the spectral parametrisation of thiudie emission, contribute complementary information to
subsequent research.






Eine Rontgenstudie der Kleinen Magellanschen Wolke mit XMM-Newton

Zusammenfassung

Beobachtungen von Galaxien der Lokalen Gruppetgiichen detaillierte Studien ihrer stellaren und in-
terstellaren Bestandteile. Mit einer Distanz von nur 60 lgiadie Kleine Magellansche Wolke (SMC) die
zweitnaheste sternbildende Galaxie. Mit der Durchmusggtbe SMC im Rahmen eines XMMewton large-
programmewurde erstmalig eine komplette Abdeckung des SMC-Hairptikrs mit abbildendendtgenopti-
ken im (0.2-12.0) keV Band erzielt, welche SMC Quellen mit Leuchfken bis zu~10%* erg s erfasst. Die
Beobachtungen enillen die grof3e Population an massereichémtgendoppelsternen (HMXBs), Superno-
vallberresten (SNRs), superweichetri®ggenquellen (SSSs) und das heilRe interstellare MeditiheiBMC, so
wie aktive Galaxienkerne hinter der SMC. Basierend auf detMXNewtonDaten wurden in dieser Dissertati-
on die Punktquellenpopulation, einzelnériRgenquellen und die fluse R\ntgenemission untersucht.

Fur die Untersuchung der Punktquellenpopulation wurdenll®uén EPIC Bildern mit einer Maximum-
Likelihood-Methode gesucht. Dies resultierte in einendt@d, der 3053 einzelnendRtgenquellen mit einer
mittleren Positionsungenauigkeit von 1.8 einem 6.32 deggroRem Feld umfasst. Insgesamt konnten 49
SMC HMXBs, 4 SSSs, 34 Vordergrundsterne, und 72 AGN hinteiS84C identifiziert werden. Mittels spek-
traler und zeitlicher Eigenschaften und der Emission ineagid Wellerhngen wurden diéibrigen Quellen
klassifiziert. Dies ergab Kandidatetirf45 SMC HMXBs und 8 lichtschwache SSSs, so wie 2092 AGN und
13 Galaxienhaufen. Statistische Eigenschaften, wieaienliche Verteilung, Bntgenfarbdiagramme, Leucht-
kraftfunktionen, und die Zeitvariabilit der einzelnen Populationen werden diskutiert. Diediintielle Leucht-
kraftfunktion von HMXBs der SMC folgt bei helleren Leuch#itten einem Potenzgesetz, welches signifikant
steiler ist ¢ = 3.30231) als bei anderen nahen Galaxien oberhalb einer Leuchtioaft ® erg s* beobachtet
wird. Dies weif3t auf unterschiedliche Eigenschaften vorHB&XBs und Uberriesen HMXB hin.

Drei Rontgenquellen wurdenamer untersucht: Das symbiotische &isystem SMC 3, ein akkretierender
Weil3er Zwerg (WD) mit thermonuklearem Obéadhenbrennen, wurdealirend der Durchmusterung mit bis-
lang hellster Rntgenleuchtkraft beobachtet. Ich zeige, dass dietenvariabiliét durchAnderung der Nor-
mierung (um einen Faktor vorb0) oder der TemperatukT = 24-34 eV) beschrieben werden kann, aber nicht
durch photoelektrische Absorption um einen BedeckungsmggXMMU J010147.5-715550 wurde als neue
leuchtschwache SSS im Punktquellenkatalog gefunden unmdliest mit AzV 281, einem fiithen Be Stern.
Das Rontgenspektrum kann mit Schwaizkerstrahlung und WD-Atmosphen-Modellen beschrieben wer-
den, wobei sich stark modellabhige Temperaturen ergeben (20 — 100 eV). Ich diskutier®d@adle als ersten
Kandidaten fir ein B¢WD System in der SMC. Die Suche solcher System ist wichtig verBdiobachtungs-
bedingungen und Parametér fSternentwicklungsmodelle festzulegen. Vigingenaustlirche vorher unbe-
kannte Quellen wurden innerhalb der Durchmusterung gefunélls Beispiel wird XMMU J004814.0-732204
diskutiert. Kolarente Rntgenpulsationen mit einer Periode von 11.86642(17) sdascharte, einem Potenz-
gesetz ' = 0.66 = 0.03) folgende Spektrum weisen einen Neutronenstern als &ktep Objekt nach. Die
langzeitige Bntgenvariabiliat und die K Emission des Begleitsternes identifizieren die Quelle &&xB
vom Be Typ.

Um eine Analyse der diusen Emission durchziiffiren, erzeugte ich eindRtgenmosaikbild der SMC und
entwickelte eine Methodéif die spektrale Analyse vonfliser Emission mit schwacher Obadhenhelligkeit
fir die EPIC-pn Kamera. Die Untersuchungen atgen das heile ISM der SMC als den Ursprung d@nskn
Emission. Die Spektrendanen mit der Emission von sto3ionisiertem Plasma mit €iraerperatur vorkT ~
200 eV beschrieben werden. Die absorbierte und unabstrhieuchtkraft im (0.22.0) keV Band be#gt
7.0870% x 10°® erg s* und 39530 x 10°” erg s*. Erstmalig zeige ich, dass dieRtgenleuchtkraft des ISM
mit der Sternbildungsrate vor 40 Millionen Jahren kormtlie

Die Ergebnisse dieser Dissertatiarhfen zu einem tieferen Veestdnis der statistischen und individuellen
Eigenschaften dentgenemittierenden Quellen in der SMC, wo im Vergleich aiter entfernten sternbil-
denden Galaxien, Quellen mit scheherer Leuchtkraft beobachtet und einzelnen Quellerebasserschieden
werden bnnen. Ebenso kann der Zusammenhang vantgRnemission und Sternenstehung besser untersucht
werden. Der Punktquellenkatalog ist der bislang umfaisgste Rntgenquellenkatalog im SMC Feld. Er wird,
ebenso wie die spektralen Parametrisierung déuskn Rntgenemission zu gperen Studien beitragen.
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1. Introduction

Nearby galaxies in the Local Group enable detailed studies of the stellantanstellar content of
complete galaxies. The Small Magellanic Cloud (SMC, Westerlund 1997) is-dafjadwarf ir-
regular galaxy that is orbiting the Milky Way. Gravitational interaction with thegkeaMagellanic
Cloud (LMC) and the Galaxy are believed to have triggered recent frstar formation (Zaritsky
& Harris 2004). The investigation of sources in the SMC has severalrddges:

In contrast to the Milky Way, where most sources in the Galactic plane aeuodd by large
amounts of absorbing gas and dust, sources in the SMC are only modeféteted by Galactic
foreground absorption of N~ 6 x 10?° cm~2 (Dickey & Lockman 1990). For Galactic sources, the
determination of distances can be complicated, leading to uncertain luminositigseSin the SMC
can be assumed to be at the same and well known distare@0dfpc (e. g. Hilditch et al. 2005). A
size of the SMC on the sky of a few degrees enables the investigation obtmglete galaxy with
few observations, whereas for the Milky Way an all-sky survey woulddmessary. The comparison
between the SMC and the Milky Way is interesting, due tbedeént metallicities Zsme ~ 0.2Z0,
Russell & Dopita 1992), which influence e. g. the stellar evolution and steitats.

In contrast to more distant Local Group galaxies, we can study fainteces in the Magellanic
Clouds. As an example, the flux of a source would decreases by a &dctd70 when the source
was observed at the distance of the SMC or the Andromeda galaxy (Ive3pgctively. In even more
distant galaxies, the angular separation of individual sources bequot@ematic as well and at even
larger distances only the integrated emission of a complete galaxy can beretedsur the SMC, an
angular separation of”Icorresponds to a distance of only 0.29 pc. This allows to separately analys
individual sources. Therefore, an understanding of nearby igaldike the Magellanic Clouds is
important to understand the emission of more distant galaxies.

Due to recent star formation, the SMC harbours a remarkably large gimputd high-mass X-rays
binaries (HMXBs), in which a neutron star (NS) accrets matter from a n&ssimpanion star. Due
to the short life time of massive stars, also several supernova remn&iiRs)are observed. The
subsequent explosion of SNRs will heat the interstellar medium (ISM) to teypes of~10° K.
Both the accretion onto compact objects and hot plasma can cause X-rajoemiSoft X-rays,
above~100 eV, can penetrate large amounts of neutral gas. The focusingayf photons is possible
up to several keV with today’s X-ray telescopes. This enables X-ray irgagid spectroscopy and
the research of the highly energetic astrophysical processes in the SMC

The X-ray observatory XMMNewtonis operated by the European Space Agency (ESA) and has
three X-ray telescopes with unprecedenté&daive area. The XMMNewtonlarge-programme sur-
vey of the SMC (PI: Frank Haberl) was performed between May 20@OMarch 2010, to further
study this galaxy in the (0-2.2.0) keV regime. Previously, the SMC was surveyed withEhestein
observatory between 1979 and 1980 (Seward & Mitchell 1981; Wangu&1®92) and ROSAT in
the 1990s (Kahabka et al. 1999; Haberl et al. 2000; Sasaki et @D)2Chandra(Weisskopf et al.
2000) observations only cover some disconnected fields in the SMCnibioation with archival
observations, the XMMNewtonsurvey provides the first complete coverage of the SMC main body
after the ROSAT observations and the very first above 2 keV.
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In this thesis, the XMMNewtonlarge-programme survey of the SMC and archival data was anal-
ysed homogeneously to achieve three main goals:

1. The study of individual sources in the SMC, e. g. new transienty)&oarces appearing during
the survey, interesting sources found during the statistical analysispditiesource catalogue,
and extended sources found in the mosaic image.

2. The creation of an X-ray catalogue and classification of X-ray ssupg their spectral, tempo-
ral, spatial, and multi-wavelength characteristics, to discriminate betweecesaarthe SMC
and in the fore- and background. The catalogue will serve as basigtioer studies of HMXBs
and super-soft X-ray sources (SSSs) in the SMC and also allovfiaielet search for back-
ground objects behind the SMC.

3. The complete coverage of the SMC main body allows an investigation of theseliX-ray
emission and will help to improve the understanding of the ISM of the SMC.

The thesis is organised as follows: In Chapter 2, the reader will find ade#eription of the SMC
and the XMMNewtonobservatory, a basic introduction to the physical processes caugsiag etnis-
sion and absorption, and a summary of X-ray source classes in the SELCTtie survey and archival
XMM- Newtonobservations of the SMC and the reduction of the data are presentedpte€BaThe
XMM- NewtonSMC point-source catalogue and its characteristics are described ine€HAapr his
Chapter also includes the cross-correlation with other catalogues, thé#icdion and classifica-
tion of X-ray sources and the analysis of statistical properties of the datarkis study has been
submitted to A&A (Sturm et al. 2012a). The results of the analysis of individuay sources are
presented in Chapter 5: As an example for a HMXB, the newly discoveegsy binary pulsar
XMMU J004814.0-732204 is presented (Sturm et al. 2011a). | comebsimilar X-ray analyses of
other HMXBs to the papers by Coe et al. (2011), Coe et al. (2012)eHabal. (2012b), and Sturm
et al. (2012c). Further | present the analysis of the symbiotic nova SKBLLBm et al. 2011b) and
the first candidate for a Behite dwarf system in the SMC (Sturm et al. 2012b). The combined mo-
saic image of the SMC revealed several new SNRs candidates (HaberPéi2a). As an example,
XMMU J0056.5-7208 is presented in the thesis. Chapter 6 contains a dethdeatterisation of the
EPIC-pn detector background, followed by the spectral analysisldéfigithout point and extended
sources, and a discussion of the morphology and spectral propérties difuse emission in the
SMC. | show that the diiuse X-ray emission correlates with star formation. Finally, the results of the
thesis are summarised in Chapter 7 and future prospects are discusdapirr@. Acronyms and
terms that are common in high-energy astrophysics and in X-ray astronuinysad in this thesis are
listed in Appendix A. The used XMMNewtonobservations of the SMC and the results of the spectral
analysis of the dfuse emission are tabulated in Appendix B. Appendix C contains EPIC images of
the individual XMM-Newtonobservations with results of the source detection as well as the merged
background-subtracted mosaic image.
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2.1. The Small Magellanic Cloud

The Small Magellanic Cloud is a gas-rich irregular dwarf galaxy and thenskgearest star-forming
galaxy after the Large Magellanic Cloud. The recent star formation wagetegl by gravitational in-
teraction of both galaxies with each other and with the Milky Way. A summary dbdlsec properties
of the SMC is given in Table 2.1. In the following, | summarise the researtbrizisnulti-wavelength

observations, and the derived properties of the Small Magellanic Cloud.t®the large amount of
details that are observable in nearby galaxies, this section can only tgweaspects of Magellanic

Cloud research.

Table 2.1.Properties of the Small Magellanic Cloud.

Reference

Optical centre (J2000)
Kinematic centre (J2000)

Diameter on sky

Total visual magnitude

Distance Modulus
Distance
Line-of-sight depth

Line-of-sight velocity (helio-centric)

Total mass
Mass of Hi
Mass of stars

Mass of dark matter

Mass of B
Mass of dust
Metallicity
GagDust ratio
Foreground N

Maximum line-of-sight N,

Star formation rate

oeg -73.2

0D5"-72.4
7= 7.3 kpc
+2.4 mag
(18.92 0.11) mag
~60 kpc
~8 kpc
160 (9@15) km s?
2 x 109M@
42 x 1M
~3 X .'].0B M@
Bx10'Mg (?)
3.2x 10'Mg
X 10°Mg
~0.2Z5
5-11 times galactic
(3-8)x 10%°° cm™2
1.43x 10?2 cm?
(05-0.4)Mg yrt

Westerlund (1990)

Stanimirovt et al. (2004)

Westerlund (1990)

Westerlund (1990)

Hilditch et al. (2005)

Hilditch et al. (2005)

Kapakos et al. (2011)
Stanimirovt et al. (2004)
Stanimirovt et al. (2004); Harris & Zaritsky (2006)
Stanimirovt et al. (2004)
Leroy et al. (2007)

Bekki & Stanimirove (2009)
Leroy et al. (2007)
Leroy et al. (2007)
Russell & Dopita (1992)
Leroy et al. (2007)

Dickey & Lockman (1990)
Stanimirovt et al. (1999)
Shtykovskiy & Gilfanov (2005, and references therein)

2.1.1. History

Both Magellanic Clouds were known prehistorically, because they ardevisibnaked eye as neb-
ulous structures on the southern sky. First traditions can be found liy-S@a natives, Australian
Aborigines, by the Persian astronomer Al Sufiff1€entury), and by mariners of the Middle Ages
(Westerlund 1997, and references therein). Today, both cloudwmared after Fedo de Magalhes,
who led the first circumnavigation of the globe 1519 — 1522. The repdtiisfvoyage by Antonio
Pigafetta brought the Clouds into common knowledge.

The nearby galaxy nature of the Clouds was recognised in thedtury (e. g. Abbe 1867). The
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location on the southern hemisphere, however, complicated the accessdern-age astronomers.
The situation improved since the 1960s, when large radio and opticavalbsees were build on the
southern hemisphere and observations in the infra-red and X-ray régioaene possible due to the
first satellites. As an example, the Magellanic Clouds were the first extrdigathjects, from which
the 21 cm emission of Hwas detected (Pawsey 1959).

With continuously improving instruments, stellar and interstellar emission from tageNanic
Clouds has been studied in great detail. Research is driven by threeef®@npive main aspects:

(i) Because of the relatively short distance and low Galactic foregreutidction and absorption,
individual rare objects can be studied that are not always accessthie Milky Way, where sources
can be covered by gas and dust of the Galactic plane. A famous exampeLl&83 A in the LMC,
the nearest observed supernova since the Galactic supernova inep@dted by Kepler. Due to the
short distance, 11 and 6 neutrinos could be detected with Kamiokande thanrvine-Michigan-
Brookhaven experiment, which proved the core-collaps nature of thei8Nan energy output of
8x10°? erg s* (Hirata et al. 1987; Svoboda et al. 1987). Explosive nucleosynthesiproven by the
detection of the 847 keV line 8fCo (Matz et al. 1988) and subsequent hard X-ray emission (Sunyaev
et al. 1990; Englhauser 1996). Today, the rise of a new SNR is aix$@AcCray 2007).

(ii) Besides of interesting single objects, complete populations of sourodsecstudied, all at the
same and nowadays well known distance. For Galactic sources, thenbhetéon of luminosities is
often hampered by large uncertainties in the distances measurements. Mpleiathe discovery
of the period-luminosity relation of Cepheides in the SMC by Leavitt & Picke(it@fl2). After
a calibration of this relation, Cepheides can be usedtasdard candleso measure extragalactic
distances in the local Universe. An accurate knowledge of the distdnearby galaxies is important
for the cosmic distance laddewhich enables the distance measurement of more distant objects.

(i) For extragalactic astronomy, an understanding of the Magellanic Clisudsportant, as they
are among the nearest galaxies that can be observed completely. Inrgdt@i€louds give observ-
able examples of tidally triggered star formation and for the interaction andtewo of galaxies.
Therefore, the Clouds can be used to test theories of the chemical ema@istars and galaxies, the
kinematic evolution during galaxy mergers arfteets on their structure. The low metallicity of the
ISM in the SMC might also help to understand the conditions in high-redshékigs (Witt & Gor-
don 2000). A good knowledge of the individual emission components arfoyegalaxies is needed,
to understand the emission of more distant galaxies, where individuaescannot be resolved.

Therefore, both Magellanic Clouds are observed in all available waydstoday. Some examples
that are also used as complimentary data in this thesis are given in the following.

2.1.2. Multi-wavelength observations of the SMC

Radio continuum observations of the SMS are available from Australiarctgles. They reveal non-
thermal emission of SNRs, and thermal emission fromrelgions in the SMC, as well as background
guasars and radio galaxies (Filipowt al. 1998). The radio catalogue of Payne et al. (2004) contains
717 sources detected betwees 73 cm and 3 cm in a 20 dégrea. Most of these sources (86%) are
classified as background objects. 3% are classified as SNRs and H#aagions in the SMC. The
relatively weak radio emission of planetary nebulae limits the number of ratketitens in the SMC
to four (Filipovi€ et al. 2009). A 13 cm radio continuum image is presented in Figure 2.1g.

The 21 cm emission line from the hyperfine transition of neutral hydrojewsto measure the
distribution of cold gas in the SMC and the Magellanic System. Ainirhge of the SMC is presented
in Figure 2.1c. By measuring the Doppler shift of this line, the velocity of treealang the line-of-
sight can be measured. For X-ray studiesphips are useful to constrain the photoelectric absorption.
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Mid- and far-infrared surveys of the SMC with ti8pitzer Space Telescofolatto et al. 2007;
Gordon et al. 2011) reveal the galaxy from= 160um to 3.6um. Photometric catalogues of mid-
infrared point sources have limiting magnitudes between 18 mag and 14 magesditable for
studying the late-type stellar population, but also to discriminate between sthmekground AGN
(e.g. Koztowski & Kochanek 2009). The 1@0n and 24um images are shown in Figure 2.1e and f,
revealing difuse emission from cold and hot dust.

Several photometric surveys have been performed with ground-togsmél and near infrared
(NIR) telescopes. E.g. the Magellanic Cloud Photometric Survey (MCPZ3arisky et al. (2002)
providesU, B, V, andl magnitudes for 5156 057 objects — mainly stars in the SMC - in a field of
18 ded size. It has a completeness of 50% up to magnitud&sef21 — 22 mag (Harris & Zaritsky
2004). An example for an NIR survey,(H, andKs band) is the InfraRed Survey Facility (IRSF)
Magellanic Clouds Point Source Catalog (Kato et al. 2007) with 2 769 682esin an 11 dégarea
of the SMC. Typical limiting magnitudes are 20 to 22 mag and thus probing the n@iesee down
to A stars as well as the horizontal and giant branch. The recentlyrpexttSwiffUVOT survey
of the SMC will provide UV photometry. The Magellanic Clouds were covexitl less sensitive
all-sky surveys and catalogues like 2MASS (Skrutskie et al. 2006YhdFgc(Hag et al. 2000), or
the guide star catalogue (Lasker et al. 2008). Further, long-term miogitorogrammes frequently
observe the SMC, e. g. the Optical Gravitational Lensing Experiment @Qldalski et al. 2008) in
thel-band since 1992. Although the main motivation of these observations is tibetida of grav-
itational micro-lensing events, variable sources like background AGNeast&s in the SMC can be
found.

Narrow-band emission-line observations enable to investigate the ionisedd®n to a one pc
resolution and reveal hregions, planetary nebulae, SNRs, and super-bubbles amongst. dihgr
the Magellanic Cloud Emission Line Survey (MCELS, Smith et al. 2000; Winkied.2005) was
performed in K, [Su], and [Om]. An Ha image of the SMC tracing ionised hydrogen is shown
in Figure 2.1d. A catalogue of emission-line stars is available by Meysso&mezopardi (1993),
containing planetary nebulae and Be stars.

X-ray emission from the SMC was detected first by Price et al. (1971) withuadng rocket
experiment. With th&JHURU satellite, one time-variable X-ray source, SMC X-1, was seen (Leong
etal. 1971). The two transient sources SMC X-2 and SMC X-3 weretktdy Li et al. (1977) later
on. Meanwhile, these sources are identified as HMXBs. Since the eardyadaX-ray astronomy,
the galaxy was covered by imaging X-ray surveys conducted witkthsteinobservatory and later
with ASCA and ROSAT. Theeinsteindata revealed 70 X-ray sources (Seward & Mitchell 1981;
Wang & Wu 1992) and the ASCA observations resulted in 106 sourcé®@éwva et al. 2003). This
led to the discovery of further HMXBs and X-ray detections of SNRs. iflteeased sensitivity
and large field of view (FoV) of ROSAT resulted in the detection of 563 iididial X-ray sources
(Kahabka et al. 1999; Haberl et al. 2000; Sasaki et al. 2000) h>®6field covering the SMC. In
addition to the discrete X-ray sources, ROSAT detectédsk X-ray emission from the hot ISM with
temperatures between®8nd 10 K (Sasaki et al. 2002). An X-ray image from ROSAT is presented
in Figure 2.1h. The non-imagingossi X-ray Timing ExplorgfRXTE) mission monitored the SMC
for about 14 years, which lead to the discovery of the bulk of the X-tdggr population of the SMC
(e.g. Galache et al. 2008). RXTE could detect HMXBs only during lraghburst and for some
systems, the coordinates are still uncertain, as the FoV of RXTE covdred

Although a large number of targets were observed in the SMC with presgrafiservatories like
XMM- Newtonor Chandrasince 1999, the smaller FoV of their X-ray telescopes comparEthgiein
and ROSAT led to an inhomogeneous and incomplete coverage of the gdlagyXxMM-Newton
large-programme survey combines these observations to a continuousffiekl SMC main body
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Figure 2.1. Logarithmically scaled false-colour images of the Small Magellanic Clouskeeral wavelengths. Images
are centred on"726 and have a size of 3.4 2.8 covering the complete XMMNewtonmain field. (@ R-band image
from MCELS gSmith et al. 2000; Winkler et al. 2005p) UV image 5135 nm) from FUVCAM-Shutt/8TS-39 (Gordon
et al. 1994).(C H1 column density from Stanimirogiet al. (1999).( ) Continuum-subtracted #image from MCELS.
Continued on next page.

(see Sec. 3.1) and is the next step for the exploration of the SMC in X-rays

v-rays form the SMC were discovered withiermjyLAT observations after 17 months exposure
with a flux of (19 + 0.2) x 10°8 photons cm? s71 in the (0.2-20) GeV band (Abdo et al. 2010b).
The emission is not time variable and extended. A correlation with pulsarsgesldnassive stars
or SNRs is not observed, but theray emission might be associated with super-giant shells. In a
similar study of the LMC (Abdo et al. 2010a), a correlation with ionised gasanferming regions
was found. They-rays can be caused by cosmic-ray interaction with the ISM of the SMC and a
contribution of unresolved high-energy pulsars.

2.1.3. Properties of the SMC

The overall morphology of the SMC at several wavelengths is presankidure 2.1. The old stellar
population dominates the red part of the optical spectrum (Figure 2.1aphnknast to the LMC, the
SMC has no stellar disc. The 3-dimensional distribution, as e. g. probedesittlump and RR Lyrae
stars by Subramanian & Subramaniam (2012), can be described byemisptvith axes ratio of
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Figure 2.1. Contiued from previous pagé?) 160 um image from theSpitzerSAGE-SMC survey (Gordon et al. 2011).
() 24 um image from theSpitzerSAGE-SMC survey. (9) 4.8 GHz radio-continuum image from Dickel et al. (2010).
(") ROSAT X-ray image in the (0:52.0) keV band (Haberl et al. 2000).

1/1.331.61, where the longest axis has an inclination with the line of sight of onfy Tlgere is an
indication that the north-eastern part is slightly nearer, than the soutiemwgsmrt. The line-of-sight
velocity of the neutral gas reveals a velocity gradient ranging from 91s¥nin the north east to
200 km st in the south west that indicates afdrential rotation for the gaseous main body of the
SMC (Stanimirovt et al. 2004).

Using eclipsing binaries from OGLE in combination with spectroscopic obsiens, Hilditch et al.
(2005) derived a distance modulus 0of9B+ 0.03 + 0.1 mag corresponding to a distance of .G@

1.0 + 2.8) kpc. The analysis of OGLE light curves of RR Lyrae variables yieldsstance modulus
of 1890+ 0.18 mag (Kapakos et al. 2011) and@ line-of-sight distribution of 4.13 0.27 kpc. The

distance modulus, derived from Cepheids is in good agreement as &6[B£10.024 mag, Keller &

Wood 2006). Throughout this thesis, we will assume a distance of 60 kpc.

Since massive stars have a short live-time, their distribution follows therregibigh star forma-
tion. These hot stars contribute mainly to the blue and UV part of the speéHigure 2.1b). Here
we find a diferent morphology compared to that of the old stellar population and see missti@n
in the so-called bar of the SMC, reaching from the north-east to the smghef the SMC. About
one third of the UV emission is fllise and originates from the interaction of the radiation field with
dust (Pradhan et al. 2011). The bar is also the region, where most ¥fthy emitting HMXBs and
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SNRs are located. Since early-type stars ionise the ambient medium via theiwdidtfon and at the
end of their lives via supernova explosions, ionised hydrogen, astttacHy emission, indicates star
formation as well (Figure 2.1d). Also hot dust, that is heated by the UV emisdigoung stars, is
prominent in the bar (Figure 2.1f). Early-type stars are found in additiavar the so-called wing
of the SMC, which is the region east of the bar.

Both structures, bar and wing, are also clearly present in the distributimmddust (Figure 2.1e)
and neutral gas (Figure 2.1c). It is commonly believed, that bar and wang fermed by a recent
collision of LMC and SMC, and the bar is rather a tidal structure than a edakg bar (Wayte 1990).
This picture is also supported by the possible fragmentation of the SMC in degtimultiple velocity
components seen along the line of sight in gas and stars.

Further evidence for a recent interaction of both Magellanic Clouds igged by the structure of
the Magellanic System. Thedistribution (e.g. Biins et al. 2005) reveals that the whole Magellanic
System includes — beside the LM®1§, ~ 4.41x 10°Mg) and the SMC 4, ~ 4.02x 10®Mp) —
additional gas outside both galaxi@dy(; ~ 4.87 x 1(BMg). Most of it is in the Magellanic Bridge
(My; ~ 1.84x108Mp) that connects the SMC wing with the LMC. Further, both clouds are embedde
in a common H inter-cloud region iy, ~ 1.49x 10®M). Other features are the Magellanic Stream
that expands over10Q’ on the sky, and other arms ofithat indicate ejection of material during
the last collision of the Magellanic Clouds. Proper motion studies of the Mage{iauds revealed
higher velocities 1.2 + 0.2 mas yr!, Kallivayalil et al. 2006) than expected, rising the question if
the Magellanic Clouds are a bound system or if the Magellanic System is botinel Milky Way.

By modelling the stellar content of multi-colour photometry with theoretical isausmf stellar
populations, Harris & Zaritsky (2004) foundftérent epochs of enhanced star formation in the SMC:
(i) Half of the stars in the SMC formed more than 8.4 Gyr ago. (ii) Relatively matdestar formation
is found between 3 Gyr and 8.4 Gyr. No star clusters of this age are fodrwdh Magellanic Clouds.
(iii) Stronger star formation occurred in the last 3 Gyr with resolved buts2ssaGyr, 400 Myr, and
60 Myr. The recent star formation is estimated to V&3 yr—2. This also fits the number derived from
SNRs. From other SFR indicators, lower values down to 04@5yr— are derived (see discussion in
Shtykovskiy & Gilfanov 2005).

As typical for dwarf galaxies, the chemical evolution of the Magellanic Céoisdslower than in
the Milky Way. From spectroscopy of F-type supergiants andrefions, Russell & Dopita (1992)
derived an average metallicity d@f~ 0.004 ~ 0.2Z. With X-ray spectroscopy of older SNRs, where
the emission is dominated by the ambient ISM, van der Heyden et al. (2004d fightly higher
but consistent values for the abundances of O, Ne, Mg, Si, and Feddst component of the SMC
is significant, but the gas to dust ratio is smaller by a factor of 5 to 11, compartae Milky Way
(Leroy et al. 2007). The low metallicity further causes a relatively high B§ation field.

2.2. The XMM-Newton observatory

Since the atmosphere of the Earth is opaque for X-rays, observatioteladtial X-ray-emitting
sources have to be executed from high altitude balloons, soundingtspskellites, or space sta-
tions. This causes X-ray astronomy to be a young branch of obsembtismonomy. The Sun was
detected in X-rays by Friedman et al. (1951) for the first time. The firshesolar X-ray source —
Scorpius X-1 — and a ffuse X-ray background were discovered by Giacconi et al. (1962).

The X-ray Multi-Mirror Mission (XMM, Jansen et al. 2001) is a cornerst@f theHorizon 2000
science program(Bonnet 1988) of ESA. The satellite was brought into space witihaane V
launcher from the European space port Kourou, French Guiana(dDecember 1999. After the
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successful launch, it was renamed to XMWéwton Since 2000, the observatory has been used for
scientific guest-observer, guaranteed-time, and some calibration atisesv

The satellite orbits Earth each 47.86 h in an ellipse with an eccentriciéy-00.68, an apogee of
105800 km, and a perigee of 15300 EnThe long, high-altitude orbit provides the possibility for
uninterrupted observations of up to 130 ks duration in a stable environiberihg perigee passage,
the satellite crosses the radiation belts, whiffec the instruments and no useful data can be taken.

A schematic sketch of the 10 m long, 4 tonne weighting spacecraft XN#évidonis presented
in Figure 2.2. It holds three co-aligned X-ray telescopes that areidedcin Sec. 2.2.1. In the
focal plane of each telescope, a European Photon Imaging Camer&) (@R&cts the X-rays. The
cameras will be introduced in Sec. 2.2.2. The performance of the EPI§ttgle system is discussed
in Sec. 2.2.3 and individual detector-background components in Set. XKIM-Newtonalso carries
two Reflection Grating Spectrometers (RGS, den Herder et al. 200ligtoirésolution spectroscopy
of bright point sources observed on-axis. These obtain aboutfithk édlux from two telescopes. The
Optical Monitor (OM, Mason et al. 2001), a 30 cm Ritchey-&tfen telescope allows simultaneous
observations of sources in the ultraviolet (UV) or optical in the centrsl. Rince data from the latter
instruments are not used in this thesis, | will not go into details here. Furtip@osuinstruments
are the EPIC Radiation Monitor (ERM), that registers electrons abovee¥0akd protons above
3.5MeV up to 12 MeV, e. g. from the radiation belts and solar flares, andittiiede & Orbit Control
Subsystem (AOCS) that determines the spacecraft attitude with two staersasid one sun sensor.

Figure 2.2. Schematic sketch of XMM
Newton On the left, the mirror suppo
platform carries the three X-ray tel
scopes. The upper two are equipy N
with reflection gratings. On the rigr{ -
the focal plane platform contains t
EPIC detectors with radiators sho
in green (for EPIC-MOS) and mager
(EPIC-pn). Image courtesy of Dorni
Satellitensysteme GmbH and ESA.

2.2.1. Technical description of the X-ray telescopes

A telescope gathers and focuses electromagnetic radiation. For theideftédcK-rays, conventional

lenses or mirrors such as utilised in optical telescopes cannot be usesl asirX-ray photon is ei-

ther absorbed or transmitted, when it passes through matter. Howeveextetaal reflection under
grazing incidence provides a possibility to “bend” X-rays. As shown loyt&Y (1952), focusing with

reflection at small angles can be achieved using a combination of paradd@oaihyperboloidal sur-
face. These so-calledlolter type-I telescopemre commonly used for today’s X-ray observatdties
The precision of the reflector shape and the smoothness of its surtaga@rtant aspects for the
focusing of X-rays.

1Al parameters for May 2012. See XMMewtonUsers’ Handbook, Issue 2.9, Table 28.
2Examples beside XMMNewtonare the currently active missioi@handraX-ray ObservatorySwift, and NuSTAR as
well as past missions likinsteinand ROSAT and future missions like eROSITA.
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The X-ray telescopes of XMMNewton(see de Chambure et al. 1999a; Aschenbach 2002) were
designed to achieve highest possitflee€tive area in the (0-2L0.0) keV band to collect a high number
of photons e. g. for spectral analysis with an acceptable spatial resoldoobtain a largeféective
area several mirror shells withfterent radii but the same focal length are nested into each other. In
the case of XMMNewtonfor each of the three telescopes, 58 mirror shells have been nested with
small radial separation. For this purpose and to reduce the weight, itagassary to produce mirrors
as thin as possible, which was achieved by replicating the mirrors from aedlisegative-shaped
mandrel, instead of forming and polishing the mirrors directly. The mandrelscated with 0.2m
of gold, which is supported by a nickel layer that was added in an eletitrddgith later on. The
mirrors have a thickness of only (0.42.07) mm depending on the radius of the shell. After nesting
the 58 individual mirror shells with a packing distance between 1 mm and 5 mntel@seope has a
radial diameter of 70 cm and an axial length of 60 cm. A picture of one mirraluteds presented in
Figure 2.3a. In front of the mirror shells, a spider-like structure of ldkep is visible that supports
the individual shells. X-rays are reflected at the grazing angles betdvéeand 40, resulting in
an dfective area 0f~1400 cnf at 1.5 keV. As the critical angle for total reflection decreases with
increasing photon energy, the focal length has to be as high as po$zb¥MM-Newtonthe focal
length is 7.5 m to allow imaging of high energy photons.

In addition to the mirror module, each telescope carrieX-aay bgfle (de Chambure et al. 1999b)
in front. This bdfle absorbs photons fronffeaxis angles between 28nd 80, which otherwise could
reach the focal plane by only one reflection at the hyperbola. Thegemhare not focused accurately
in one point but form arclike structures. Thefiba consists of two plane-parallel plates with annular
co-axial sieves, which act as a pre-collimator. Théfibaeduces single reflections by a factor of
~0.8. Further stray-light suppression for even high®faxis angles is provided by amtrance b#le.
This is a 90 cm long cylinder, in front of the X-ray fil@. Behind each mirror module, atectron
deflectorgenerates a toroidal magnetic field that diverts electrons with energieslgp teV, which
are reflected by the X-ray mirrors towards the focal plane instruments.

Table 2.2.EPIC science modes.

Instrument  Mode T@ P RO available imaging FoV
(ms) (%) (ctssh)

EPIC-pn full frame ff) 73.4 6.3 6 full coverage
extended full frame (  199.1 2.3 1 full coverage

large window (lw) 47.7 0.16 6 inner half of each CCD (%384 pix)

small window (sw) 5.7 1.1 50 634 pix of CCD 4

timing (ti) 0.03 - 800 no imaging data

burst (bu) 0.007 - 60000 no imaging data
EPIC-MOS  full frame ff) 2600 0.35 0.7 full coverage

large window (lw) 900 0.5 1.8 308800 pix of CCD 1 and full outer CCDs

small window (sw) 300 0.5 5 106400 pix of CCD 1 and full outer CCDs

timing uncompressed (ti) 1.75 - 100 imaging data only from outer CCDs

Notes.Values according to XMMNewtonUsers’ Handbook, Issue 2.9, Tables 3 ané¥Time resolution®) Fraction of
out-of-time events{®) Point-source count-rate limit for pile-up.
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Figure 2.3. Pictures of XMMNewtoncomponentsﬁa) X-ray mirror module, including 58 concentric X-ray mirrors, visible
behind the 16 arms of the “spider”. Image courtesy of Dornier Sateliistemie GmbH, and ESA®) The monolithic
EPIC-pn waver with 12 CCDs on it. Image courtesy of MPI-semiconduetooratory, MPE, Astronomisches Institut
Tubingen, Germany, and ESA) EPIC-MOS array of 7 CCDs. Image courtesy of Leicester Univer&lityiversity of
Birmingham, CEA Service d'Astrophysique Saclay, and ESA.

2.2.2. Technical description of the European Photon Imaging Camera

X-ray sensitive silicon charge-coupled devices (CCDs) are broaigl in today’s X-ray missioAs

In contrast to the measurement of optical radiation, where one photatesrene electron-hole pair,
an X-ray photon is dticiently energetic to liberate a large amount of electrons, e. g. onedeérV

in silicon on average. This enables single photon counting, with moderatgalpesolution, as the
number of electrons scales with photon energy. After a certain expbmgef the CCD to X-rays,
so-calledframe the liberated electrons are shifted from pixel to pixel to the rim of the CCizzrev
the integrated charge is amplified by the read-out electronics. Foreaamti i. e. a signal above
threshold, the time of the frame, pulse intensity and two dimensional pixelicabeds known. Thus
one can obtain high-resolution images and medium-resolution spectra ateddésae resolution.
Depending on the location of an incident X-ray, the liberated charge alande distributed over
one or more pixels. Therefore, sevepalternsare distinguished. E. g. in the case of EPIC-pn, most
events are single-pixel events, followed by double-pixel events, avinetwo neighbouring pixels a
signal is detected above threshold. Charge clouds, created by Xodgns never extend to more
than four EPIC-pn pixels. Depending on the count rate, frame time antigibes two photons can
hit the same pixel during one frame, which is calplé up These two photons cannot be separated
and only one event at higher energy will be detected. Signature offthis & an unexpected single-
to double-event ratio.

3Examples beside XMMNewtonare the currently active missio@handraX-ray ObservatorySuzakyandSwift as well
as future missions like eROSITA.

11



2. Basics

The EPIC has two types of detectors. A pn-CCD wafer (EPIC-pfidgtret al. 2001) behind one
telescope obtains an unobstructed beam, and two Metal Oxide Semi-canG@ioarrays (EPIC-
MOS, Turner et al. 2001), receiving about 44% of the photons fraother two telescopes. The
rest is used for the gratings or lost due to structural obscuration. Eath detector covers an area
of ~36 cn? in the focal plane. All cameras have fields in the corners of the FoV teakad out but
shielded form celestial X-rays of the telescopes. In other directionddizrds the X-ray telescopes,
the detectors are shielded with at least 3 cm of aluminium. The detectors aradia@ive cooler and
operated between90°C and-120°C.

EPIC-pn consists of ax® array of backside-illuminated CCDs, all on the same wafer (see Fig-
ure 2.3b) to have a homogeneous environment. The CCDs have an imdisidel of 31 cn? and
are separated by insensitive gaps ofié® or 190um. Each of the twelve CCDs has 2084 pixels
with a pixel size of 158150um?. The CCDs provide a detector volume with a depth of 2i#0that
is backside illuminated, to avoid absorption of X-rays in the read-out el@cgoThis improves the
quantum éiciency in the sub-keV energy band and provides a higher resistanadi&ion damage.
The camera can be operated in sevec@nce modess listed in Table 2.2. E. g. iinll frame mode
all CCDs are used completely. To achieve a higher timing resolution or avoidpile observations
of bright sources, the read-out time can be reduced by reading malkespart of the CCD. Anffset
mapis used to correct the measured energy in each pixel. This map is measthredaginning of
each observation for EPIC-pn, which reduces the exposure time cethfmeEPIC-MOS, which use
fixed ofset maps.

The two EPIC-MOS instruments each consist of seven front-illuminated Ca@ibenged at dif-
ferent heights (see Figure 2.3c) to follow the shape of the focal plathéngprove the point spread
function (PSF) for &-axis sources. Here the size of the 8600 pixels is 4840 um?. Each EPIC-
MOS CCD has a frame-store region, which is shielded from X-rays arstenine charge clouds are
shifted on before read out. Since 2005 March 9, one of the outer CRIDS&{ CCD 6) is not oper-
ational any longer, probably due to an impact of a micro-meteroid (Abbay 8006). The science
modes of EPIC-MOS are also listed in Table 2.2. Here, the science modesfiadythe central
CCD, the outer six CCDs are read out completely each 2.6 s in all modes.

Filters in front of the detectors are used to shield the CCD from lower gr@rgtons in the UV,
optical and Infrared (IR) band. Such photons would increase thetdet®ise and cause aiffget in
the energy-scale. Depending on the expected optical flux, three filies tgm be usedhin, medium
andthick The first two consist of a 16m poly-imide film covered with 4m and 8:m of aluminium,
respectively. The thick filter has a 3@n thick polypropylene layer coated with Lin of aluminium
and 4.5um of tin. In addition all detectors can be shielded completely with 308®f aluminium in
closedfilter position. This is necessary to protect the detectors during intervalstithg radiation
and to measure the detector background.

2.2.3. Performance

XMM- Newtonis the observatory with the highegtective area in the (0-2L0.0) keV band of today’s
X-ray missions. The on-axis energy dependence of the tfitdteve area is presented in Figure 2.4a.
Solid, dashed, and dotted lines correspond to the thin, medium and thickdfittesEPIC-pn (black)

and EPIC-MOS (blue). The loweffective area of EPIC-MOS is caused by the obscuration from the
RGS in general and at lower energies by the lower quantticiency due to the front-side illumi-
nation. The decreasindfective area below 2 keV for both instruments is caused by lower quantum
efficiency of the detectors and absorption of X-rays by the filters, whichcdaees the absorption
edges of C, N, O, and Al. Further edges are caused by a drop in gquafiftaiency of~5% at the
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Figure 2.4. (@) Effective area as function of photon energy for EPIC-pn (black) aedsHC-MOS (blue) telescope system.
Solid, dashed, and dotted lines correspond to thin, medium, and thick filteesenergies of absorption edges from several
elements are marked by blue line) Vignetting as function of fi-axis angle for photons with an energy below 2.0 keV
(black), 5 keV (red), 8 keV (green), and 12 keV (blue).

O and Si K edges. The drop for energies abe2e3 keV is caused by the gold coating of the X-ray
mirrors. Since the reflectivity of X-ray photons depends on gracindeaangd energy of the photon,
more energetic photons are only reflected at small angles, i. e. by thenmos¢ishells. This causes
the decrease offkective area towards higher energies. THedive area decreases with increasing
off-axis angle, because of higher gracing angles and obscurdfemtse This so-calledignettingis
energy dependent and reduces tlieaive area to (4620) % at the edge of the FoV (see Figure 2.4b).

All three EPIC instruments cover nearly the same area on the sky with a diavhete®. This is
similar to the angular diameter of the Moon as seen from Earth. The EPIC-dd®8ras have a pixel
scale of 1.7 pix~t and EPIC-pn of 41 pix~1, respectively. The in-flight angular resolution (FWHM)
of the telescop&PIC system at 1.5 keV are 8.0MOS1) and 4.8 (MOS2). The resolution for EPIC-
pn is slightly worse with 6.6 (Jansen et al. 2001). The resolution also depends onfiifaxis angle
of the source, as the PSF becomes wider and transforms to a butterflyrige 81 the outer parts
of the FoV. This complicates the separation of nearby sources as weé dsstitimination between
point-like and extended sources. The absolute astrometry for X-ragesoas derived from the AOCS
has a precision of 4”. The relative astrometry is better than’1.5

The spectral resolution of the CCD detectors depends on an acculigrataan of the charge
transfer indficiency (CTI). In-orbit radiation damage, e. g. due to solar wind partmle®smic rays,
can create charge traps. These cause CTI, whiglttathe charge clouds during read out and thus
degrades the spectral resolution. The energy resolution is monitoredwitka calibration source,
emitting Mn K, (5.893 keV) and Al K, (1.487 keV). The degradation is around 1 eVlyin the
case of EPIC-pn (Briel et al. 2005) and was higher in the case of BRDS until the operation
temperature was reduced. In general, the spectral resolution is bdtterrah of the CCD close to
the amplifiers where less shifting is necessary. The energy resolutioiCafteorrection depends on
energy andisin the range Bf AE ~ 5-50 (FWHM). It is better at higher energies and for single-pixel
events. Examples ae/AE = 125 at 1.5 keV or 37.5 at 6 keV for EPIC-pn. The analogous values
for EPIC-MOS areE/AE = 16.6 and 44.4. The energy redistribution function, which describes the
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probability that a photon with given energy is detected in a certain chamusissa shoulder below the
main peak, which becomes dominant at lowest energies. A time-dependerdsad redistribution
of measured photon energies is known for EPIC-MOS around the BRI&d RGS prime-pointing
position, where most targets are placed (Read et al. 2006).

The time resolution simply depends on the science mode in which the CCD is apeuaiieg the
observation (see Table 2.2).

2.2.4. Background components

The dominant background components are caused by read-out eo&getic particles, as well as
some éects of inaccurately measured X-rays, like single reflections on the morosut-of-time
events. These components will be described in the following:

Individual hot pixelshave a higher probability to deliver a false signal above threshold lyceha
Similarly, a defect location in a CCD caffect a whole CCD column. The signals from such known
pixels and columns are already rejected on board. Some pixels brightarsfart time and vanish
again. Here a screening needs to be done during the data processegariability of such pixels
can show variations up to 10% within one observation (Carter & Read 20U¥)nore between in-
dividual observations. CAMEX read-out noise only contributes sicanifily to the softest energies
(E < 0.5 keV) in EPIC-pn. It depends on read-out mode, and had beerasingesince beginning
of the mission, but does not show variation during observations. Eelarantribution is seen close
to the read-out edge of the CCD and towards the rims of the CCDs. For-HBIE this noise is
negligible, but individual outer CCDs ardfacted from time to time by increased low-energy back-
ground during individual observation. They enter a so-cadledmalous stateHowever, since this
background component only influences energies below 1 keV,fheted CCDs can be recognised
(Kuntz & Snowden 2008).

Cosmic rays with an energy of some MeV penetrate the spacecraft andtdutat from all direc-
tions and liberate-80 electrons perm in silicon. In the case of EPIC-pn, these minimum ionising
particles (MIPs) have a flux of1.4 cts cmi® st and cause about 400 background events per sec-
ond (Stiider et al. 2000). Tracks of these particles are recognised by thedkjgbsited energy
(E > 15 keV) and partly rejected on board. From an unrecognised remaiomganent and sub-
sequent energetic electrons apdays, a quiescent particle background (QPB) is observed with a
continuous energy distribution (8tter et al. 2000; Lumb et al. 2002). Sder et al. (2000) suggest
an origin of this component from Compton-scattered electrons fraays, which causes107? cts
cm? s71in the (0.1-15) keV band for EPIC-pn. Additionally, X-ray fluorescent emissionseal
by MIPs in the surrounding structure, will be detected by the CCDs anubtée separated from fo-
cused celestial X-rays. These fluorescent lines show intensities wiihlspependence according to
the distribution of the camera material around the detectors (Freyberg2€04l). A time variability
of this component is known, showing an increase since revolution 1@@ptshort-term variability.

Low-energy charged particles, e. g. accelerated by the magnetesphigarth, show flares inde-
pendent from a signal in the ERM. These particles cannot penetratetinetal shielding, but reach
the CCDs via the X-ray telescopes, because the X-ray mirrors can swatiens (Aschenbach 2007;
De Luca & Molendi 2004; Stider et al. 2000). These can additionally be focused by the electron
deflectors. Therefore, this component is commonly referred to as éirpflares (SPFs). During
strong flares, the data is not useful, except for the brightest X-races. Whereas for EPIC-MOS,
these particles do not reach the shielded detector corners, it was tioainthis assumption is not
valid for EPIC-pn (Sec. 6.1.1). The flares occur on a time scale of soA1é 40where the intensity
increases by several orders of magnitude, but can also have a wieakent contribution (Kuntz &
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Snowden 2008). Flares are more frequent near perigee and mayasteasonal dependence. The
SPF component shows a continuous energy distribution with a vignetting ftetefor photons. For
EPIC-MOS some spatial dependence, possibly due to the grating stgjésunbserved.

Since the CCDs are exposed to X-rays from the telescopes during theuearocess, so-called
out-of-time (OOT) events are created. These events are assignedh@ position along the read-
out direction. The statistically expected fractidg: depends on science mode and can be found
in Table 2.2. Whereas for EPIC-MOS the OOT fraction is negligible due tortdmad-storage of
the CCDs, for EPIC-pn it holds for 6.3% of all events in full-frame mode. Tfisct increases
the background along the read-out direction of bright sources. Peetral distribution and time
variability follows the emission of the source. In addition, sky backgrowmdributes to the signal in
the EPIC (Sec. 2.4).

2.3. Physical basics of X-ray astronomy

2.3.1. Processes causing X-ray emission

Several physical processes can lead to X-ray emission. The most impon@s are summarised
briefly in the following. For more details, see Longair (1999), Mewe (1988d Liedahl (1999).

Synchrotron radiations emitted from charged particles, which are accelerated in a magnetic field.
Due to their small mass, the emission of electrons is dominant. This results in avoargiand
polarised emission. The spectrum depends on the electron energy distribli this distribution
follows a power law, also the synchrotron spectrum can be describagbwer law.

Inverse Compton scatterirgan transfer energy from an energetic electron to a low-energy photon
The resulting spectrum depends on the electron and incident phot@yefigributions.

Bremsstrahlungs emitted by charged particles that are accelerated in an electric field. Tiie do
nant case is the acceleration of electrons in the Coulomb field of protoeserlssion from ion-ion
interactions is negligible because of the higher mass of the ions comparedttorede If the electron
velocities follow a Boltzmann distribution, the thermal Bremsstrahlung spectrgimeéa by

I(E.T) = CG(E, T)nen 22T 2e7 2.1)

whereZ; andn; are the charge and number density of the target,iG(E, T) is the Gaunt factork
the Boltzmann constant, aiZla constant.

Discrete line emissiofrom electron transitions to K and L shells of several elements have egergie
in the soft X-ray regime. These lines are characteristic for each elemertisctete X-ray line
emission with energyw = E; — Ex must be preceded by an excitation or ionisation process of an
electron in stat&. E. g. this takes place in the case of (i) fluorescent emission, wherearoeléas
been ionized by an energetic photon. A famous example is the fluoresceof e at 6.4 keV. (i)
Collisional ionisation can be caused by the interaction of energetic ele@nohi®ns. If the ion is in
an excited state after the collision, subsequent X-ray emission causesmen lines by transitions
to the K shell of hydrogen- and helium-like ions of N, O, Ne, Mg, Si, S, aadaf well as L shell
transitions of Fe. The relative line fluxes depend on abundances, teimgeand ionisation state.
(iii) Another mechanism is charge exchange. During the interaction of imth®i@utral molecules, an
electron can be transferred to the ion followed by radiative decay Qemnerl 2010).

Black-body radiatioris a useful approximation for many celestial objects in local thermodynamic
equilibrium and can cause X-ray emission in the case of high temperatuhesenfission can be
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described by the Planck spectrum.

2E® 1
EN= o=

(2.2)

The bolometric luminosity, radius (for spherical symmetric emission), and thectaupe are re-
lated by the Stefan-Boltzmann law, wherés the Stefan-Boltzmann constant.

Lpol = 4nR2a T4 (2.3)

An upper limit for the luminosity of a source is given by the Eddington luminosigsuining that
the radiation pressure balances gravity in a spherically symmetric confayrane obtains for the
accretion of hydrogen-rich matter

4nGmyc

M ~ 1.26 % 1038£erg st (2.4)

L =
edd o1 M@

with o1 the Thomson-scattering cross-section apthe mass of the proton.
Two important astrophysical scenarios, that can provide the energy fiopthese processes, are
the propagation of shock waves and the accretion onto compact obgdesaibed in the following.

2.3.2. Heating of plasma by shock waves

The terminal velocities of the winds of massive stars as well as the velocitajeaif of supernova
explosions will reach values above*lkim s™X. This is supersonic in the surrounding medium, which
causes the propagation of shock waves into the ambient ISM and the ejastiaming the conser-
vation of mass, momentum, and energy in a one-dimensional steady flow aflatffile physical
condition before and after a strong¥Csoung > 1) shock wave follow from the Rankine-Hugoniot
relations (e. g. Zel'Dovich & Raizer 1966).

2 =5/3 3
V2 = g Ven T=T Jven (2.5)
+1 =5/3
p2 = Z— 1P 727 4py (2.6)
2 =5/3 3
P2 = mplvgh = ZmVih (2.7)

wherep is the densities ani the pressure before (subscript 1) and after (subscript 2) thé stee.
Velocities are given in the reference frame of the unshocked medium (. The adiabatic index

is 5/3 for a monatomic gas with three degrees of freedom. The shock wavert®kinetic energy
into thermal energy. If one assumes an instantaneous equilibration of tir@eland ion temperature,
the temperature is connected to the velocity of the shock wave by

3
T = 22, (2.8)

whereumy, is the mean atomic weight.

Therefore, collisionless shock waves compress, heat, and acceélerd&M, which can result in
a highly ionised plasma with a temperature of ® 20 and more. Such plasma will emit X-rays.
The spectrum mainly constitutes from a thermal-bremsstrahlung continuuenzisdion lines, with
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smaller contributions of recombination and two-photon decay continua. @e8@NRs and the hot
phase of the ISM, such plasma are also found in the coronae of latetéypead CIG.

Collisional ionisation will produce ions, where the ratio of ionisation specégedds on the tem-
peraturel, abundances and the ionisation timef the plasma, with

t
(t) = fo ne(t')dt (2.9)

After a while @ > 10" s cnm?) the plasma will be in collisional ionisation equilibrium (CIE), where
the ratio of ionisation species as well as the luminosities of emission lines areemtg ofr. The
luminosity of a plasma depends on temperafurdensitiesn. andny and volumeV, where the later
two are expressed as emission meagiive

Ly o f(T)fneanV. (2.10)

N— e
EM

The dependence on temperature is approximétély) ~ VT.

2.3.3. Accretion onto compact objects

Another way to power X-ray emission is the accretion onto compact objebexewthe energy re-
lease is caused by the gravitational potential the matter is falling into. Thetiaodweminosity (e. g.
Meszaros 1992) with the gravitational const@nd accretion rat¥ is

GMM R\ M M
L= ( ) 2 . 211
R °dd\ 70 km (M@)(1.45x 108 M@yr—l) (2.11)

A fraction of this luminosity can be emitted by X-rays that are produced byge laariety of
processes. E.g. angular momentum conservation of the infalling matter adroehe build up
of an accretion disc. Dissipative forces in this disc heat the material witeassrg temperature
towards smaller radii. The innermost part of the disc can reach tempesasufficiently high for
X-ray emission. Optical thick accretion discs can be modelled by an integdtidack-body spectra
(Mitsuda et al. 1984).

In the case of an Active Galactic Nucleus (AGN), the last stable orbit ohtlceetion disc is too
large to cause thermal X-ray emission. Here, a hot corona of electrdiszisssed to produce X-rays
by inverse Compton scattering.

In the strong magnetic fields of young NSs, the material will follow the magnetitlifrees and be
accreted onto the magnetic poles (Meszaros 1992). The rapid decelevhtiis matter at the NS
surface will heat the accretion column and the polar caps of the NS. Coisgition dfects will create
a power-law continuum in the highly ionised plasma, although the emission origifnate thermal
processes.

In the soft X-ray band, the spectra of NS and AGN can be describddowe power law with
spectral indeXa.

I(E) = NE™® (2.12)

Under stficiently high temperatures and densities, the accreted material will undestganburn-

“Not to be confused with the photon indEx= « + 1 of a photon spectrum.
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Figure 2.5. The fraction of observed X-ray emission dependent on energy is giott#ack, red, green, blue forN= 10%°,
107, 1072, 107% cmr?, respectively. The ISM abundances were taken from Wilms et al0j200

ing. For hydrogen burning, this will cause an energy release~00.007Mc2. This can be neglected,
compared to the gravitational energy release in accreting NSs and blask(Béis) that is higher by
a factor of~20. However, because of the larger radii of white dwarfs (WDs), theigtional energy

release is lower by a factor of 30 compared to the energy release oanuesetions that will power
soft X-ray emission (Kahabka & van den Heuvel 1997).

2.3.4. Absorption of X-rays

X-rays are absorbed by matter in the line of sight between the source ethsbrver. This mainly
takes place in the Galactic foreground ISM, the ISM of the SMC and ev@ntwamaterial within
the system of the X-ray source. In most cases, the dominant absorptaraniem is photoelectric
absorption. Since the decrease of X-ray intensity depends on thelpagsealent hydrogen column
density Ny along the line of sightdl « IodNy), the observed intensity is given by:

lobs(E) = lo(E) exp(—c(E)N) (2.13)

In general the cross-sectian depends on photon energy and atomic number according to
Z*E~35. When the photon energy is fiigiently high, photoelectric interaction with K and L shell
electrons of metals is possible, causing absorption edges, e. g. thendsyghge at 533 eV (cf. Fig-

ure 2.5). Therefore above).5 keV, the cross-section of metals becomes dominant and the absorption
depends on metalicity (Wilms et al. 2000). K shell absorption is indepenélehemical and physical
condition, as long as the atoms are not highly ionised. Scattering of molecuagans can be ne-
glected as they are of the order of some per cent, compared to photoedbstription. The scattering
appears mainly in forward direction at small incident angles, which cam$&ereed in dust halos, for
some sources with high foreground dust.
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2.4. X-ray sources in the SMC field

Different kinds of celestial X-ray sources can be detected with the EPK3eThill be briefly dis-
cussed in the following. For each source class, the X-ray charactestitif necessary for identifi-
cation, also other wavelength properties will be mentioned. Due to the higharwhbource classes,
which are known to emit X-rays, this section can only present the most inmpant@s. Depending
on the scientific objective, not all X-ray emitting sources are of interestdmiribute to the celestial
X-ray background.

2.4.1. Solar-wind charge exchange

In the case of solar-wind charge exchange (SWCX), ions of the satarpick up electrons from neu-
tral atoms. This causes X-ray emission of e. g. comets and planets (D26h@y. Charge-exchange
processes also take place in the exosphere of Earth or the interplametditym. Below 1 keV, this
can contribute to the X-ray background significantly, e. g. during s@egglon the time scale of some
hours to days. This results in a pure emission-line X-ray spectrum, maimy ®@av, Omiv, Neix,
and Mgxi (Snowden et al. 2004). This nearby component is evident in X-ragreagons of the dark
moon (Wargelin et al. 2004). The cumulative emission from SWCX within the hpHere is dis-
cussed nowadays to be at least partly responsible foff@ésdihomogeneous local X-ray component
(Welsh & Shelton 2009). Variations on longer time scales (e. g. solar cgyae)ot investigated so far.
For the analysis of SMC sources, SWCX is not of interest, but contribbotie background.

2.4.2. Non-degenerate stars

X-ray emission has been detected from main-sequence late-typ) @Fars and early-type OB stars,
as well as some other stellar types, like accreting T Tau stars or binaryrsysfetwo interacting
non-degenerate stars. The interaction in close binary stars, by mageleiscaind shocks can further
increase the X-ray emission. For a review, | refer id€l & Naz (2009).

In late-type stars, like the Sun, X-rays originate from the corona, whibleased to temperatures
of some MK by reconnection of unstable magnetic fields, caused by rotatieciein the outer
convective zone. The X-ray luminosity depends on rotation petiqd{ P~2) and shows saturation
at values olLx < 10°! erg s1. Late-type stars can show strong flares, where the plasma temperature
exceeds 100 MK and the X-ray luminosity increases by a factor of up t0@ d@0time scales of
minutes to several days in the most extreme cases observed in pre-magmsegtars. Maximum
X-ray luminosities of some 8 erg s are reached (Favata 2002).

In OB stars, the energy transport in the outer layers is radiative angmaim €fect can power
X-ray emission. But shocks in strong stellar winds can heat the plasma lglids to X-ray emission
with luminosities ofLx o 10" Lo < 10° erg st (Berghoefer et al. 1997).

Galactic stars are foreground sources, homogeneously distributed $mBefield. Due to the
high galactic latitude of the SMCh(~ —44.5°), the sample is expected to be dominated by late-
type coronal-active stars. These are found as soft point-souittepessible time variability due to
flares. The X-ray emission can be described by a plasma model with lowptibso Since stars emit
predominantly at longer wavelengths than X-rays, the detection of an bgbicaterpart is expected.

Late-type stars in the SMC are not expected to be found in the XN8MAoNSMC survey, because
even the highest fluxes during flares are below the detection limit. In sommETexitases, X-ray
emission from early-type stars within the SMC can be observed with XNi##on This is e.g.
the case for Wolf-Rayet stars, i. e. evolved blue supergiants thasid@weed ¢f their outer hydrogen
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envelope. These stars loose up t6°Mg yr~ in winds with velocities of some £&km s™2. In binary
systems, wind collisions further heat the plasma, leading to temperatus@é®oK. Three sources in
the SMC are reported so far (Guerrero & Chu 2008). Also, the cumalativay emission of several
OB stars was detected in the open cluster NGC 346 &Naal. 2002).

The cumulative emission of point-sources below the detection limit can cawggparently diuse
soft X-ray component. E. g. in de€thandraobservations of the Galactic Ridge region, such a com-
ponent was resolved up to 80% into accreting WDs (see Sec. 2.4.5) and stronal active stars
in binary systems with individual X-ray luminosities bk < 10°? erg s* andLy < 10°! erg s?,
respectively (Revnivtsev et al. 2006, 2009).

2.4.3. Supernova remnants

At the end of the life of a star with a zero-age-main-sequence maslsQjis > 8Mp, the pressure
of the core cannot sustain gravity and the core collapse powers asuparxplosion. An exception
are SN type la, which are powered by the thermonuclear explosion afczetimg WD reaching the
so-called Chandrasekhar masé:(= 1.44Mgp). Both supernova types release kinetic energy of the
order of 16! erg (Woosley et al. 2002; Nomoto et al. 1984). Due to the supersoni@ajelocities
up to initially 10* kms™?, the ejecta will be preceded by a shock wave. The surrounding medium
will decelerate the ejecta by the propagation of a revesseck into the ejecta. Both shocks-waves
propagate with high Mach numbers, heat the overrun medium’té ¥K0and produce X-ray emission.
Details about the X-ray emission of SNRs can be found in Vink (2012).

In a simplified picture, a SNR evolves as follows: During the first few heddrears the SNR is in
the ejecta-dominated phaswhere the expansion velocity is nearly constant and the ejecta dominate
the chemical composition. The expanding shock wave sweeps up more aadSiband as its mass
becomes dominant, the remnant is in the adial&¢idov-Taylor phaseHere, the expansion can be
described by the self-similar Sedov-Taylor equation (Taylor 1950),easatftiative energy losses have
negligible influence and the kinetic energy is rather constant. The expatispends on the initial
explosion energ¥ and the density of the ISI and can be described by

R(t) o ESp5t5. (2.14)

With time the velocity and temperature decreases and the SNR is nadraive phasevhen ions
recombine and enable a morffigient cooling. In the finamerging phasethe remnant cannot be
discriminated from the hot phase of the ISM. The final size and age dspenthe surrounding ISM
density, but is in general less than 100 pc and several tens of kyde(Ba et al. 2010).

SNRs in the first two phases are luminous X-ray sources, radiating thErnagks with luminosities
of 10%°-37 erg s1. The spectra are characterised by a collisionally excited plasma, whictt is no
in ionization equilibrium. In some cases — like the Crab nebula — synchrotdiaticn can cause a
dominant non-thermal component. This component is associated with a potsared wind nebulae.
But also from the SNR shells synchrotron emission can be observedags{dKoyama et al. 1997).

All 26 known X-ray bright SNRs and candidates in the SMC have beeerebd with XMM-
Newton(Badenes et al. 2010; Haberl et al. 2012a). Because of the smahabstd the SMC, all
SNRs are spatially resolved with XMMewton Due to their extent, SNRs are constant X-ray sources
on a long time scale, except the youngest ones like SNR 1987A (e. g. 8twan2009). Therefore,
SNRs are used as calibration sources, as e. g. 1E0102.2-7219 in @\enbildh is observed regularly
with XMM- Newtonand other X-ray observatories.

Sreverse in the forward-shock rest frame, but expanding outwarttie observer's rest frame.
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Other features of SNRs are radio synchrotron emission with a typicairapecles of o ~ —0.5.
In the optical, slower shock waves cause line emission of eaqg.(®1u, and Si. For collisionally
excited plasma, a &f[Sn] ratio > 0.4 is characteristic, in contrast torHegions, which rather show
Ha/[S1u] ~ 0.1 due to a higher ionisation of sulphur (Filipowt al. 1998).

SNRs are important for our understanding of the evolution of galaxiegy $trongly influence
the morphology and evolution of the hot ISM, trigger the birth of new starg naix heavy elements,
produced in the stellar nucleosynthesis, into the ISM. Due to the short life filmetto massive stars
and SNRs, they trace the most recent star formation in the SMC. By anatiisisgectra of SNRs in
theadiabatic expansion phastihne chemical composition of the swept up ISM can be constrained (e. g.
Russell & Dopita 1992). As an example of a newly discovered SNR catedidMU J0056.5-7208
is discussed in Sec. 5.4.

2.4.4. Hot interstellar medium

Truly diffus€’ emission can be produced by the hot ISM. The ISM is a non-linear sysi#mseveral
components (gas, dust, magnetic field, etc.) ffiedeént phases (cool, warm, hot). The hot phase of
the interstellar medium fills most of the volume in a galaxy and h&&gntly high temperatures for
X-ray emission. Besides of SN explosions (see Sec. 2.4.3), energyisnqmovided by stellar winds
of massive stars. The energy release from stellar winds can be dmbkariblogous to SN explosions
with similarity solutions, but with a steady mechanical energy releakg,cf %I\'/Iv\fvind (Weaver et al.
1977). This leads to a turbulent patchy distribution of the individual phaftine ISM (e. g. de Avillez
& Breitschwerdt 2005). Several SN explosions in an OB association keifite enhancements of hot
plasma, so-called super bubbles. The hot plasma will expand in the diretsorallest resistance and
can escape the galaxy in fountains (Shapiro & Field 1976). Dependitigeagravitational potential
of a galaxy, this plasma will fall back to the galaxy, as assumed in the case bfitky Way, or can
escape, as it might be the case in dwarf galaxies (Mac Low & Ferrai@ XK36in 2012).

The plasma can be assumed to be in CIE and has temperatures of SokhéRH@liative losses are
not energetically important, making the hot phase of the ISM a long-termamns-ray source. In
the direction of the SMC, X-ray emission from the hot ISM can originate fserneral places:

X-rays are observed from the local hot bubble (LHB, Paresce)198he LHB is a region of
hot plasma with a temperature of (5880) eV (Miyaji et al. 1998) in the Galactic disc, where the
solar system is currently passing through. This cavity has a low densitg of 103 cm™ and
causes a void of H(Snowden et al. 1997). This region is used to explain the local X-ragfound,
although nowadays, it is unclear, how much of the soft foreground emigsdue to SWCX and the
LHB (Welsh & Shelton 2009). The X-ray luminosity scales with the line-of-s@gpth of the region,
which is between 80 and 200 pc. Across the SMC field, this componenecasshmed to be constant
and can be handled as additional X-ray background component.

Another source of diuse foreground emission originates from the Galactic halo. In contrast to
local X-ray emission, this component is absorbed by the Galactic ISM in tegriound.

Also in the SMC, difuse X-ray emission was found with ROSAT. The plasma shows X-ray emission
with a total X-ray luminosityLx = 1.175%,x 10*” erg s* in the (0.12.4) keV band and temperatures
of 10°-7 K (Sasaki et al. 2002). From more distant galaxies, a correlationfiofsgi X-ray emission
with star formation rate (SFR) was found (see e. g. Mineo et al. 2012b).

Sdefined by:S, ~ »*
’i. e. not constituting from several faint point sources below the detettti@shold.

21



2. Basics

2.4.5. X-ray binaries

In a very general sense, an X-ray binary consists of a binary sséeraywith a compact object that
accretes material from the companion star, which powers the X-ray emislsicem more common
sense, the compact component is a neutron star or black hole, whecegitng white dwarf systems
are designated cataclysmic variables (CVs), novae, etc. CVs werenkinom optical astronomy
already. The X-ray emission of CVs is in general below®l#rg s1. Therefore, we do not expect
to detect CVs in the XMMNewtonSMC survey. However, they can contribute to unresolveéilisié
emission as discussed in Sec. 2.4.2. The exception of luminous SSSs, wehjmiweered by nuclear
burning, rather than gravitational energy release of accreted mattehendliscussed in Sec. 2.4.6.
NS and BH X-ray binaries are classified according to the mass of the dam@sshigh-mass X-ray
binaries M > 8My, HMXB) and low-mass X-ray binaried{ < 2Mg, LMXB).

In LMXBs, the mass transfer occurs mainly via Roche-lobe overflow. toubke long life time of
low-mass stars, the size of a LMXB population of a galaxy is proportionalgdrtegrated SFR or
the stellar mass of the galaxy. The stellar mass of the SMC is smaller by a fabte+1¥0 compared
to the Galaxy. Therefore, one expects null to one LMXB in the SMC. SdHar is consistent with
no known LMXB in the SMC (Coe et al. 2010a).

In contrast to the LMXB population, the population of HMXBs scales with theené SFR of
a galaxy (Grimm et al. 2003), because of the short life time of massive sfatigh recent star
formation (Antoniou et al. 2010) and low metalicity (Dray 2006) are probabsponsible for the
remarkably high number 0f90 known HMXBs in the SMC. The size of the SMC sample can be
compared to the slightly larger Galactic sample (e. g. Coe et al. 2010a).

According to the mass-donating star, HMXBs are further subdivided intoctasses: supergiant
X-ray binaries (SgXRBs) and B¥-ray binaries (BeXRBSs). In SgXRBs, the optical counterpart is an
early-type supergiant of luminosity class | or Il. Mass transfer is mainlised by the high-density
wind (1078 — 10%Mg, yr~* with terminal velocities up to 2000 knT¥. This enables accretion for
some 108 yr. Depending on the orbit of the compact object, rather persistent luitiesosp to 18% erg
s™1 are reached. In rare cases, like SMC X-1 (and Cen X-3, LMC X-4)smi@nsfer via Roche-lobe
overflow causes luminosities 6fL0° erg s. Besides SMC X-1, other SgXRBs are not known in the
SMC. In the Galaxy, at least one quarter of the known HMXBs are SgR®o0 further subclasses of
SgXRBs are discussed since the launch of the INTEGRAL mission. Omtesstare highly obscured
SgXRB (Walter et al. 2006). These systems can show persistent oletraXsray luminosities and
are characterised by a large amount of local absorption witbdtumn densities above 3cm2,
probably due to absorption in the stellar wind or a dust cocoon. The dexxditliass are supergiant
fast X-ray transients (SFXTs, Negueruela et al. 2006). Thesemsgstbow strong outbursts of
Ly = 10%6-37 erg s lasting typically only a few hours. The high variability is discussed to be chuse
by accretion of clumpy wind. In both subclasses, X-ray pulsations agctrsp properties of SFXTs
point to a NS as compact object.

In BeXRBs (e. g. Reig 2011) the optical counterpart is ar-B® dwarf to giant star of luminosity
class IV, which is not filling its Roche lobe and has a rather moderate wind. By a mesrhanot
well understood and in combination with high rotation, Be stars eject materia iacthatorial plane,
causing the build-up of a circumstellar decretion disc (Okazaki 2001; @idki 2002). Reprocessing
of the UV and optical radiation from the Be star in this disc leads to an NIRssxaed emission lines
(e.g. Hy) that are not observed in normal B stars. The variability of both NIR #xe&d emission
lines yield evidence for the instability of these discs. If a Be star is in a binatgs with a compact
object, mass transfer via this disc is possible. In most cases of classkBE3ethe compact object
seams to be a NS. Systems with BH are not known\\B2 systems will be discussed in Sec. 2.4.6.
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The optical emission lines from Be stars can show double peaked line prafleexpected for a
rotating disc. Asymmetries between the violet and red peak are typical amdalquasi-periodic
variability. These are interpreted as one-armed perturbations and tieesigaificantly smaller in
BeXRBs than in isolated Be stars. This points to a truncation of the decretiobylihe NS, which
is supported by a correlation of NS orbit period and lithe width in BeXRBs (Reig et al. 1997).

BeXRBs are subdivided into persistent and transient systems. TheHogt X-ray emission at
Lx < 10% erg st and generally have wide orbit®4, > 200 d). Owing to a supernova kick, the
NS can be in a highly eccentric orbié & 0.3). Such binary systems show a transient behaviour,
with type-loutbursts in X-rays, caused by enhanced accretion of matter onto ther§ geriastron
passage. These outbursts last for several days at typical luminoditesne 18° erg st. Other
authors quote-30% of the orbital period for the duration (Galache et al. 2008). If atBesdooses
its disc due to instability, the NS can accrete over a long time, catygiegll outbursts, which are not
connected to an orbital period, reach luminositiexdf0®’ erg s%, and can last for several binary
orbits. In low X-ray state, the X-ray emission of these transient systemk0® erg s,

Variability in X-ray intensity of BeXRB can, besides of orbital motion and Maleadecretion disc,
also be caused by tharopeller gfect Most pulsars show spin-up during periods of high accre-
tion caused by angular momentum transfer from the accretion disc (Ghasim& 1979; Coe et al.
2010b). But also spin down is observed sometimes, probably due tsedeeques. Depending on the
accretion rate, matter that reaches the magnetosphere will be acceledtgdcied, if the magnetic
field and rotation frequency of the NS ardiitiently high. This prevents accretion but also enables
an dficient spin down of the NS. In the theoretical case of a constant accratmrithe NS is expected
to rotate at an equilibrium period. To explain the slowest rotating pulsatgsoric propeller phase
is suggested (Ikhsanov 2007). In this case, accretion can occuif only

L 16/21 M -5/7 MNS -4/21
Pspin > Ppreak~ 442 21
spin > Fbreak S(IOSOG Cﬂ'?’) (10159 S‘l) ( Mo ) (2.15)

with 1 the magnetic moment of the NS aMithe mass accretion rate.

In the energy band of XMMNewton most spectra of BeXRBs can be described by a power-law
with photon index of” ~ 1 (Haberl & Pietsch 2004). Also FeKfluorescent emission is found in
some systems. A soft excess below 1 keV is observed only sometimes, atfarsk of absence
or because of absorption. In the latter case, the excess might be ubsquitickox et al. (2004)
investigated several possible origins for the soft excess: (i) Only iayXright Lx > 10% erg s1)
outbursts, the excess can be caused by reprocessing of hard Xway the NS in optically thick
material like an accretion disc. (ii) In fainter systems, the excess may bedcaysituse gas that
is either collisionally heated or photoionised. (iii) Also thermal emission from tBeshrface can
contribute to the excess. At higher energies the X-ray spectra shavak iorthe power-law between
10 and 30 keV and cyclotron absorption lines between 10 and 100 késhwate caused by electrons
in magnetic fields of some 10G.

Due to the local accretion onto the magnetic poles, which does not have lgbedawith the
rotation poles of the NS, the observed X-ray flux can show cohereiaioility. Typical pulse periods
are 1 s to 1000 s. The spin period evolution depends on magnetic field, enafotie age of the
NS, and the average angular momentum transfer during mass accretithe-Rbe-filling SgXRBs
have very short spin and orbital periods, whereas wind-fed systbovs sather long spin periods
independent of orbital periods. For BeXRBs a correlation betweenaspirorbital period is known
(Corbet 1984). The spin- and orbital-period distribution is likely bimodadbpbly due to dferent
kicks in different types of SN explosions (Knigge et al. 2011).
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The relation of star formation history and HMXB density in the SMC was studjedtitoniou
et al. (2010). In several fields in the SMC, they find a correlation of BBXlensity and SFR 25—
60 Myr ago. By using a larger set of nearby galaxies, the HMXB populstieere found to be
describable by a luminosity function with universal shape. The numbeMXBt above a luminosity
of Lx > 10 erg s* correlates with the star formation of that galaxy (Grimm et al. 2003). Thazef
the X-ray luminosity above 2.0 keV might be a useful SFR indicator in more dig&axies. At
lower luminosities (x < 2 x 10%°), Shtykovskiy & Gilfanov (2005) found a turn over in the X-ray
luminosity function to a flatter distribution, which might be caused by the propsftiect.

Further investigation of HMXB is important, to gain further insights in all the fieldentioned
above (accretion physics, SN kicks, connection with star formation). SME€ is ideally suited to
investigate statistical properties of HMXBs, because of the large samplarsizbigh density that
allows to observe several sources simultaneously.

2.4.6. Super-soft X-ray sources

Super-soft X-ray sources (SSSs, Greiner 1996; Kahabka 28(6a phenomenological class of X-
ray point sources, defined by a very soft X-ray spectrum withoutifsignt emission above 1 keV.
Therefore, these systems can only be detected in cases of low linenbfbigprption. The general
scenario for a SSS is thermonuclear burning on the surface of artingd’¢D, which can be stable
for certain accretion rates between X80 8Mg yr-! and 6.2x10°'Mg yr-! (Nomoto et al. 2007),
depending on the mass of the WD. At lower accretion rates, the accretedanaiébe accumulated
on the WD surface, until conditions for a thermonuclear runaway aohega which causes a classical
nova explosion. Material that is not ejected in the explosion will still undargdear burning. As soon
as the ejected material becomes transparent for soft X-rays, the Wbeaalmserved weeks to years
after the nova explosion (see e.g. Henze et al. 2011). Accreting WIDSS8S state are associated
with CVs, symbiotic stars, planetary nebulae, and post-outburst opticaénd.ess luminous super-
soft X-ray emission is observed in some planetary nebulae, CVs, hbihgasolated NSs, and hot
cooling WDs, so-called PG 1159 stars.

But also Be star binaries are suggested to harbour accreting WDs. tilt imder debate to what
extent the generation of the Be phenomenon is related to close binary eva@utioother mechanism
(Gies 2000). In the case of close binary evolution, matter transfer €auspin up of the gainer,
becoming a Be star, whereas the donor turns into a He star, WD or NSyBigstem evolution
models predict, that B&/D systems might be more frequent tharyB8 systems (Pols et al. 1991;
Raguzova 2001). Raguzova (2001) obtain an abundance ratio fetaf@@S/WD of 2/1/7, but only
a few B¢WD systems are suggested so far, in contrast to the large numbeyNSBgstems. The
expected luminosity for stable thermonuclear burninigyis~ 1063 erg s1.

Similar to an accreting NS, WDs in Be systems are expected to show hardetaiagion powered
by accretion, but at lower luminosity of 133 erg s, compared to 1338 erg s for NSs (Waters
et al. 1989). Suggested candidates)a@as like objects (Haberl 1995; Lopes de Oliveira et al. 2006).
However, the expected luminosities are below the XMléwtonSMC survey detection threshold.
Alternatively, stable thermonuclear burning is suggested to power Xmégs®n from BANVDs. The
very-soft emission is likely to be absorbed by the decretion disc of the Bénstaost cases, com-
plicating the discovery of such systems (Apparao 1991) and explainirigdkef detected systems.
Only one BWD SSS system has been proposed so far in the LMC, XMMU J0520B256% (Ka-
habka et al. 2006). The first candidate in the SMC was discoveredgdimninvestigations of this
thesis (see Sec. 5.2).

The spectra of SSSs can be described by a black-body model with tigrigaératures in the range

24



2.4. X-ray sources in the SMC field

of (20-100) eV. These yield a useful approximation to WD atmosphere models if only €&fergy
resolution is available, but should be regarded only as parametrisatioa spdttrum (Henze et al.
2011). In high-resolution spectra, absorption and emission lines havediiserved. SSSs can show
a constant, variable or transient X-ray behaviour.

SSSs as an individual X-ray source class were discovered first Mdbellanic Clouds due to their
short distance and low foreground absorption, and still today, the MageClouds dfer a unique
possibility to study these systems. A better understanding is necessany exglain the integrated
super-soft X-ray emission of galaxies and tlkeet of absorption on the observed population (e.g.
compare Gilfanov & Bogdn 2010; Hachisu et al. 2010). Besides of WD mergers, accreting WDs
are believed to be the main channel leading to SN of type la. This SN type ieoia importance,
as it can be used atandard candléo measure cosmological distances. Also most of the iron in the
Universe is likely produced by SN la.

2.4.7. Active galactic nuclei

Galaxies with active galactic nucleus (AGN) are bright X-ray source®gmsmological distances
and are expected to provide the majority of X-ray sources in the XNi#tonSMC field. Spectral
properties of AGN strongly depend on the inclination of the AGN, as destdily the unified pic-
ture of Urry & Padovani (1995). Evolution during the merging of galaxsealso discussed to have
significant influence (Hopkins et al. 2008).

X-rays are caused by accretion onto a super-massive black Meigs(; ~ 10"°Mg) with lu-
minosities up to 1& erg s* and show hard power-law-like spectra with a typical photon index of
I' = 1.7 in the XMM-Newtonband. X-rays are discussed to originate from a corona of hot elec-
trons via inverse Compton scattering. Possible X-ray features are e i flEorescent emission or
a soft excess, which can be caused by reprocessing of hardgrsX-Fhe reverberation, found in Fe
L emission, supports this picture (Fabian et al. 2009). Since AGN aretamtipowered, they can
show variability at all wavelengths and time scales (Grandi et al. 1992er¥dls AGN are observed
as point sources in X-rays, radio lobes can originate from synchretuission of electrons in jets
with sizes up to several 100 kpc. For small inclination angles, these raldiniemare observed as
point-like quasars. AGN are luminous in the UV and infrared, due to emisgiom the inner part of
the accretion disc and a nearby dust torus, respectively.

In the optical, the identification of AGN behind the SMC is complicated by the hidlastiensity
in the field. AGN candidates are selected by optical variability, IR photometrsadio and X-ray
emission. The first quasar behind the SMC was found in a radio investig#t®NRs (Mills et al.
1982). Another was reported in the catalogue of Wilkes et al. (1983krloam, Tinney et al. (1997)
confirmed further eight candidates, selected from ROSAT X-ray ssyumith optical spectroscopy.
Dobrzycki et al. (2003a,b) confirmed five X-ray selected candidatdgiae candidates selected due
to their optical variability (Eyer 2002). Koztowski & Kochanek (2009)es¢ted 657 quasar candidates
usingSpitzenR and NIR photometry. With follow-up spectroscopy Koztowski et al.1(Owere able
to confirm 29 of 268 observed candidates, rising the number of confibagdround AGN to-70.

AGN behind the SMC are a valuable sample of background sources prtvge a reference frame
for astrometry, which is important for proper-motion studies of the Magell@hcds (e. g. Piatek
et al. 2008), but also to reduce the systematic uncertainties in the positiofisagf observations
(e.g. Watson et al. 2009). Further, absorption of the radiation of aN Agthe ISM of the SMC
might be used to probe the ISM with present or future X-ray missions {¢abgerl et al. 2001) or
at other wavelengths. Besides, these sources can be studied therfseajvéslly et al. 2009) with
multi-wavelength data from ferent epochs.
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2.4.8. Galaxies

Galaxies from behind the SMC can be seen in X-rays, showing an uvedscombination of X-
ray sources of the types discussed above (e.g. Tajer et al. 20DBefanences therein). The X-ray
emission of elliptical galaxies is often dominated by the thermal emission of the Nbt3giral
galaxies rather show emission of SNRs and X-ray binaries. Since mosiagadaie believed to contain
a super-massive BH in their centre, the emission of a central AGN caritzastto the emission as
well. With increasing distance, these sources cannot be resolved emmhédlended into one X-ray
source. Also hot intergalactic medium can contribute to the X-ray emission iryggtaups. The
X-ray emission of normal galaxies (i. e. without the contribution of an AGa) each luminosities
up to<10%* erg s*. The density on the sky is1 deg? at an X-ray flux limit of 1014 erg cn? s71.
So we expect only a few sources associated with background galaxies&MC field.

2.4.9. Cluster of galaxies

Clusters of galaxies (CIGs) are another class of X-ray sources btfareMC. CIGs are the largest
relaxed structures in the Universe and consist mainly of dark mat8%). Baryonic matter in the
intracluster medium (ICM) accounts ferl1%. The member galaxies of clusters are the optically
brightest components, but constitute orl2% of the cluster mass. For a review, see Rosati et al.
(2002) or \Voit (2005).

During the gravitational collapse of ¥0'°My of matter distributed over several Mpc, adiabatic
compression and shocks caused by the supersonic motion during virialibatid the ICM tkT =
(2—15) keV, resulting in a thin, hot, and ionised plasma that can be assumed t€e ihe typical
mean cluster metalicity iZ ~ 0.3Z. CIGs are among the brightest X-ray sources in the Universe
with X-ray luminosities of 16>4° erg s1. The angular extent of the X-ray emission depends on
the size and distance of the cluster. Whereas CIGs with low redshift havasurable extent — as
extreme case, the Virgo cluster has a diameter of several degrees dy {{BHbringer et al. 1994)

— more distant clusters areflicult to separate from point sources with XMNewton but are also
below the detection limit for the SMC survey.

As CIGs follow the gravitational collapse of primordial density perturbatitrey probe the high-
density tail of the cosmic density field. For a further investigation of ClGsshifidmeasurements
of member galaxies are necessary, which is challenging in fields with highr steltaity, like the
Magellanic Clouds. Therefore, studying CIGs behind the SMC might be lés®#ting. However
the identification of these sources is important, to separate them from SMRs@id contamination
when studying the diuse emission in the SMC. So far, no X-ray selected clusters behind the SMC
are reported in the literature.

2.4.10. Cosmic X-ray background

With decreasing flux, more and more extragalactic X-ray sources fallwbitle detection limit of
individual X-ray observations. These sources constitute the unessalosmic X-ray background
(CXB), which is difuse and homogeneous, but absorbed by the Galactic ISM. Whereas-tekeV
the difuse X-ray background is dominated by emission from the Galaxy and the(Bd& 2.4.4),
the cosmic X-ray background contributes most at higher energies.

Using XMM-Newton De Luca & Molendi (2004) characterised the CXB by a power law with
photon index of” = 1.41 + 0.06 and a normalisation of£6 + 0.09 photons ci? s sr! kev-1 at
3 keV translating to a (210) keV flux of (224 + 0.16) x 10 ' erg cnt? st deg?.
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With deep XMM-NewtonandChandraobservations of fields with low Galacticitolumn density
like e. g. theLockman hole(80-100)% of this component could be resolved into point sources like
AGN in the (0.5-2.0) keV band (Hasinger et al. 2001; Worsley et al. 2005).
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3. Observations and data reduction

3.1. XMM-Newton observations of the SMC

During the first ten years of the XMN{lewtonmission, dfferent kinds of sources in the SMC have
been the subject of the X-ray observations. Examples are X-ray [BMR6 (e. g. IKT 5, IKT 18, and
IKT 23), early-type stars (e.g. HD 5980), HMXBs (e.g. SMC X-IndaSSSs known from ROSAT
(e.g. RXJ0059.6-7138). Observations of 15 fields, mainly in the bareoStMC were performed, to
discover HMXBs and study their relation to star formation. All these obsiensbecame available
in the public archive about one year after the observation.

Additionally, a few observations were triggered by transient sourckse®ation 0311590601 was
aimed to observe the Nova SMC 2005, but the source was not detecteca flsow-up observation
of the RXTE-detected pulsar XTE J0055-727 failed to localise the soleeently, three triggered
observations of RXJ0049.0-725 and one observations of SXP 175 weeformed. These target of
opportunity (ToO) observations became public about six months after Hes\attion.

Calibration observations of the SNR 1E0102.2-7219 IKT 22) are performed regularly every
six months since the beginning of the mission. These observations constituteepest observed
XMM- Newtonfield in the SMC. Calibration observations are public immediately.

The observations of tHarge-programme SMC-surveyere chosen to fill the gaps, which were not
covered at sfiicient depth by previous observations and to cover the main body of theg8M€en in
Ha. The coverage of these observations is compared to an optical emissiondige in Figure 3.1.
The survey observations were executed with EPIQuikframe imaging mode using the thin and
medium filter for EPIC-pn and EPIC-MOQOS, respectively.

All these observations form a continuous field with an area of 5.58, delgich we will refer to
as themain field The exposure distribution, accounting for vignetting and without time pgrodd
proton flares, is presented in Figure 3.2. Apart from the deep fielchdrbE0102.2-7219, a relatively
homogeneous coverage was archived (cf. Figure 3.3).

In addition to observations in the main field, observations further awaytiner8MC bar and wing
were used, which still can contain sources located within the SMC. Alsog fiedds were used to
measure the celestial X-ray background around the SMC.

To build an XMM-Newtonpoint-source catalogue for the SMC field, | combined the data of the
large-programme SMC survey, with all publicly available archival data émtill 2010 (62 observa-
tions, 1.6 Ms exposure), from which 28 observations (850 ks exppswe calibration observations
of the SNR 1E0102.2-7219. The 33 observations of 3@uint fields of the SMC large-programme
survey have a total exposure of 1.1 Ms. From the outer fields, | incltwle@dbservations of a field
in the north and three fields in the south of the SMC main field (98 ks expostotali These are
somewhat further away from the SMC bar and wing but can contain estincthe SMC like e. g.
SSSs found by ROSAT. The total area covered by the observatiod$ardbe catalogue is 6.32 deg
and constitutes of observations inside the blue box in Figure 3.2. Moretrelogervations (C29-32,
A35-38, and O6-10) were used only for the mosaic image and to investigadéftise emission.

A list of all EPIC exposures, performed within a radius of 260the position 1 -725 until the
end of 2011, is given in Table B.2 in the appendix.
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3.2. Processing of the data

Figure 3.1. Colour image of the SMC from MCELS (e. g. Smith et al. 2000; Winkler 2@05) with Hy, [Su], and[Om] in

red, green, and blue. The overlaid circles mark the observed XW&Mtonfields and have radii of 800 Labels correspond

to column 1 of Table B.2. Archival observations are plotted in white, calibn observations in green and large-programme
survey observations in cyan.

In addition to scientific observations, calibration observations with closedvilieel are performed
regularly to measure the detector background. Merged event filesthese observations are pro-
vided' by the XMM-Newtonbackground working group.

3.2. Processing of the data

For the processing of the XMNilewtonSMC data, | build on a similar analysis pipeline as used for
XMM- Newtonobservations of the Local Group galaxies M 31 (Pietsch et al. 2005; stiele2011)
and M 33 (Pietsch et al. 2004; Misanovic et al. 2006) that were dewelopeur research group.
The analysis of point sources in these studies was similar as for the XWtonSerendipitous
Source Catalogue (2XMM, Watson et al. 2009), but compared to this ga&lthe M 31 and M 33
catalogues have an improved position accuracy by using astrometridghtresrrections based on

lavailable at httgixmm?2.esac.esa.jigixternalxmm_sw_calbackgroungfilter_closed
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Figure 3.2. Combined vignetting-corrected and GTl-screened EPIC exposysefrthe SMC main field and surrounding
observations in units of seconds. EPIC-MOS1 and -MOS2 exposureiggted by a factor of 0.4 relative to EPIC-pn to
account for the lowerféective area. The outer fields are labelled according to column 1 of TaBleMRe blue box marks
the field, used to create the point-source catalogue. The allocation oidindivwbservations of the main field is given in
Figure 3.1.
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Figure 3.3. Vignetting corrected exposure of the main field for EPIC-pn (solid lin@IEMOS1 (dotted line) and EPIC-
MOS2 (dashed line) in the (1.0-2.0) keV band, when summing all @asens (black) and using the deepest observation at
each position (red).

identified sources, and a comprehensive source screening.

The XMM-NewtonScience Analysis Software (SAS)as used to create the basic source products.
The SAS is a collection of tasks specifically designed for XNildwtondata and provided by ESA.
For the analysis of source products, | use@dols (Blackburn 1995)xspec (Arnaud 1996)stilts
(Taylor 2011) andis9 (Joye 2006). In addition, | developed more sophisticatesh, sql, andidl
scripts for advanced data analysis as part of this thesis.

Before the data reduction, the existing pipeline was tested with the new SaBrvand modified
at several places. This pipeline creates eventfiles, produces imagesns source detection for the
individual observations, and calculates a mosaic image. Due to the high nofdieservations and
the nowadays available multi-core CPUs, | updated many scripts to allow bepaxacution. Also
some scripts had to be optimised regarding their performance, e. g. byrayoithecessary or already
calculated products. | basically reworked the scripts for the calculatitimreaiosaic image to allow
a subtraction of the detector background and to create an image with exgaite sources for the
study of the difuse emission. Scripts for the extraction and analysis of source pro@ugtsspectra
of point sources), were optimised in order to minimise manual interaction.elaie®d scripts for the
reduction of spectra of thefflise emission and their analysis.

To provide a fast and comprehensive access to the analysis resuhg 8MC large-programme
collaboration, a database was set up dly$QL server. A pilot study of such a database was done by
Eger (2008). This first version used only one table, which limits its capabdity.(for each source,
only one possible optical counterpart was stored). As part of this tHekgeloped a comprehensive

2httpy/xmm.esac.esa.ifsiag
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Figure 3.4. Simplified entity-relationship diagram for the SMC database. Boxes représbles. Lines illustrate their
connection and are labelled with the range of corresponding entries irblle ta

database structure together with Jai Won Kim (see Figure 3.4), to combinkesired information
e.g. from observations, X-ray sources, and counterparts. Thigsrthk database a very powerful
tool for data analysis. E.g. | developadl scripts that allow source screening, cross-correlation,
and classification inside the database. | loaded other catalogues conipietelthe database and
used correlation tables to assign counterparts. For the loadiRgrsffiles into the database, | used
the fittablereader®. To enable a comprehensive access to the data for the SMC largesprogr
collaboration, a web interface for this database was created by Jai Woinkclose collaboration
with me. The interface allows to run user defirsd queries on all tables and provides access to
source products, like spectra or finding charts.

3.3. Data reduction

In the following the data reduction of the pipe-line and individual sourcelpets will be described.

3.3.1. Event lists

The XMM-Newtonraw data is organised in observation data files (ODFs). The SAStHSngest
adds ancillary information from satellite housekeeping and calibration de¢aseary to process the
observations. To assign the most recent current calibration files [CERXCF index file (CIF) was
created for each observation witti fbuild.

| processed all observations homogeneously with SAS version 10.0@eated EPIC event lists

3Also reference sources without X-ray counter part were regatuedor all-sky catalogues, only the field of the SMC
was used.

“Developed by Jai Won Kim. Besides of loading &TS-table into the database according to #Hi&'S description, it
allows to store the meta-dataBITS tables in the database, like e. g. units or descriptions of table columns.

5An event list is a table with one row per event registered by the instrumentaiaing all measured information like
position, energy, frame time, event-pattern, and flag. The total nuafilesents in SMC observations is 223014 497.
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3.3. Data reduction

usingepchain or emchain, respectively. If preliminary boresight corrections could be determined
these were already used to correct the attitude file (see Sec. 3.3.74d épiseject to correct for
artefacts in the EPIC-pnfiset map, which are caused by charged high-energy particles, hitting the
detector during the féset-map calculation and causing a shift in the energy scale. This avoids the
detection of spurious very-soft sources later on, but has the distdya of enhancing theffect

of optical loading by optically bright stars. Therefore, | screenedbfight stars as described in
Sec. 3.3.6. The photon arrival times where randomised within their reisftiaoue.

3.3.2. Selection of good time intervals

To remove times of bad data, SAS tools use good time interval (GTI) files, vdoictain the start
and end times of GTIsStandard GTlswhich list usable time intervals for each CCD, are already
created byepchain or emchain and appended to the event lists. Additional GTls must be defined,
to exclude time intervalstiected by high background. Examples for two EPIC-pn background light-
curves are presented in Figure 3.5. Both exhibit typical features afgsbot sharp soft-proton flares
(Figure 3.5a) and increased background at the end of the satellite [eidnir¢ 3.5b) caused by the
radiation belts.

To exclude time intervals of high background, | definetkground GTlsvhen the background
rate in the (Z15) keV band was below 8 and 2.5 ctsksrcmirr? for EPIC-pn and EPIC-MOS,
respectively, as shown by the blue line in Figure 3.5. Since soft protmsfiiect all EPIC detec-
tors, EPIC-pn and EPIC-MOS were allowed to veto each other, but iasssred, that EPIC-MOS
exposure is used, when EPIC-pn was calculating tfeebmap at the beginning of the observation.
Exceptions are the observations 0503000301, 0011450201, a2@&1301, where the count rate
in the high energy band was significantly increased for EPIC-pn onlg, tthel EPIC-MOS data was
used in these cases. For observations 0112780601, 0164563401,7/0501, and 0135722201, the
good-time exposure was below 1 ks and these observations were rejEetasulting net exposures
are given in Table B.2. For the observations used for the source ca¢altigs good-time selection
removed about 16% exposure from the survey data, 22% from theat#ibobservations, 34% from
other archival data and 10% from the outer fields.

Thesebackground GTlsre suitable for source detection and the analysis of X-ray point and ex-
tended sources. But for the spectral analysis of faifftusle emission as well as for the assembly
of mosaic images, also weak flares can contribute considerably to the faayt &mission. There-
fore, | defined additional, more restrictigggma-clipping GTIdor each exposure with the SAS task
espfilt (Kuntz & Snowden 2008). In this method, a count-rate histogram is crefited with a
Gaussian profile to determine the peak of the quiescent count rate anihomintervals with a count
rate of+1.50- around the peak count rate are accepted. This method selects intervalsnyitbw or
no contamination, as plotted in green in Figure 3.5. Compared to above, thiseatietive temporal
screening removes about 30% exposure from the survey data, Bi¥tfe calibration observations,
57% from other archival data and 37% of the outer fields.

Another source of variable background contamination is SWCX (Sec.)28idce this emission
is variable on a longer time scale, a screening of this component is more caimbli€dten the only
way to exclude a significant contribution is the comparison of two separasnadiions of the same
field. | created background light curves in the (4800) eV band. Within theigma-clipping GTId
could not find variations, which would point to a significant contribution \8fGX emission.
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Figure 3.5. Examples for EPIC-pn background light curves in the {1.8.0) keV band. The threshold count rate which
was used for GTls is shown by the blue line. Rejected time intervals abaveathare plotted in red. Time intervals with
very low background contribution, as defined by the sigma-clipping ndegin® shown in green, others in blaéR) Obser-
vation 0142661001 isfiected by three short strong flares and moderate proton contaminatietwiadn.(P) Observation
0601210501 shows increased background at the end of the sateliii¢'s o

3.3.3. X-ray images

For the X-ray images, EPIC-pn events between 7.2 keV and 9.2 keV vwsm@rded, since these are
affected by background fluorescent emission lines inhomogeneously disttitwer the detector area
(Freyberg et al. 2004). In the lowest energy band of EPIC-pndditianal screening of recurrent hot
pixels was used and for a few columns with increased noise, events gyected below individual
energy-dfsets between 220 and 300 eV.

| produced images with an image-pixel binning ¢f & 2” in the five XMM-Newtonstandard
energy subbands (see Table 3.2). Single-pixel events were us&dPfGrpn in the (0.20.5) keV
band, single- and double-pixel events for the other EPIC-pn bamdissiagle- to quadruple-pixel
events for all EPIC-MOS bands. EPIC-MOS events were requiredvueHiaAG=0. EPIC-pn events
were selected witlifFLAG & 0xfa®000) = 0, which, as opposed ®LAG=0, allows events in pixels,
next to bad pixels or bad columns. This increases the covered area skythaut can also cause
additional spurious detections, which needed to be taken into considgisgmBec. 3.3.6). Exposure
maps accounting for telescope vignetting were created adipmap. Merged, exposure-corrected,
and smoothed (XOFWHM) images of all observations can be found in Figure C.1 in the appendix

3.3.4. Maximum-likelihood source detection

For each observation, | accomplished source detection on the X-ray smesjaey the SAS task
edetect_chain, which (i) searches for point sources with a sliding box detection metiipdgates

a background image by fitting a two dimensional spline with 16 nodes to thevelosgnage with
point sources removed and adds in the case of EPIC-mutbnf-timeevent image, (iii) assembles
point-source candidates by a second sliding box detection run wherea¢kgrbund image is used

to determine the local background, and (iv) performs a maximum-likelihooddiihg emldetect,

for each candidate in all energy bands and instruments (uxtb Bnages) simultaneously. For each
source, the position and the counts in each image were fitted. In additiorss#leosource extent
was investigated by using&model, which approximates the brightness profile of galaxy clusters

34



3.3. Data reduction

(Cavaliere & Fusco-Femiano 1976) with

L0+ (- yo)z)_S/ ? 3.1)

re

f(xy) = (1

The core radius. is used as extent&(xt) with corresponding uncertainty and a likelihood of source
extentMLey. Also, extended sources where tested to be fitted with two point sourceetaled
description of the detection procedure can be found in Watson et aB)288 in the case of their cat-
alogue, detections witMLge; = — IN(P) > 6 were accepted, wheMLge: is the detection likelihood,
normalised to two degrees of freedom, d&nds the chance detection probability due to Poissonian
background fluctuations.

3.3.5. Compilation of the point-source catalogue

To create a source catalogue for the SMC, | auto-correlated all 523&maious (Sec. 3.3.6) de-
tections of point or moderately extended sources to identify detections afriggnfrom the same
source in fields, which were observed several times. Correlations withienalaangular separation
of dsep < 77 anddsep < 3(01 + 02) were accepted, whetey ; is the positional uncertainty of the two
sources (see Watson et al. 2009). This resulted in 3053 unique Xuages. Master source positions
and source extent were calculated from the error-weighted avefdige individual detection values.
Detection likelihoods were combined and renormalised for two degreesaxfdm.

3.3.6. Catalogue screening

Each observation was screened individually and a qualityJ@-gG was set manually to indicate
if the detection was most likely not caused by a point source. Spurioustidet® can be caused
by single reflections of SMC X-1QFLAG=S), or by OOT events of bright sourceQFLAG=0). The
substructure of extended sources or residuals of the PSF of the btighteces can lead to multiple
detections @FLAG=M). Also, sources with significant extent like supernova remnants and ripesta
clusters of galaxies were marke@FLAG=E) and not used for the point-source catalogue.

Using a preliminary version of the source catalogue and the mosaic imag®nal sereening was
performed taking full advantage of all X-ray information. Using a mosalowamage of the SMC
(see Sec. 3.3.14), | looked for wrongly correlated detections andomalated detections obviously
originating from the same source. This occurred e. g. in the case ot koghces with low statistical
uncertainty, if the astrometric solution was not yeffigiently accurate. In some observations EPIC-
MOS CCDs were ilmnomalous statéKuntz & Snowden 2008), where they show increased low
energy k1 keV) noise. Afected CCDs were identified witmtaglenoise. The data were used for
source detection, but not for the mosaic image. To ensure that the desdaotibbese noisy CCDs are
real, | required that the detection likelihood for the noisy CCD in the (1.03X2¥ band is sfficient
for an independent detection, or that the source is found by an instruroéeim anomalous state
within the same or another observation. If in addition no source is visible in tlaimonage, the
detection was flagged witQFLAG=N. Detections found in regions with enhanceffue emission,
where the reliability is doubtful, were flagge@F{.AG=D), if no clear point source was visible in the
deep mosaic image. The tasgreject abolishes EPIC-pnftset map corrections for optical loading
caused by bright optical sources with< 12 mag oV < 6 mag for observations with thin or medium
filter, respectivel?. | found 57 detections of 36 sources, which fulfil this criterion. If tharse was

M. J. S. Smith 2008, PN optical loading, XMMewtoncalibration technical note XMM-SOC-CAL-TN-0051 Issue 1.2,
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Table 3.1.Screening of detections.

QFLAG description number
G good (default) 5236
M multiple detection 503
S single reflection 232
E extended source 207
P hot pixel 129
N MOS CCD in anomalous state 110
(0] out-of-time events 22
D diffuse emission 20
L optical loading 4

not detected with a high level of significance by another instrument, in anoliservation, or in the
EPIC-pn energy bands-3, this source was rejecteQRLAG=L). This caused a rejection of only 4
sources. All other 32 potentiallyffected sources show evidence for real X-ray emission. Sources,
detected only in one observation and by only one instrument with detection Gkelif Lge; > 10

in energy band 1, but not detected above 1 keV, were checked fqixeds, which might have been
missed bybadpixfind and flagged@FLAG=P), if a bright pixel was found in the detector image or

if the detection was close to a hot pixel or column and had a peculiar, nBriSshape. All other
detections hav@FLAG=G by default. Only the G-flagged sources were included in the point-source
catalogue. The flags and the number of occurrences are listed in Table 3.1

3.3.7. Astrometric corrections

The accuracy of the astrometric frame of XMNewtoncan be improved since the position of bright
sources has a higher statistical precision than the initial XM&vtonattitude solution. However, the
standard boresight correction, using a simple comparison with a completal opfarence catalogue,
cannot be applied, because the number of random optical counterpantghelms the number of real
counterparts in the SMC field.

If astrometric corrections were known already (e.g. Eger 2008), tre§y could be determined
easily by clearly identified sources (HMXBs or AGN), the attitude file wasemted before the event-
file creation. | used this information to correct the spacecraft attitude fioear boresight shift in
right ascension and declination. These corrections have led to shifis tf 4, e. g. observation
0500980101 and thus improve the quality of the images and cross corrglation

Using the autocorrelated detection list, | further controlled and improvedibrelimates of individ-
ual source detections. | selected optical counterparts, mainly from igaeitsal. (2002), of identified
HMXB and spectroscopically confirmed AGN as well as identified foregdostars from the Tycho-2
catalogue, as described in Sec. 4.3. In the latter case, known proper snatoa taken into ac-
count. The positions of all detections of the individual observations wenected in this second
iteration. The overall applied boresight corrections for all observatare listed in Table B.2. As
| only used identified sources instead of a general correlation with eerefe catalogue, | also ac-
cepted coordinate corrections if only one identified source was availatile FoV of an observation.
This allowed a coordinate improvement for all observations and a systenoattmp uncertainty of
osys = 0.5” (Pietsch et al. 2005) is assumed uniformly. The total position uncertaintgstmsated

by o = (03ys + 05a9"/?, Whereosiaris the statistical uncertainty from the maximum likelihood fit.

httpy/xmm2.esac.esa.jidocgdocumentsCAL-TN-0051-1-2.ps.gz
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Figure 3.6. Example for sourcefeset for observation 0500980101. Dashed red line gives the estinatedtion for the
pointing direction. Dashed black lines indicates the initial astrometric solution.
3.3.8. Spectral characterisation

To investigate the spectral properties of all sources, hardnessiRids = 1, 2, 3, 4) and correspond-
ing uncertaintieAHR; were used, defined by

HR = H (3.2)
_ _V(R1AR)? + (RAR,1)?
MRS T R RY &3

whereR,; is the count rate in energy ban@see Table 3.2). To increase statistics in the individual en-
ergy bands, the count rates of all three instruments were added anacrgainties were propagated
quadratically. For sources detected in several observations, avesagt rates were calculated. Also
here, the uncertainty of counts was propagated quadratically. Thadkspee of the relative count
rates on the instrumental setup is smaller than the rate uncertainty in mostld&sésnot given, if
both ratedk; andR;,1 are null or if the I uncertainty ofAHR; covers the completelR interval from
-1to 1.

3.3.9. Flux calculation

To convert an individual count raf® of each energy baridnto an observation setup independent ob-
served fluxF;, | assumed a universal spectrum for all sources, described byeryfav model with a
photon index of” = 1.7 and a photoelectric foreground absorption by the Galaxyfa = 6 x 10°°
cm2 (average for SMC main field in Hmap of Dickey & Lockman 1990). | calculated energy
conversion factors (ECFd) = R;/Fi, by simulating this spectrum with standard EPIC redistribu-
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tion matrix files (RMFs). This universal spectral shape is only a rough assumption. But siece th
correction is from counts to detected flux, i. e. not corrected for g@lisor, and since the fluxes are
calculated independently for each of the relatively narrow energysateliations from the global
source spectrum are reduced. Therefore, the calculated fluxea givod approximation within 20%
of the true detected flux in most cases (see also Pietsch et al. 2004).

For EPIC-MOS, increased redistribution of measured photon energirsus to occur around the
EPIC-pn and RGS prime pointing position, where most targets are placed @eal. 2006). This
has some féect on the ECFs for the energy bands 1 and 2. | decided to us®fipatchsingle to
quadruple event RMF, since in the case of the SMC survey, the majorigte¢iions lies outside this
patch area. The fferences betweeon- and off-patch ECFs is<10% for energy band 1 and lower
for the other bands. For EPIC-pn, the dependence of the specodlition on the detector position
has an even smaller influence on the ECE2%) and the RMF for CCD rows 81-100 was used as
average. It was ensured that the RMFs were based on the same pelttetios as used to create the
images. The dependence of the ECFs on data moe2%s (Watson et al. 2009) and tliall-frame
RMFs was used for all instruments. The ancillary response files (ARE® galculated withrfgen
for each filter and instrument and do not contain corrections, which algady been applied by
emldetect. For EPIC-pn,fs is corrected for the removed (%2.2) keV sub-band, thus translating
to full (4.5-12.0) keV fluxes. The derived ECFs are listed in Table 3.3. Since etengyy 5 does
not contribute substantially to the total flux but rather increases its undgriaimost cases, it is not
used for the so-called XID fl#x To calculate XID fluxes, the energy bands 1 — 4 were added for each
instrument and their uncertainties were added quadratically. The findhfttve (0.2-4.5) keV band
was determined, by calculating the error-weighted average from all blaitsstruments, similar as
in previous studies of M 31 and M 33. For sources with several detectimmsatalogue includes the
minimum, maximum and error-weighted average of the flux.

Table 3.2.Energy bands. Table 3.3.Energy conversion factors.

Name Enin  Emax Detector Filter f1 f, fa fa fs

total 0.2 12.0 pn thin 11.150 8.132 5.839 1.943 0.463
soft 0.2 2.0 medium 9.976 7.897 5.758 1.926 0.465
hard 20 120 thick 6.329 6.071 4.964 1.824 0.459
XID 0.2 4.5 MOS1 thin 2.118 1937 2.064 0.744 0.144
band1 0.2 0.5 medium 1891 1.883 2.029 0.735 0.144
band2 05 1.0 thick 1.273 1530 1.807 0.705 0.142
band 3 1.0 2.0 MOS2 thin 2.117 1.938 2.070 0.748 0.152
band4 2.0 45 medium 1886 1.884 2.034 0.740 0.152
band5 45 12.0 thick 1.264 1530 1.812 0.710 0.150

Notes.Energy conversion factor in units of 16+ cts cnf erg?
for the standard bands-5 (Table 3.2).

3.3.10. Estimation of sensitivity

To estimate the completeness of the catalogue, | calculated sensitivity mapstiarteservation with
esensmap for the individual energy bands and instruments, as well as for comhmsatib them.
Assuming Poissonian count statistics, detection limits for each position wendateft from the

"Available at http/xmm2.esac.esa.jieixternalxmm_sw_calcalibyepic files.shtml
8In other studies, the XID band is defined as (%5) keV band (e. g. Watson et al. 2009).
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Figure 3.7. The sensitivity map for the main field in the (2.02.0) keV band in 10" erg cn1? 572,

exposure and background maps. In the case of combined energydrdnsgtruments, the background
images were added and the exposure maps were averaged, weighteekydbted count rate for the
adopted universal spectrum of Sec. 3.3.9. The individual obsengatiere combined, by selecting
the observation with highest sensitivity at each position. An example is plottéigume 3.7. | note
that, depending on the individual source spectra, the detection limits deaiateHis estimated value,
but a detailed simulation of the detection limit goes beyond the scope of this thesis.

3.3.11. Long-term time variability

An important characteristic of X-ray sources is their long-term time variabiétyben the individual
observations. It allows to discriminate between transient, variable, andtdomgconstant X-ray
sources.

In addition to the fluxes for each detection (Sec. 3.3.9), | calculated flperulimits Fy_ for
each observation and source, if the source was covered but notatkete the individual observation.
Analogously to the initial source detection, | usel detect with the same parameters as above to
fit sources, but kept the source positions fixetldfixed=yes) at the master positions of the sources
and accepted all detection likelihoods to get an upper limit for the flux. Taraskat all sources are
fitted in order of decreasing brightness, a secatittletect run was performed, based on the results
from the first run.

Following Primini et al. (1993), Misanovic et al. (2006), and Stiele et €08, for the char-
acterisation of the observed variability of sources covered by variddisl>XNewtonobservations, |
calculated the variability and its significanc& from

v - Dmax (3.4)
I:min
S = I:max—Fmin (3.5)

[ 2 2
Omax + O min
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3. Observations and data reduction

whereFmaxandomax are the source flux andrluncertainty in the (0.2—4.5) keV band of the detection,
for which F — ¢ is maximal among all detections with a significanceof 2¢-. In a similar way,

Fmin @and omin were chosen from the detection, for whi€h+ o is minimal among all detections
with F > 20-. In cases of < 20, | considered~min = 30~ as possible lower limit. Analogously, the
minimum upper limit fluxFy_ was selected from the observations, where the source was not detected
If the minimumFy was smaller thafin defined above, | used it instead to calculdte

3.3.12. Short-term time variability

To investigate the flux variability within the individual observations, | usedt&ss to compare the
photon arrival time distribution with the expected distribution from a constamtce. This method
is also applicable to sources with poor statistics, where backgroundastdatrbinned light curves
cannot be obtained.

| extracted time series of events, i. e. a list of photon arrival times, of th€4R and both EPIC-
MOS in the (0.2-4.5) keV band. The same flag and pattern selection wasassdescribed in
Sec. 3.3.3. Source counts were selected within an ellipse that approximateSkhof the source
at a surface brightness (in cts ptx equal to the background surface brightness, as defined by the
SAS taskregion. All events have to be within thigackground GTbf the soft-proton flare screening
(Sec. 3.3.2) and the standard GTIs of all EPIC instruments. | merged ¢in¢lests of the individual
EPIC instruments to obtain higher statistics. To estimate the background variehilggd for exam-
ple by residual soft-proton flares, | assumed a spatial independétieelmckground time variability.
Time series of background events were extracted in a similar manner, dutieg regions around
each point source where the PSF brightness is larger than 10% of tkgrtawad value.

In most cases, the KS-test works well by using a linear increasing fundtioing GTls and a
constant otherwise. In some cases, the background time series exhibificaig variability. For
bright sources, the contribution of the background is negligible. Torerthat this has no influence
on the variability estimate of faint sources, | created a reference functiombining the background
and constant source distribution. The expected relative backgramdhbution was estimated from
the background maps (Sec. 3.3.4). Since the statistics of the backgroursktiesis high compared
to that of faint sources, it can be used as a quasi-continuous fundtamded this cumulative light
curve to the constant-source function and performed a one-samplesKS4e resulting probability,
Cst that the temporal photon distribution can be explained by a constantesaaccalculated for
each detection. For sources with several detections, the cataloguesimthedminimum o€ stover
all detections. Sources that can be considered variable show valGes$-010.5% (see Sec. 4.4.5).

3.3.13. Products for bright point sources

In spring 2011, version 11.0.0 of SAS became available and was usettdotéke data products of
bright sources.

To define extraction regions for the individual sources, | created imiagee (0.210.0) keV band
with FLAG=0 and single to double or to quadruple events for EPIC-pn and EPIC-M&38ectively,
and taking into account theandardandbackground GTIsThis is the same selection, as used for the
source products later on.

To estimate the contribution of the background, events are selected fregioa mear the source
extraction region. The background regions were defined manuallyl fiwee instruments. Ideally,
the region should fulfil the following criteria: (i) a point source free aneahe sky; (ii) a location
on the same CCD as the source extraction region, to avoid system@ticedces in the detector
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background; (iii) a similar fi-axis angle as the source region, to have same vignetting; (iv) an area
of at least the same size as the source selection region, to have similar statiiedackground
contribution in both regions; (v) in the case of EPIC-pn the OOT stripesedddlirce must be avoided,
since this would lead to a contribution of source counts; (vi) the OOT stripather bright sources in

the FoV must be avoided, since otherwise this source would contribute tat¢kgriound; (vii) avoid
regions of increased detector background, e. g. close to the readigel of EPIC-pn; (viii) the same
location on the sky for the background regions of all three instrumentso@fe, only for very few
sources, it is possible to define regions fulfilling all criteria and compronmiadgo be made.

To select events from an individual source, a region centred on tiressavas defined. The SAS
taskeregionanalyse was used to determine the radius of a circular extraction region by optimising
the signal-to-noise ratio. E.g. for brighter sources, larger extracéidin can be used, until the con-
tribution of the background becomes dominant. It was ensured that theesexiraction regions have
a distance 0%10" to other detected sources.

Energy spectra of the source and background region as well asnsEspnatrices were created
with especget. Three versions of EPIC-pn spectra were created using singlelejeula single and
double events. For EPIC-MOS, single to quadruple events were usedt ines must be inside the
background GTIandFLAG=0 was required. | binned the spectra to a signal-to-noise ratio of 5 for
each energy bin.

For timing analysis, | created time series of events. | did a temporal selectibmfirere | combined
the standard GTlof all involved CCDs (source and background region) andothekground GTls
After this temporal screening, the photon arrival times were recalculatdtd solar barycentre with
barycen, to correct for the motion of the satellite and Earth. | selected events with $odéible or
to quadruple events for EPIC-pn and EPIC-MOS, respectively. Thssdene for the (0:210.0) keV
energy band, as well as for the soft, hard and all sub bands. Singhtiten arrival times do not
depend on instrumental properties, one can merge time series from albs/&RIC instruments, to
increase the statistics for the timing analysis. This was done analogousliye, &l only selecting
events within GTls of all instruments simultaneously, i. e. the light curve sowely intervals with
good data common to all available instruments.

Light curves, binned to have 30 cts btron average, were created using the SAS taskmeget
and corrected for background, vignetting, and point-spread-fundtisses byepiclccorr. The
same event selection was used as for the time series.

3.3.14. Mosaic image

To produce a mosaic image of the SMC, | used EPIC-pn observations ifngaie or extended-full-

frame mode only. EPIC-MOS observations were used in all modes, as t&e@ODs are always
in imaging mode. | excluded the observations 0011450201, 0112780684722201, 0311590601,
0412981301, and 0301170501 for the mosaic image, because tfiey lsigh background or are
affected SMC X-1 in bright state.

To create a mosaic image of the SMC, the image coordinates of all eventsegateutated to a
common coordinate grid. Images in the individual subbands were credledn® same selection
criteria as described in Sec. 3.3.3, but applying the more restriitinea-clipping GTlsl did not use
data from EPIC-MOS CCDs ianomalous stateExposure maps were calculated in mosaic size and
corrected for vignetting.

In addition to these images, | analogously extracted images from the merngeidilevof observa-
tions with filter wheel closed (FWC) and from the EPIC-pn OOT eventfile€®T@nages were mul-
tiplied with the OOT event fractioriyo; according to Table 2.2. Following Bauer (2004), | assumed
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that events in the detector corners are caused primarily by detectorrbankig as these regions are

shielded from the X-ray telescopes. The FWC images of each energywene scaled by a factor

frwe, that is calculated from the counts in the shielded detector corners of the,ithegOOT image,

and the FWC image, respectively:

Cima - footCoot (3. 6)
wac

Single reflections of photons from SMC X-1 cause strong artefactdikaréeatures) in the mosaic
images. Their position on the sky depends on tifeagis angle of SMC X-1. Therefore ffacted
regions can be covered without single reflections in another observammindividual exposures,
| defined rough regions that ar@ected by single reflections and a region-dependent €dtothe
surface brightness. An image of this region was created, smoothed witlhissi@a kernel with a
FWHM of 10”. A mask was created from these images, using the individual f€ut-@xclude the
brighter arcs. This mask was applied to the images and exposure maps dfsthigadion.

The images of the individual observations where added, to create dtiacges for the individual
subbands (1-5), instruments (EPIC-pn, -MOS1, and -MOS2), anckittypgs (images, oot-images,
fwc-images and exposure maps). | added the subbands 1-4 (XID bkalll instruments and sub-
tracted the OOT and FWC images. This image was used to estimate the statistids pbston,
to define a smoothing template witlkmooth. The smoothing was calculated adaptively, such that
regions with high statistics are less smoothed. E. g. a bright source is smeadgthedminimum of
10” (FWHM), whereas photons of filuse emission are smoothed with a wider kernel. Also in the
deep field around 1E0102.2-7219, the high statistics results in a minimal sngpattitne complete
field. | calculated the smoothing template to produce an image with an approximiadé teignoise
ratio of 5. Using this template, all stacked images were smoothed homogenéndsfigual smooth-
ing templates according to the statistics in the individual bands would prohibingarison of these
images.

The stacked and smoothed images were combined according to

ffvvc =

Ipn = lpnoot = Ipnfwe + Im1 = Imifwe + Im2 = Im2fwe

| =
Epn + fm1Em1 + fm2Em2

(3.7)

The exposure maps of EPIC-MOS were weighted with a factd ot f2 = 0.4 relative to EPIC-pn
(fon = 1) to account for the lowerfiective area. Finally, | applied a mask, to assure that the combined
exposure is above 7200 s, which corresponds to an exposure tim@®k4d all three instruments
are available.

The resulting image is presented in Figure C.2 in the appendix and reveaigextsources and
diffuse emission.

3.3.15. Products for diffuse emission

For a spectral investigation of theflilise emission of the SMC, | used the EPIC-pn data of full-frame
and extended full-frame observations. This was motivated by two asiiedise higher éective area

of EPIC-pn is more suited to measure the fairfidie emission component of the SMC, although the
energy resolution of EPIC-MOS is higher. Further, EPIC-pn is mordestahproving the background
estimation. (ii) Only few studies of fluise X-ray emission are based on EPIC-pn. Also, the XMM-
NewtonExtended Source Analysis Software was initially developed for EPIC-M@the EPIC-pn
tasks are still preliminary. The analysis of the EPIC-pn data will provideinsight for the EPIC-pn
background behaviour.
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For spectral reduction, single-pixel events were selected from BRIi@G-the (0.212.0) keV band

with FLAG=0. | used thesigma-clipping GTIdo reduce soft-proton contamination as far as possible.
Regions of point sources were excluded down to a 10% contribution &f$irebrightness. As input,
| used the detection list of the individual observation (Sec. 3.3.4). Thdureduce the contribution
of X-ray point sources that were not detected in the individual olasierv but in another observation
of the same field, | also excluded all positions of the point-source catalghbea radius of 15.
To exclude SNRs and CIGs, additional extended regions were definadhtiyabased on the mosaic
image (Sec. 3.3.14). For each observation, | created an image of tiiEngeselection, which was
screened for any kind of feature. If necessary, additional regi@ne removed from this individual
observation. In this way, | account for single reflections of SMC X-&, @OT-event stripes of the
brightest sources, and sources and hot pixels, missed by the pipaltesping.

To test for variable background contamination, e.g. caused by SWE€peated light curves for
each observation in the (6-9.8) keV, (2.6-7.0) keV, and (7.615.0) keV band. Here | did not find
any indication of variability, that is left after the temporal screening.

Spectra were extracted for the complete FoV of each observation. Boahhigher spatial res-
olution, | defined a grid of box-shaped regions spanning the whai field | used a box size
of approximately (L5° x 0.15°, which is a compromise to havefigient counts in each box, but
to avoid strong variations of theftlise X-ray emission or the Holumn density within the boxes.
As the boxes are defined for equatorial coordinates (RA and Declpothsize in right ascension is
slightly varying, depending on the declination.

To account for the contribution of OOT events, | created spectra withaime selection from the
OOT event file. Since these spectra contain events frdfardint types of sources, it is not straight
forward to model these spectra. As their contribution is only a few pearahts the spectral shape
is well determined from the OOT event file, they can be subtracted frompéhersim of the diuse
emission, after scaling the OOT spectrum wigh:.

Analogously, spectra from the merged FWC eventfile have been extrdttede spectra were used
to constrain a model for the detector background. A direct subtractitmedfWC spectra from the
diffuse-emission spectra would not account for temporal variations in thetaiebackground.

Spectra were only used, if they contain more than 1000 counts. All spgetebinned to have
a signal to noise ratio of at least 6 for each bin. | decided to calculateidodivresponse matrices
for each observation and field, rather than adding all events in a field intkwverage spectrum and
using some average response. This was motivated by two facts. (i) dhigadrobservations of the
SMC were done in dierent filter and science modes. An average response would notradoothis.
(ii) To account for diferent vignetting of individual observations, a weighting of the eventslavou
be necessary before creating the spectra. In this way, also evergteofat background would be
weighted, although these are néitezted by vignetting.

The responses were calculated, using detector maps, to averageptireseesver the used detector
area. The size of the extraction region was calculated battkscal, taking into account CCD gaps,
bad pixels, parts outside the FoV, and excluded regions. | assuredhés& corrections are not
included in the ARF.

3.3.16. Finding charts for detected sources

For each X-ray source, | create@ x 3’ finding charts, using the publicly availatieband images of
the Digitized Sky Surveys 2. These are useful to inspect identificatiah®afollow-up observations.
The recently published mosaic image of Bitzersurvey of the SMC (Gordon et al. 2011) allowed
the creation of IR finding charts, which can be used to identify the couartsrpf AGN.
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4. The point-source population in the SMC field

In this Chapter, the XMMNewtonpoint-source catalogue of the SMC is described and its statistical
properties are discussed. The cross-correlation with other catalagdebe classification of sources

is presented. This study has been submitted to A&A (Sturm et al. 2012a).catamgue will be
provided to the community via CBS

4.1. Catalogue description and characterisation

The catalogue contains a total of 3053 X-ray sources based on 5&8fides, either from the large-
programme SMC survey between May 2009 and March 2010 or in resathfrchival observations
between April 2000 and April 2010, publicly available in April 2010. F@7%ources, detections at
different epochs are available. Some SMC fields were observed up to 36 times.

4.1.1. Description

The source catalogue contains the following information:

(1) = unique source id;

(2) = XMM name,;

(3) = number of detections of the source;

(4) = number of observations of the source;

(5) = combined maximum detection likelihood normalized for two degrees of freedom;
(6-7)=J2000 coordinates in degrees;

(8) = position uncertainty for & confidence (99.7% of all true sources positions are expected within
a radius of #3%);

(9-22)= averaged fluxes and uncertainties in the five standard bands, in the eahblaind (0.212.0)
keV and the XID band (0:24.5) keV, all in erg cm? s71;

(23-24)= maximum of all detected fluxes of this source in the XID band in ergcsn® and the
corresponding uncertainties;

(25-26)= minimum or upper limit of all detected fluxes (as described in Sec. 3.3.11) inlbdand
inergcnt?s7L;

(27-34)= hardness ratios between the standard bands and correspondingiaties;

(385-37)= averaged source extension, corresponding uncertainty and likeliiexdent;

(38) = KS-test probabilityC st, that the source was constant in all observations (the minimum value
of all detections is taken, corresponding to the highest observed Nigylab

(39-40)= source variabilityv between individual observations and corresponding signific&nce
(41) = source classification;

(42) = name of identified sources.

Additional parameters for instrumental setup of the individual obsernatoalisted in Table B.2.

1Centre de Donges astronomiques de Strasbourg, hittgsweb.u-strasbg/fr
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Figure 4.1. Flux distribution of individual detections in various energy bands. Thecgdetection was performed simul-
taneously in the individual subbands, causing a wider flux distribution isdbbands than in the total band.

4.1.2. Completeness, confusion, and spurious detections

In Figure 4.1, the flux distribution of all individual source detections iresalenergy bands is pre-
sented. In the (0:24.5) keV and (0.212.0) keV band, we see a decreasing number density for fluxes
lower than 10%ergcnm?s™? and ~2x10 ergcnt?s™. Thus we estimate the average detection
threshold of the catalogue for sources in the SMC to-Be10® erg st and 18 erg s, respec-
tively. However, the inhomogeneous exposure time of the individuake@isens must be considered.

In the field around the calibration source 1E0102.2-7219, we can centiparcatalogue with a
deep XMM-Newtonmosaic image (Figure 4.2, left). Sources from the catalogue are overphitted
circles of 3.4r radii. Detections of 1E0102.2-7219 were screened, due to the high exthis SNR.

It is usually fitted with~5 sources. Other examples of identified sources (see Sec. 4.3) in theréeld
an AGN (\e53), a HMXB (\e227), a Wolf-Rayet star in the SMQ\§1212), a Galactic staiNe 231),

a SSS candidateNg 235), and a cluster of galaxies (CI¥1174). Sources that are not clearly visible
in the mosaic image can be caused by weak variable sources. Also, spdei@etions in this field
accumulate from 28 observations, since for each observation an imdkgesource detection was
performed. From the estimated number of spurious detections (see betoeypect~7 spurious
sources in this image. A few additional sources appear in the deep mosagtinagre not listed in
the catalogue, e. g. two sources leftdf251. The flux of these sources is below the detection limit of
individual observations.

SinceChandraperforms similar calibration observations of 1E0102.2-7219, we comparive
Newtoncatalogue with a dee@handraACIS image (Figure 4.2, right). It was created by merging
107 observations with the CIAO (version 4.3) tasirge_all and adaptively smoothed. The expo-
sure time is~920 ks decreasing with distance to 1E0102.2-7219, as the outer fieldstar@vered in
all calibration observations. XMNNewtonsources are overplotted with radii of’Lth white and red
for detection likelihoods oMLget = 8 andMLget < 8, respectively. We see that source confusion is
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Figure 4.2. Left: XMM- Newtonmosaic image of the deepest field in the SMC overplotted with the point-soatal®gue.
The image is background subtracted. Colours/gesbriblue) give logarithmically scaled intensities in the (0.2—410D—
2.0)Y(2.0-4.5) keV bands. The brightest source is the oxygen-rich SRIR(02.2-7219 Right: Comparison with a deep
Chandraimage of the same region. The false-colour image gives logarithmicallgddntensities in the (0.2-10.0) keV
band. Sources with low detection likelihooll L4 < 8) are plotted in red, others in white.

only relevant near the brightest sources (cf. the surrounding cfQZEQ-7219) and in some rare cases
of close-by sources (e. g. soudel157 might consist of two weak sources seelCbandrgd. Source

Ne 1174 is extended in thehandraimage further supporting the CIG classification. We see that most
sources withtMLget > 8 are clearly visible in th€handraimage.Ne 235 is not found, due the the very
soft spectrum and time variability (see Sec. 5.2). For sourcesMitfy; < 8, a corresponding source

in the Chandraimage is not always obvious.

To quantify spurious detections, | compared the XNNdwtoncatalogue with two dee@handra
SMC fields, where source lists are available (Laycock et al. 2010). MIMXNewtonsources, which
were detected more than once or have a detection likelihobtlLot 8 are also listed in th€handra
catalogue. Only 3 of 12 XMMNewtonsources wittMLge; < 8 and one source withlLge; = 8.2 were
not detected bZhandra Some non-detections might be due to variability and the loffecgve area
of Chandraat highest and lowest energies, but in general, as for the 2XMM cat@j@gfraction of
detections withMLget < 8 is expected to be spurious and should be regarded with care. In total,
the XMM-Newtoncatalogue contains 418 sources with. 4 < 8. From the former comparison, we
roughly estimate around one hundred spurious detections among thoabgiueone per observation.

4.1.3. Accuracy of source parameters

The angular separation of identified sources before and after thenastio correction (Sec. 3.3.7)
is presented in Figure 4.3a. The median of the total position uncertainty afwaltes positions is
1.3’. In Figure 4.3b, the distribution of angular separatioscaled by the total uncertainty =

2 2 Y12 is shown, whereref is the position uncertainty of the reference source. The

(a'gys + O5at Oret
blue line shows the expected distribution according to a Rayleigh probabihsitgdunction:

2
£(r, o) = # exp(—%‘_z) 4.1)
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Figure 4.3. @ Angular separation of X-ray and reference position of identified ssulbefore (dashed blue line) and
after (solid black line) bore-sight correctio®?) Distribution ofr/o, compared with a Rayleigh distribution (blue line).
(©) cumulative distribution of angular separation between the XMéwtonSMC catalogue and théhandracatalogues of
McGowan et al. (2008) in green, Laycock et al. (2010) in red,&N\gtzal. (2003) in blue, and Evans et al. (2010) in orange.
The cumulative Rayleigh distribution is shown by the black line.
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Figure 4.4. Dependence of detection maximum likelihodtL e, probability for time constancg stand uncertainty of
position ePos, flux in the (0.2—4.5) keV band and hardness tdfitosn flux, counts, exposure, and humber of sources.

The comparison justifies the estimation of the systematic erroxgf= 0.5”. Since the same sam-
ple was used to determine the boresight corrections, some deviations fdRajteigh distribution
are expected. For example, for all observations containing only ondfiddrsource, the angular
separation will be reduced to 0 due to the boresight shift.

To further test the positional accuracies with a statistically independenteawg compared the
final catalogue with availabl€handracatalogues. These are close to a one-to-one correlation with
a negligible number of chance coincidences (see Sec. 4.2 and TableStudrces, that have been
used for boresight correction were excluded from this comparisorkigare 4.3c, the cumulative
distribution yields a good agreement with tidandrawing survey (McGowan et al. 2008), the
deep fields of Laycock et al. (2010), and tB@handrasource catalogue (Evans et al. 2010) with
KS-test statistics of 22%, 47%, and 77%, respectively. Only for the fielepof Naz et al. (2003),
an unexpected distribution of angular separations is found, with a KStsttic of 0.097%. In
a further investigation, | found a systematifiset of theChandrapositions relative to the XMM-
Newtonpositions by~1.7’. The dfset is also evident when comparing tGhandracoordinates to
the Tycho-2 position of HD 5980 and the MCPS positions of SXP 152 and3®4P This suggests
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4. The point-source population in the SMC field

that the coordinates of the&handrasources are wrong by a systematitset.

An overview of the distribution of source parameter uncertainties andapilities for existence
MLget and constancg stas well as their dependence on observational parameters is shown in Fig-
ure 4.4. The number of counts is the main quantity on which they depend3¥8rd 2635 sources,
the detection maximum likelihood lLge: > 10 and>8, respectively. The relative uncertainties of
fluxes in the (0.24.5) keV band have a median of 22%. For the uncertainties of the handiiessl
to 4, the medians are of 0.30, 0.20, 0.20, and 0.31, respectively.

4.2. Cross-correlation with other catalogues

To classify and identify individual sources, | correlated the boresightected positions of the XMM-
NewtonSMC point-source catalogue with publicly available catalogues. The cborgdavith X-ray
catalogues from previous studies allows to study the evolution of X-ray Iwitjneith time. Other
wavelength catalogues add ancillary information, enabling a multi-frequaralysis. The catalogues
used are listed in Table 4.1 together with statistical properties of the corralatidre result of all
correlations were loaded into the database and are accessible by thdevire

4.2.1. Selection of counterparts

The uncertainties of the XMMNewtonsource coordinates are radially symmetric, as it is the case for
most of the other catalogues. For some catalogues with higher positionmheycelliptical errors

are given (e.g. 2MASS). Since here the XMN&wtonpositional uncertainty is dominant, | assumed
radial symmetric uncertainties for all catalogues, for simplicity, and usedetiémajor axis as the
radius if elliptical errors are given. When confidence levels for thétipoal uncertainty are given,

| recalculated the positional uncertainty of the reference catalogudor 1o- confidence. In some
cases, the uncertainties had to be estimated. Following Watson et al. (2@@®ider all correlations,
having an angular separation df< 3.439x (035 + 0%, + 0%,)"/? as possible counterparts. This
corresponds to ad3(99.73%) completeness when we assume a Rayleigh distribution (Equation 4.1)
The resulting number of matched XMMewtonand reference sourcelxym and Nre, is given in
Table 4.1 for all correlated catalogues.

4.2.2. Estimation of chance correlations

Depending on the source density and positional uncertainty, the numbehsamce coincidences,
Cxmm andCief, has to be considered. These numbers were estimated by shifting ongeatado
right ascension and declination by multiples of the maximal possible correlagtande between
two sources in both catalogues and using the same correlation criterioows aperformed several
of these correlation runs to investigate variations of chance coincidences

Examples for the dependence of the number of chance-correl@jgig on the shifting distance
are given in Figure 4.5. In the case of the 2MASS catalogue, we see sniglasystematic decrease
with increasing fset that is negligible, compared to the standard deviations. If the coordinifite
becomes too large, a variable source-density d@ttthe number of correlations. This is the case for
catalogues with inhomogeneously distributed sources e. g. due to the SMatagy or a limited
SMC-specific field of the catalogue. By investigating the dependence ofuimber of correlations
on shifting distance, | found no significant variations on a scale of a feftsswith the exception of
the correlation with the Einstein catalogue. The variations found for the Hirssttalogue are caused
by relatively large positional uncertainties that require a large coordatte
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Table 4.1.Reference catalogues used for cross-correlation.

Catal()gue Type REf- O'ref(”) Ncat(a) Nref(b) NXMM (C) Cref(d) CXMM (e)

Einstein X-ray 1 46) 50 48 154 45116 13113
Einsteirl9) X-ray 1 4d 50 26 27 6121 6524
ROSAT PSPC X-ray 2 10 353 282 353 409845 5557.4
ROSAT PSP X-ray 2 1d) 353 236 264 15840 17.946
ROSAT HRI X-ray 3 2.6 109 76 78 2418 2418
ASCA X-ray 4 18.4" 83 69 111  33.34.2 42561
Chandrawing Survey  X-ray 5 1.6 393 242 240 2316 2315
Chandra deep fields X-ray 6 066 394 85 85 1.814 1.7%#1.3
Chandra NGC 346 X-ray 7 0.8b 75 41 41 0.580.64 0.630.70
CSC (release 1.1) X-ray 8 1.80 496 368 373 8.22.4 9.4:3.4
MCPS opt. 9 0.3 2872224 10484 2604 10833 243121
Tycho-2 opt. 10 0.079 321 41 41 1511 1.5:1.2
GSC (version 2.3.2) opt. 11 043 855524 3476 2099 30482 175220
2MASS NIR 12 018 159491 923 743 567 42717
2MASX NIR 12 4.4) 223 26 26 8.52.4 9.0:2.7
DENIS MC NIR 13 0.4 94357 609 540 36419 303:15
DENIS (3rd release) NIR 14 0.3 438517 2058 1043 BE 73718
IRSF Sirius NIR 15 0.1 1855973 8426 2407 68000 191422
S$SMC IR 16 1,3,6) 400735 3403 1711 21930 110817
ATCARCS radio 17,18 1.0 301 31 31 16.2 1.6:1.2
SUMSS (version 2.1) radio 19,20 o 246 46 47 5322 5523
MA93 Ha 21 2.dD 1805 63 62 18630 18.234
Murphy2000 Hy, [Om] 22  3.5,4.4 286 12 12 786  7.327
2dF SMC stars 23 o8 2874 31 31 8.83.4 8.7%:3.4
6dF GS galaxies 24 1% 16 6 6 0.040.20 0.04:0.20
Kozlowski2009 AGN 25 1.0 655 146 148 3922 3821
Bica2008 starcluster 26 26k} 409 41 45 29.86.1 32.1:6.6
Bonatto2010 star cluster 27 38§y 75 11 14 7.82.9 9.4:3.2

Notes. (& Number of reference-catalogue sources inside the XNiddvtonsurvey field.(®) Number of reference-catalogue
sources matching at least one XMNewtonsource (©) Number of XMM-Newtonsources matching at least one reference-
catalogue sourceld) Expected number of reference sources matched by ché??cExpected number of XMMNewton
sources matched by chancé) Value estimated.(©@ Compared with a subset of XMMlewtonsources brighter than
5x 104 erg cnr? 1. (M) Compared with a subset of XMMtewtonsources brighter than 18 erg cn?s () catalogue
contains individual position uncertainties for each source, value ¢fieeaverage of the used samd!é.Uncertainty is3

for sources detected at 24n or higher, 8 for sources detected at 7Z@n only, 1’ otherwise (K) This is the average of the
semi-mayor axis extent.

References. (1) Wang & Wu (1992); (2) Haberl et al. (2000); (3) Sasaki et 2000); (4) Yokogawa et al. (2003); (5)
McGowan et al. (2008); (6) Laycock et al. (2010); (7) Meet al. (2003); (8) Evans et al. (2010); (9) Zaritsky et al.
(2002); (10) Hag et al. (2000); (11) Lasker et al. (2008); (1&usskie et al. (2006); (13) Cioni et al. (2000); (14) DENIS
Consortium (2005); (15) Kato et al. (2007); (16) Bolatto et al. (20QIrj) Filipovic et al. (2002); (18) Payne et al. (2004);
(19) Bock et al. (1999); (20) Mauch et al. (2003); (21) Meyssen& Azzopardi (1993); (22) Murphy & Bessell (2000);
(23) Evans et al. (2004); (24) Jones et al. (2009); (25) KoztowsKochanek (2009); (26) Table 3 of Bica et al. (2008);
(27) Bonatto & Bica (2010).
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4. The point-source population in the SMC field

In order to estimate the variation of the number of chance coincidencesd|24sshifted corre-
lations of a 5x 5 grid. All these samples result from coordinate shifts betwégn and V8dmay.
Only the comparison with the Einstein catalogue was done wittkk 8 §rid. The averaged numbers
of chance coincidences for the XMMewtoncatalogueCxyv and the reference catalogGgy; are
given in Table 4.1. Their uncertainties are estimated, using their standadedicie. By comparing
these values with the number of real correlations, we can estimate the cbatriblichance coinci-
dences. The number of multiple coincidences can be estimated by comparmgrber of matched
sources in the XMMNewtoncatalogueNxum to the number of matched sources of the reference
cataloguedN.s. E.g. the correlations with radio arithandraX-ray catalogues are close to a one-
to-one correlation, whereas for dense optical catalogues four timesraference sources are found
than X-ray sources. In the case of the MCPS catalogue (Zaritsky €d@2)274% of the matched
XMM- Newtonsources have more than one, and 53% have more than two counterparts.

2MASS
Einstein

+7L+++

Figure 4.5. Examples for the chance-
1  correlation dependence orffset. The

F 1 data points are binned in units of maxi-
0.2~ - mal correlation distancelg,,). For each

I 1 bin, the average of chance-correlation

B Cxmm IS given, normalised to the num-

ber of correlationNxyy with unshifted
) coordinates. The error bars give the stan-
e dard deviation for each bin.

Shift (d

4.2.3. Correlation with other X-ray catalogues

| correlated the XMMNewtoncatalogue with X-ray catalogues from previous studies: From earlier
epochs, | used X-ray sources detected with the Einstein observatwgdre1979 and 1980 (Wang

& Wu 1992), ROSAT sources from Haberl et al. (2000) and Sasia&l.2000) detected between
1990 and 1998, and ASCA sources from observations between 1892000 (Yokogawa et al.
2003). Due to the high positional uncertainties of the Einstein catalogue artugher sensitivity

of XMM- Newtonthe correlation is dominated by chance coincidences. Most Einstein saanpot

be assigned uniquely to an XMMewtonsource. A more unambiguous correlation can be achieved
if a set of the brightest XMMNewtonsources with fluxes 5x 1014 erg cnt? s71 is used. Similarly,
one finds an improvement for the correlation with the ROSAT PSPC cataloijnewestriction to
sources with fluxes 1074 erg cnt? s™1. These results are also listed in Table 4.1.

Based orChandraobservations since 1999, there are several catalogues from the saasethe
XMM- Newtondata but covering only some part of the SMC main field: fields in the SMC wirg} (M
Gowan et al. 2008), deep fields in the SMC bar (Laycock et al. 20h@)saurces around NGC 346
(Naz et al. 2003). Additional sources were taken from@tandraSource Catalogue (CSC, Evans
et al. 2010). In general for comparable exposures, these catalofjeemore precise positions but

50



4.3. Source identification and classification

Table 4.2. Spectral classification of the X-ray source sample.

spectrum  classified selection criteria
super soft 18 (BIR; + 3HR, < -3 or (HR; < —0.75 && HR; not def.))
&& F; > 3AF; && F3 < 3AF;3 && F4 < 3AF4 && Fs5 < 3AF5
soft 298 HR, + 3HR; < -3 or HR; < —0.75 && HR; not def.)
hard 2711 (8IR; + 3HR; > -3 or (HR; > 0&& HR; not def.)) && not super soft
ultra hard 945 BIR; +3HR; > -1.4 or HR; > 0.2&& HR, not def.) && not soft && not super soft
unclass. 8 -

have fewer counts per detection compared to XMgwtondetections. The correlation between the
XMM- Newtonand Chandrasources is close to a one-to-one correlation with less then 2% of chance
coincidences.

4.2.4. Correlation with catalogues at other wavelength

For the determination of optical counterparts | used the MCPS cataloguiesk¥aet al. 2002), pro-
viding stellar photometry itd, B, V andl down to magnitudes 6f20-22 mag. Due to the high source
density compared to the XMNitewtonresolution, the cross-correlation is dominated by chance co-
incidences. To identify bright foreground stars, which are not listedérMEPS, | used the Tycho-2
catalogue (Hag et al. 2000), which has a completeness of 99% {0t 1.0 mag and provides proper
motions andBt andVr magnitudes. Since the MCPS does not cover all parts of the XNéton
field and some stars arouMd~ 12 mag are too faint for the Tycho-2 catalogue but too bright for the
MCPS, | used the Guide Star Catalogue (GSC, Lasker et al. 2008) indhss®, which giveB; and

R magnitudes down te21 mag. For 129 X-ray sources, which do not have a counterpart iereith
of the MCPS and Tycho-2 catalogues, | found a counterpart in the GSC.

Near-infrared sources if, H, andKs were taken from the Two Micron All Sky Survey (2MASS,
Skrutskie et al. 2006), the Deep Near Infrared Survey (DENIS, i@ioal. 2000; DENIS Consortium
2005), and the IRSF Sirius catalogue of Kato et al. (2007). Since tlakkgues contain measure-
ments from diferent epochs, they allow to estimate the NIR variability of X-ray sourceshnib
especially interesting for HMXBs.

Infrared fluxes at 3.6, 4.5, 5.8, 8.0, 24, anduffd are taken from th&pitzerSurvey of the SMC
(S*MC, Bolatto et al. 2007). Radio sources were taken from the ATCA radiginuum study (Payne
et al. 2004; Filipovt et al. 2002), with ATCA radio point-source flux densities at 1.42, 2.380Q,4nd
8.64 GHz, and from the Sydney University Molonglo Sky Survey at 84&NSUMSS, Mauch et al.
2003). These correlations enable a classification of backgroundesour

Furthermore, | compared the XMMewtonsources with some individual catalogues providing
emission-line sources (Meyssonnier & Azzopardi 1993; Murphy &sB#<2000), stellar classifica-
tion (Evans et al. 2004), galaxies confirmed by redshift measuremeamtsg &t al. 2009), and IR
selected AGN candidates (Koztowski & Kochanek 2009). For the tiioa with the catalogues of
star clusters (Bica et al. 2008; Bonatto & Bica 2010), | used the semi-mepofthe cluster extent
as a 3 uncertainty for the reference position.

4.3. Source identification and classification

Besides X-ray sources within the SMC, the observed field contains Gakactig sources and back-
ground objects behind the SMC. To distinguish between these, | identiftedlassified individual
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4. The point-source population in the SMC field
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Figure 4.6. Hardness-ratio diagrams for XMMewtondetections. Red lines show HR-selection cuts as used for source
classification. () Detections with optical counterparts in the Tycho-2 catalogue. Galacticarshown in black and
magenta, SMC-stars in green. Details are given in Sec. 4 ®NDetections of known pulsars (black) and identified
HMXBs (green). See Sec. 4.3.%) Detections of spectroscopically confirmed AGN (black), radio baakguosources
(magenta) and galaxies (green). See Sec. 4@ petections of sources, screened due to their extent. SNRs are shown in
black, other sources in green. See Sec. 4.@6:omparison of detected SSSs in the SMC and LMC (black) with identified
(blue) and classified (cyan) stars in tH&®;-HR,-plane. See Sec. 4.39) Comparison of AGN and radio sources from c)
(black) with pulsars and HMXBs from b) (green) in thid;-HR,4-plane. See Sec. 4.3.3.
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4.3. Source identification and classification

Table 4.3.Source classification criteria.

class classification criteria identified  classified

CIG hard && HR;<0 && Ext>AEXt && MLg,>10 148) 13

SSS super soft && no opt. loading &&1Lge > 10 && 4 8
(Nget > 1 or (MLpn > 4 && (MLpy > 2 or MLy, > 2)))

fg-star soft && log (fx/fo) < -1 && (B-V >120r B-V > 0.3&&V > 17)) 34 128

AGN hard && appropriate radio (r), infra red (i), X-ray (x) or optid@) counterpart 72 2106

HMXB ultra hard && 135<V <17.0 & & -05<B-V < 05 && 49 45

-15<U-B<-0.2&&noAGN id

Notes. Sixteen additional sources were identified with other source classessob®des are unclassifie® Not in this
catalogue, see Table 3 of Haberl et al. (2012a).

sources. For identification, | searched the literature as described aetbselected secure cases only.

Unidentified sources were classified following the M 33 investigation of Riedsal. (2004). How-
ever, diferent properties of the SMC and the larger sample size of the SMC cataleguieed a
modification of the classification criteria that | developed with an empiricalagmtr. Classification
criteria were derived from the parameters of individual detections aitifiled sources as seen with
XMM- Newtonwith the applied processing. The usage of individual detections, insteatmmged
source values, increases the statistics, accounts for spectral variabdityas chosen, sinee’0%
of the XMM-Newtonsources were only detected once. Classifications are marked by aagketsr
(<class>). | note, that classes give likely origins for the X-ray emission, but ha\ee regarded with
care.

First, | distinguished between point sources and sources fitted with smialigmificant, extent.
Most of these sources were classified as clusters of galax(@6&6, see Sec. 4.3.6 and Table 4.7).
Sources with extent too large to be modelled properlghldetect as one single source (e.g. SNRs
with substructure), were flagged beforehand and were not includid final catalogue. An overview
of these sources can be found in Haberl et al. (2012a). The exaan@Eeew SNR candidate is given
in Sec. 5.4.

The remaining point sources were classified, using X-ray hardnées end multi-wavelength
properties. Using the selection criteria given in Table 4.2, | divided the leamsuper-soft, soft,
hard, and ultra-hard sources. | selected super-soft X-ray esdist. They are classified only, if
detector noise as origin is unlikely. Soft X-ray sources are classifiéoraground stars if they have
an appropriately bright optical counterpart that is unlikely to be within theCSM the basis of its
colours. Also depending on the counterpart, hard X-ray sources glessified as AGN or HMXB.
An overview of the classification criteria and results is presented in Tabl&fAe8hardness ratios of
identified sources are compared in Figure 4.6. Details for each sousseackagiven in the following.

4.3.1. X-rays from non-degenerate stars

Shocks in the wind of OB stars, coronal activity from F to M stars, acargiimcesses in T Tau
stars and interaction of close-binary stars can cause X-ray emissionmfra-degenerate stars (see
Sec. 2.4.2). Because stars are weak X-ray sources, most stars iM@arg below the sensitivity
limit of the survey. Galactic stars are foreground sources, which grecéed to be homogeneously
distributed in the XMMNewtonSMC field. Compared to more distant Local-Group galaxies, the
identification of Galactic stars in front of the SMC is challenging, because umsi®MC stars and
faint Galactic stars can have a similar brightness.
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4. The point-source population in the SMC field

= HMXB o <HMXB>
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Figure 4.7. Optical V-band magnitude vs. the detected X-ray flux in the (0.2—4.5) keV b&odforeground stars, the
brightest counterpart is plotted. For HMXB we selected the counterpaits®ec. 4.3.3. For all other sources, the nearest
optical counterpart is plotted.

Identification of Galactic stars

To identify the brightest{ < 11 mag) foreground stars, | used the correlation with the Tycho-2
catalogue, where we expect one or two chance coincidences. 4@diraiX-ray sources with a
Tycho-2 counterpart resulting in 84 XMM-Newton detections with determiH&d and HR3; are
plotted in Figure 4.6a. One additional X-ray source H& < —0.9, but an undetermineldR3. This
holds also for three detections of the previous 40 sources.

There are 33 Tycho-2 sources with significanB{) proper motions that are a#8 mas yr?.
These are obviously foreground stars (fg-star). Two more couartsrare stars with a late-type main-
sequence classification (Wright et al. 2003). X-ray detections of BBesenfirmed foreground stars
are plotted in black in Figure 4.6a. Twenty-five detections of three Tycbou2ces, correlating with
SMC-stars (see Sec. 4.3.1), are plotted in green. The remaining threeem&ch40, 2008, and
2158) were classified as candidates for Galactic stdsgtar>, plotted in magenta). Sourdé 929
shows harder X-ray colours than the remaining foreground stars dhdrisfore not classified. The
optical and X-ray emission might correlate by chance, but also a faradrGV is possible.

Classification of Galactic stars

To classify an X-ray source as foreground star candiddig¢tar-), | demand four criteria:

(i) Using the Tycho-2 set of 35 confirmed foreground stars, | defanedt (red line in Figure 4.6a)
for the X-ray colour selection of fg-star candidates, which separaggs from hard X-ray sources,
such as AGN and HMXBs (see below and cf. Figure 4.6b and c). Fdrdafhsources with a loW R,
value, the count ratB4 will not be well determined, leading to an unconstraihéi®s. The selection
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4.3. Source identification and classification

allows a less precise determinkR; for sources with loweHR,. From similar source samples, a
correlation between X-ray plasma temperature and spectral type is mat fovright et al. 2010).
Therefore, a bias in the selection method is not expected, although thémeliteria on X-ray
hardness ratios are defined using the Tycho-2 catalogue that contiirte@brightest stars in the
andV bands. The catalogue contains 258 unidentified soft X-ray sources.

(ii) For stars with fainter optical magnitudes, it becomes more complicated tardisate between
stars in the Galaxy and the SMC. In addition to soft X-ray colours, theceauust have a sficiently
bright optical counterpart. Following Maccacaro et al. (1988), | datedl

V
log (fx/ fo) = log (F(0.2-45)keV) + S5t 5.37 (4.2)

for the MCPS counterparts and

+B

%75 +5.37 (4.3)

log (fx/fo) = log (F(0.2-45)kev) +
for GSC counterparts, where the X-ray flux is in units of erg€msrl. Sources are classified as
foreground-star candidates only, if they have an optical countengtrtiog (fx/fo) < —1. 197 of
the 258 sources have afRadiently bright optical counterpart in the MCPS. The dependence ofyX-ra
flux on opticalV magnitude is plotted in Figure 4.7. For most foreground stars one expeats tarfi
optical counterpart with the given sensitivity of the MCPS.

(iii) Since true optical counterparts are still outhumbered by chancelatores with stars of the
SMC, | used a colour selection to exclude most of them. The colour-magratudi€olour-colour
diagram of all possible optical counterparts of X-ray sources with mmeds&l) V, andB magnitudes
in the MCPS (black points) is shown in Figure 4.8. To avoid main-sequerct@a@nzontal-branch
stars of the SMC, | only selected optical counterparts to the right of thedaisieed line, which have
V <17 mag anB-V > 0.3 mag orB-V > 1.2 mag without any magnitude selection. This reduces
the fg-star sample to 107 sources.

For sourceNe548, one finds a Tycho-2 colour & - V = —0.38 mag, which would suggest an
early-type star. However, this source is identified with the Galactic star £BMIC 3-2 and other
catalogues giv8 — V = 0.70 mag (e. g. Massey 2002). The Tycho-2 colour is regarded as aurtlier
corrected with the magnitudes of Massey (2002) for Figure 4.8.

(iv) To avoid random correlations, | did not classify X-ray sourcéth & positional uncertainty of
more than 3 (4 sources).

This allows to classify 103 candidates for foreground stars. To estimateutinder of chance
coincidences, | shifted the coordinates of one catalogue. For2R%f the 249 unidentified soft
X-ray sources witlePos< 3” one finds at least one counterpart compatible with the selection criteria
for stars by chance. Taking into account that some true correlatiose cdiance correlation when

their coordinates are shifted,
Ntrue _ Ncorrelations— Nchance (4.4)

_ Nchance
Neotal

we estimate that(16.1+3.6)% of the classified foreground stars are chance coincidencedditioa,
using the GSC in cases where the X-ray source did not have a couniergg Tycho-2 or MCPS
catalogues, 17 X-ray sources were classified as foreground stars.

However, the X-ray emission of stars can become harder during flergs@idel et al. 2004), so
that the hardness-ratio selection criteria can be violated. Similarly, as thg Kux increases the
fx/ fo criteria might be violated. This causes some overlap with AGN in hardness eatbfy/ f,.
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4. The point-source population in the SMC field

Table 4.4.Faint SSS candidates in the SMC.

No. RA®) Ded® ePoéP) HR; HR, F(©) MLged® comment
235 01014758 -715550.7 085 -@®1 -0.80.1 6.0:0.6 146.5 WDBe?
1198 01012419 -720037.9 182  -@012 -1.0:05 2.5:0.7 16.2

1531 00394558 -724701.4 158 -i1@1 0804 1.80.4 28.6 star?

1549 003858.74 -725510.4 1.68 -1M2 - 3.60.9 18.3 star?
2132 005745.29 -714559.7 0.93 8011  -0.50.2 4.10.5 1211

2178 005537.71 -720314.0 0.74 -6®0 0.204  6.#0.5 391.5

2218 005508.45 -715826.7 1.38 -A®2 -0.904 1.30.3 14.0 WDBe?, star?
3235 005503.65 -733804.1 0.64 -0®0 0.20.2 13.&0.8 787.0

Notes. (@ Sexagesimal coordinates in J208B) Positional uncertainty in arcsefS) Detected flux in the (0.2-1.0) keV
band in 102 erg cnt? s%. (4) Source detection likelihood.

To investigate this possibility, | searched for sources with short-termhbiityjaCst < 0.5% and
fx/fo < 0. To exclude HMXBs and the bulk of AGNs, | also demanéHe, < 0.2 andHR3 < -0.3.
Five additional sources\t 146, 1998, 2041, 2740, and 3059) were selected as candigfgestér-).

For 61 stars, which have a 2MASS counterpart in the MCPS cataloguspiri2eHatzidimitriou
derived a spectral classification from the- K colour (see Bonfini et al. 2009). The resulting dis-
tribution of the spectral types is shown in Figure 4.9 and follows the expeliséribution, peaking
around early M stars.

Stars within the SMC

In some extreme cases, X-ray emission from early-type stars within the SM®e observed with
XMM- Newton e. g. from stellar-wind interaction of a Wolf-Rayet star in a binary systétiman OB
star. Guerrero & Chu (2008) found X-ray emission from SMC-WR5,CGGWR6, and SMC-WR7
(Massey et al. 2003), which are the sour®450, 237, and 1212 in the XMNilewtoncatalogue
(cyan stars in Figure 4.7 and Figure 4.8, 1eX3.1212 is visible in the images of Figure 4.2.

For completeness | note, that soutéel45 is close to SMC-WR3, but due to a distance of 3.29
(2.73r), this correlation is doubtful. Also, sourcd&294, 1031, and 2963 correlate formally with the
SMC stars AzV 369 (4/6, 3.107), AzV 222 (4.1, 2.87), and 2dFS 3274 (18 1.Qr).

In the centre of the star-cluster NGC 346 we see an unresolved conwabfiticray bright stars (see
Naz et al. 2002, 2004), which is sourde535 in the XMM-Newtoncatalogue. Sourche 2706 has
similar X-ray colours and correlates with the star-cluster Lindsay 66. Aé294 can be associated
with the star-cluster Bruck 125. From the correlation with the star-clustatogpue of Bica et al.
(2008), one expects aroundAR6 X-ray sources to be correlated with star clusters. About half of
these sources can be explained by HMXBs, which might have formed ie thesters (Coe 2005).

4.3.2. Super-soft X-ray sources

SSSs are a phenomenological class of X-ray sources, defined by sofethermal X-ray spectrum
with no emission above 1 keV. Luminous SSSs are associated with CVs, planelalae, symbiotic
stars, and post-outburst optical novae. Less luminous SSSs candrgathsn some CVs, cooling
neutron stars and PG 1159 stars. For more details, see Sec. 2.4.6.
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Figure 4.8. Colour-magnitudeléft) and colour-colourrfght) diagram. Black points show all possible optical counterparts
of X-ray sources with measuredi, V, andB magnitudes in the MCPS found inside the Bositional uncertainty. Coun-
terparts for Galactic foreground star candidates were selected dsiofthe blue dashed line only. The red boxes mark
the selection region of counterparts for BeXRBs in both plots. Identifieebfound stars (filled orange stars), classified
foreground stars (open orange stars), identified BeXRBs (blueesjumre marked. WR stars in the SMC and SMC X-1 are
shown by cyan stars and the magenta square. Red dots in the righndiagw all sources (black dots) within the red box
of the left diagram. The green line gives the colours for the unredberaén sequence according to Fitzgerald (1970).

Identification of super-soft X-ray sources

Two bright SSSs in the SMC, the planetary nebula SMP SMCB§6) and the symbiotic nova
SMC3 (N 616), were observed during the survey (Mereghetti et al. 2010mSe¢dral. 2011b). In
addition, Mereghetti et al. (2010) confirmed SMP SMC 25, that was disedvwith ROSAT as

a faint SSS by Kahabka et al. (1999), in the XMWéwtonsurvey data N 1858). Other SSSs
known from ROSAT (RXJ0059.1-7505, RX J0059.4-7118, RX JO05@55), were previously ob-
served with XMMNewton(Kahabka & Haberl 2006). The first source is the symbiotic star LIN 358
(N2 1263), the second was discussed to be a close binary or isolated nstardie 324), for the
third source Kahabka & Haberl (2006) gave an upper limit. In the suavajysis, this last source
is detected X 1384), but is most likely associated with the Galactic star TYC 9141-708¥dlak
fected by optical loading. Other ROSAT sources from Kahabka & Pigts886) are the transient
SSS RXJ0058.6-7146 and the candidate SSS RX J0103.8-7254. Far@esburce in found in the
XMM- Newtoncatalogue. The position of the variable SSS 1E 0035.4-7230 is not cobgrady
XMM- Newtonobservation yet. The position of the super-soft transient MAXI JO2%8Li et al.
2012) was not covered with XMNNewton New luminous SSS transients were not found during the
XMM- NewtonSMC survey.

Search for faint SSS candidates

The XMM-Newtonsurvey enables a search for faint SSSs. Analogously to the divisiosafitand
hard X-ray sources in Sec. 4.3.1, | separate super-soft fronXaafy sources in thélR;-HR,-plane,
as shown in Figure 4.6e. Detections of identified SSSs from Sec. 4.3.pJadted in black. To
increase the reference sample, | also used detections of identified S8f@esLiNC (see Kahabka
et al. 2008, and references therein), from an identical data pingess used for the SMC data. In
general HR; is negative for SSSs and depends strongly on photoelectric absordgdfiris expected
to be close to -1, but due to low count rates in the energy bands 2 &t#b3s only poorly determined
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for weak SSSs. | also demand no significat®¢) emission in the energy bands 3-5, but significant
emission in the energy band 1, to designate the spectrum as super softvoThIC SSSs outside
the selection area, are CAL 87 and RXJ0507.1-6743, which are Ifiaitied by high absorption
(Kahabka et al. 2008) causing+#R; of 0.087+ 0.003 and 2+ 0.08, respectively. Identified Tycho-
2 stars (Sec. 4.3.1), which are ndfezted by optical loading are plotted in blue. In cyan, | show all
sources, which fulfil the selection criteria for candidate foreground steave a detection likelihood
of MLget > 10 and are notféected by optical loading. Three of these sources fulfil the selection
criteria of both SSS and stars. Here a X-ray spectral analysis is aegess

Unfortunately, optical loading and detector noise cause spurious deteaetith characteristics
similar to SSS. EPIC-MOS is less sensitive below 500 eV by a factor of 6 ceuga EPIC-pn
(cf. Figure 2.4a). Therefore, | demanded a conservative total titetdikelihood of MLger >10 and
rejected candidatedfacted by optical loading in EPIC-pn. Further, | required that the scumseat
least a slight detection in another instrument or observation. The selecticedure yielded a total
of 8 candidate faint SSSs, which are listed in Table 4.4. SoN#@85 was analysed in more detail
(Sec. 5.2) and is proposed to be a binary system consisting of a whité alweha Be star. Source
Ne 2218 may be another candidate, as it has a possible optical counteitbast separation of 4’6
(3.20) and with typical colours for B stars in the SMC (see Sec. 4.3.3).

Search for Be/WD candidates

The search criteria from above were optimised to find standard SSS withbkavion. However, a
detailed analysis of the faint SSS candid®&35 (Sec. 5.2) shows that the source can be explained
by absorbed SSS emission. In general, the lack of observed SSSsyistBms might be explained by
absorption in the decretion disc of the Be star (Apparao 1991). | studegubsibility of intermediate
and strongly absorbed but more luminoug\B® systems. Assuming a black-body model wiih =
100 eV (as found foNe 235, Sec. 5.2), one would expect hardness ratid$Rif = 0.81 andHR, =
—0.68 for an absorhing column density Nf™ = 10?2 cm 2.

| found 10 additional candidates, listed in Table 4.5, w#tR, + AHR, < 0 and correlating with
an early-type SMC star from the MCPS (see Sec. 4.3.3). | used the sdite oplour selection as
derived for BeXRBs (see Sec. 4.3.3). Three of the counterpartsnaission-line objects in the list
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4.3. Source identification and classification

Table 4.5. Absorbed SSS candidates with possible early-type star counterpartite

X-ray MCPS MA93
No RA Dec ePos HR; HR> d U B \Y d No | comment
(J2000)  (J2000) "0 (") (mag) (mag) (mag) (")
235 0101476 -715551 09 -@&B8.1 -0.80.1 14 133 144 145 1.7 1284 SSS?

935 0117404 -733051 13 @&6.2 -0.30.2 1.3 133 141 14.2 0.4 1845 HMXB
1219 010516.1 -720025 21 @02 -1.60.1 52 149 158 16.0 - - -
1565 0059546 -721531 18 *02 -0.A0.2 44 158 16.8 16.9 - - -
1702 0049135 -732560 18 @82 -0.#0.2 0.8 146 154 154 - - -

1784 0101050 -720444 33 @82 -0#0.2 55 153 162 164 - — Gal. star?
1828 0053556 -722644 21 @03 -0502 13 136 146 147 - - HMXB
1839 0051525 -723148 16 @62 -050.2 31 137 148 144 34 506 Gal. star?
2211 0055073 -720826 1.7 -3 -0.603 39 160 168 16.9 - -  HMXB?

2218 0055085 -715827 14 -@@2 -0.904 46 142 152 154 -
2219 0054150 -721443 34 05 -1.a205 53 158 165 16.6 120 744 -

Notes.ePos: Ir X-ray position uncertainty, including the systematic ertéR: X-ray hardness ratiosl: Angular distance
to the counterpart from MCPS (Zaritsky et al. 2002) and MA93 (Meys&y & Azzopardi 1993).

of Meyssonnier & Azzopardi (1993). Using the same method as abegtinhate~4.3 coincidences
by chance. Since also stars fall into the X-ray selection criteria, the melatimber of chance co-
incidences is higher, compared to the correlation with SSS candidates Jdueces correlate with
known BENS systems, which apparently were detected in a relatively soft low-lumirsisity.

4.3.3. High-mass X-ray binaries

The SMC hosts a remarkably large population of HMXBs. HMXBs have bderduced in Sec. 2.4.5.
With the exception of SMC X-1 (SgXRB, sour®® 1) and SXP8.02 (anomalous X-ray pulsar, source
Ne 48, Tiengo et al. 2008) all known X-ray pulsars in the SMC are preslyniaXRBs.

Search for SgXRB candidates

From the X-ray sources correlating with bright SMC stars (Sec. 4.3.1y) 8031 might also be
explainable by a supergiant HMXB from optical and X-ray colours. &rshk for supergiant systems
resulted in no further candidate.

Identification of Be/X-ray binaries

We identified 49 HMXBs listed in literature (e. g. Haberl & Sasaki 2000; Gateet al. 2008). Dur-

ing the survey, two pulsars were newly discovered (Coe et al. 201imSttial. 2011a) as well as
two further bright BgX-ray binary transients (sourcé82732 and 3115, Coe et al. 2012). Although
detected with XMMNewton the catalogue does not contain the source SXP11.5, since it was not
observed in the nominal field of view and therefore not accessible to tleegsing (Townsend et al.
2011). The same holds for SXP1062, which was recently discoveree iouter wing of the SMC
(Hénault-Brunet et al. 2012; Haberl et al. 2012b) after the data mimgesAll other pulsars with
known position are within the main field. A detailed analysis of the observéx-Byy binary popula-

tion will be discussed in a forthcoming study. The XMNewtoncatalogue contains 200 detections of

42 pulsars. X-ray pulsations confirm the neutron-star nature of thetagg object. Hardness ratios
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4. The point-source population in the SMC field

for all X-ray pulsars are shown in Figure 4.6b in black. All other 17 dé&tas of 8 HMXBs with
unknown pulse period are plotted in green.

Search for Be/X-ray binary candidates

Sources are classified as HMXB candidated1XB >), if they fulfil the following criteria:

(i) Because of the power-law-like X-ray spectrum with a typical photorexndfI" ~ 1 (Haberl
& Pietsch 2004), HMXBs can easily be discriminated from soft X-ray sesyr by using the same
dividing line as in Figure 4.6a. In general, HMXB show a harder X-ragcsium than AGNI( ~ 1.7),
thus providing a lower limit foHR; at—0.3 (see Figure 4.6b). There is a notable exception, SXP8.02,
all detections of this pulsar lie outside the selection region of Figure 4.6b.ca@hide explained on
the basis of the anomalous X-ray pulsar (AXP) nature of this object (diehgl. 2008). The X-ray
colours of SXP22.1X935) have large uncertainties. In total 1536 XMWé&wtonsources, which
are not identified as HMXB or AGN (see Sec. 4.3.4), are hard (see Tlab)eX-ray sources with
HR3 > —0.3.

(i) To avoid chance correlations with sources having a high positionatntaiaty, | only used
X-ray sources with a positional uncertaint2.5’. This excludes 33 X-ray sources.

(i) In addition to the selection of X-ray colours, an early-type star is regliss counterpart.
| used the loci of the confirmed BeXRBs (shown with blue squares) ondliemagnitude and
colour-colour diagram of Figure 4.8, to define the selection area falidare BeXRB systems. The
loci are indicated with red boxes and correspond to 13.5<mdg<17 mag and colours of -0.5 mag
< B-V <0.5mag and -1.5 magU — B <-0.2 mag. The MCPS catalogue comprises 16 605 entries,
which fulfil these criteria and are in the XMMewtonfield.

(iv) To further improve the separation of AGN and HMXB, | use a thirdidiivg line in theHR3-
HR4-plane (Figure 4.6f), where theftkrence in average power-law photon index has midste |
note, that the separation between the BeXRB and AGN populations is notalealighly obscured
AGN are shifted towards largétR3, and there are also some detections of HMXB on the left side of
the cut. 34 sources fulfil the criteriaiv. By using subsamples of XMMNewtonand MCPS sources
fulfilling the criteria i-iv and shifting the coordinates of one catalogue as described in Sec, 4.2.2
~16.6+3.4 chance coincidences are estimated.

(v) Moreover, two weak candidatedy(154 and 1408) correlate with an emission line object. This
also confirms a possible HMXB nature of the source.

Five sources that fulfil the criteriaiii, but violate criteria iv or v are considered as weak candidates,
marked with ‘?”. In addition, | found one sourcé\e 66, in the young star-cluster NGC 330. Due to
the high stellar density, no optical counterpart could be identified in the M&RISs position, but
the source correlates with the Be star NGC 330:KWBBe 224 (Keller et aR)19%e hardness ratios
and short-term variability further support the HMXB nature for this seu®ourceNe 1605 is in the
star-cluster NGC 376 and was rejected becauseB®#a/=0.71 in the MCPS. However, this colour
might be influenced by confusion with other stars in the cluster. One nds/ = -0.15 in the
OGLE catalogue (Udalski et al. 1998) and a classification of B2e by Mantat al. (2010). Source
Ne 823 was rejected because oBa- V colour of 2.4 mag in the MCPS. However, this source was
classified as B1-51ll e by Evans et al. (2004) and BasV = —0.13 in the OGLE catalogue. Source
Ne 3003 is outside the MCPS field. The X-ray properties and optical coloons Massey (2002) are
consistent with a HMXB. Evans et al. (2004) classified the star to BL-Bhiérefore, | also add these
four sources to the catalogue of HMXB candidates.

All 45 candidate HMXBs €HMXB>) are listed in Table 4.6. This list includes also the weak
candidates as it is useful to set an upper limit to the BeXRB luminosity function.
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4.3. Source identification and classification

Table 4.6.BeXRB candidates in the SMC.

X-ray MCPS MA93 Comments
No RA Dec ePos| d \Y B-V Uu-B d No and
(J2000) (J2000) " (@) (mag) (mag) (mag)| () references
12 01193894 -733011.4 0.7 03 158 0.1 08 09 1867 H®0,S0
65 005723.66 -722355.8 0.8 17 147 0.1 1.0 - - 2, S05,A09
66 005618.85 -722802.7 0.7 - - - - - - inNGC330, S05
94 005507.72 -722240.3 0.9 0.8 144 0.1 10 - -
117 004818.73 -732059.9 0.6 02 162 0.3 08 - - S05,A09,K09
133 005048.06 -731817.6 0.9 03 151 0.1 -1.0 2.8 39 S05,A09
137 005215.06 -731916.3 0.6 22 159 0.1 -10 57 552 L10
154 010030.26 -722033.1 1.0 07 146 0.1 -1.0 0.3 1208 S05
160 010037.31 -721317.4 0.9 24 167 0.2 09 - - N03,S05
247 01024751 -720450.9 0.8 05 16.0 0.3 11 - -
259 01032854 -720651.4 0.7 19 165 0.2 09 - - S05
287 010155.89 -721027.9 0.9 09 151 0.2 09 - -
337 005614.65 -7237558 0.8 07 146 0.1 13 1.9 922 S05
474 00542599 -715824.1 0.8 24 16.6 0.1 08 - - ?
562 01033173 -7301444 1.0 15 154 0.2 11 - -
823 010055.85 -7223203 1.0 11 156 (@4 - - - B1-5llle
1019 004902.67 -732707.4 1.6 35 158 0.2 09 - -
1189 010333.62 -7204175 1.7 49 16.1 0.1 10 - -
1400 005341.76 -725310.1 0.8 22 147 0.1 11 - -
1408 00540928 -7241432 1.4 1.3 138 -0.0 07 10 739
1481 004207.77 -734503.4 0.7 15 16.8 0.1 05 - -
1524 004500.20 -734246.7 1.7 15 156 0.0 03 - -
1605 010355.08 -724952.7 15 37 162 ®7 -06® — - in NGC 376
1762 010338.00 -7202155 1.6 45 163 0.2 08 - -
1817 005408.68 -723207.5 1.4 11 16.9 0.1 03 - -
1820 00531852 -721617.6 1.6 23  16.6 0.2 08 - -
1823 005314.81 -721847.6 1.7 49 166 -0.0 08 - -
1826 00523529 -722520.8 1.6 57 14.9 0.2 09 - -
1859 00485555 -734946.4 0.6 1.3 149 0.2 07 - - S05
1955 005535.02 -713340.9 1.3 47 16.1 0.1 08 - -
2100 01044854 -7145415 1.6 43 169 0.4 02 - -
2208 005605.48 -720011.1 2.0 1.3 167 0.1 09 - - N11
2211 005507.25 -720825.7 1.7 39 169 0.1 07 - -
2300 005613.87 -722959.7 1.0 0.7 145 0.0 1.0 - -
2318 005619.02 -721506.1 1.8 52  16.1 -0.1 09 47 928
2497 004315.87 -7324392 15 27 167 0.1 08 - -
2569 005146.12 -730704.3 1.1 29 167 -0.0 07 - - ?
2587 005259.47 -725402.1 2.1 1.7 16.8 0.2 05 - -
2675 005549.77 -725127.1 15 1.0 165 -0.0 06 - -
2721 010600.78 -723303.7 1.9 20 163 0.1 09 - -
2737 010820.18 -721347.1 0.7 22 147 0.1 07 - - ?
3003 012327.46 -7321234 11 ©8 158D _01b) _odb) _ - B1-51l
3052 01110859 -731646.1 0.7 01 155 0.1 10 - - SXP31.0 ?
3271 00513327 -7330122 15 44 166 0.1 08 - -
3285 010429.42 -7231365 1.3 1.4 158 0.2 11 - -

Notes. (& Colour questionabldP) Source is outside MCPS area. Values are from Massey (2002).

References.(H00) Haberl & Sasaki (2000); (S05) Shtykovskiy & Gilfanov (200&09) Koztowski & Kochanek (2009);
(A09) Antoniou et al. (2009); (NO3) N&zet al. (2003); (L10) Laycock et al. (2010); (N11) Novara et201() .
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4. The point-source population in the SMC field

4.3.4. Active galactic nuclei

Galaxies with an active galactic nucleus (AGN, see Sec. 2.4.7) are brighy Xources at cosmo-
logical distances, and constitute the majority of point sources in the catal¥gtags are caused by
accretion onto a super-massive black hole.

Identification of AGN

Forty seven spectroscopically confirmed quasars could be identified itataltogue, mainly from
Véron-Cetty & \eron (2006) and Koztowski et al. (2011). All XMMlewtondetections of these
sources are plotted in Figure 4.6c¢ in black. Point sources, emitting X-ral/sadio, are also domi-
nated by AGN. | identified 25 X-ray sources, which correlate with a radakground source of Payne
etal. (2004). In this case the number of expected chance correlations iBhese sources are marked
with an additionak behind their classification. In Figure 4.6¢, detections of these souregdadted

in magenta.

Classification of AGN

AGN can be separated well from stars in thB,-HR3-plane (Figure 4.6c¢). | selected AGN candidates
(<AGN>) among hard X-ray sources, where | use the same cut as for starsrimitiste between soft
and hard X-ray sources (red line in Figure 4.6c¢). | could classify 181A@hich have a SUMSS radio
counterpart (noted witl), but no correlation with a radio source of the SMC or foreground imBay
et al. (2004). 110 hard X-ray source correlate with an infra-redctdeAGN candidate of Koztowski

& Kochanek (2009, noted witlh), in addition to the already identified AGN. Using tGdandrawing
survey (McGowan et al. 2008), the optical counterpart can be detedniore precisely, and | found
126 hard X-ray sources, correlating with a source, classified as A@WdGowan et al. (2008, noted
with x).

In general, one expects for the optical and X-ray flux of an AGN a rdtielo< log(fx/fo) < 1
(Maccacaro et al. 1988). Another 1861 X-ray sources were clagsifith <AGN>, if the source
has an optical counterpart with loig(/ fo) > —1 in the MCPS (noted witlo). | stress, that this last
classification is very general, because of the high source density in tfiRSMIDandracorrelations
with stars in the SMC can fulfil the same Idg( fo) criterion. Also, for weak X-ray sources, the
optical luminosity of the AGN can be below the completeness limit of the MCPS. $ieckulk of
hard X-ray sources is expected to be of AGN class, this classificationewilblrect in most cases (cf.
Sec. 4.4.2), but some sources may be offeeent nature. Therefore, AGN classifications based only
on the optical criterion are marked with a™

4.3.5. Galaxies

Galaxies behind the SMC (Sec. 2.4.8) can be seen in X-rays, showingrasolved combination
of X-ray sources as e.g. X-ray binariesffdse emission and a contribution of a central AGN. In
the 6dFGS catalogue (Jones et al. 2009), one finds 6 entries, cogelatinX-ray sourcesNe 365,
376, 645, 1726, 2905, and 3208). These sources were classfigalaxies, with the exception of
Ne 365 (6dFGS gJ005356.2-703804), which was identified as AGN in theéopie section. Source
Ne1711 was fitted as an extended source in X-rays and also has a caunitethe 2MASS extended
source catalogue (2MASX, Skrutskie et al. 2006), similar to the nearbscede 1726. There is
an indication of difuse emission in the mosaic image connecting both sources. Also sdures
andNe709 are inside a cluster of galaxies (CIG) and have 2MASX counterpahistefore, | also
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4.3. Source identification and classification

classified these sources as galaxies. Sources, classified as galexikstad in green in Figure 4.6c.
In the SMC bar, no redshift-confirmed galaxies are found.

4.3.6. Clusters of galaxies

Clusters of Galaxies and galaxy groups contribute to the backgroumdeso(see Sec. 2.4.9). Just
like SNRs in the SMC, CIGs have an extent detectable with XMbWwton Since the temperature
of SNRs is significantly lower, these two source classes can be sephayatetdness ratios. The
hardness ratios of all detections, which were flagged as significantiydedeQFLAG=E) in the X-ray
images are plotted in Figure 4.6d. Only SNRs, super bubbles, and CIGgaated as X-ray sources
with such a large extent in the SMC field.fidise emission of the hot interstellar medium in the SMC
is modelled by spline maps and treated as background. Identified SNRswrméndidates of Haberl
et al. (2012a) are plotted in black. They have similar soft X-ray colosrstars. All other sources
are plotted in green and show X-ray colours typical of CIGs in the mosaic irfedgElaberl et al.
2012a). The red line marks the selection cut for the CIG classification. flgeS®dNRs within this cut
are IKT 2, IKT 4 and IKT 25. The spectra of these SNRs show high rdlirsgp column densities (N

> 4x 107t cm2, van der Heyden et al. 2004). In addition to X-ray colours, | demarigrafant
extent of the X-ray source d&xt > AExtand a maximum likelihood for the extent dfLgy > 10.
Using these criteria, | classified 13 of 19 sources with significant exte@l@ candidates<{CIG>),

in addition to the 11 CIGs not included in the point-source catalogue (becdubkeir very large
extent). All catalogue sources with significant extent are listed in Table 4.7.

4.3.7. Other source classes

The search for additional source classes is more extensive and gg@asdithe scope of this thesis.
This includes faint low-mass X-ray binaries or bright cataclysmic variahldse SMC that are at the
detection limit of the deepest XMNitewtonobservations. Extended sources, such as SNRs and CIGs,
which are not included in the catalogue, are presented in Haberl eDaR4®. A search for highly
absorbed X-ray binaries in the survey data was presented by Navalrg2011). A specific source
class was assigned to some individual sources: SoMrd8 as an anomalous X-ray pulsar (AXP,
Tiengo et al. 2008), sourd& 54 as a pulsar wind nebula or micro quasar (PVWN2?, Owen et al.
2011), sourcé\e 324 as an isolated neutron star candidate (INS?, Kahabka & Habeg), Zuurce
Ne551 as PWN candidate (PWN?, Filipéwet al. 2008), and sourd& 535 as a star cluster (CI*,
Sec. 4.3.1).

4.3.8. Comparison with other X-ray catalogues

55 ROSAT sources of Haberl et al. (2000) have an XMMwtoncounterpart, where the XMM-
Newtonclassification is in agreement with the ROSAT classification. In addition 18lassitied
ROSAT sources have an XMMewtoncounterpart, which is identified or classified now. Comparing
the derived classification with sources also listed in the ROSAT PSPC cataldond a corresponding
XMM- Newtonsource with foreground star classification for all sources markedtakdf$ and “fg-
star” in Haberl et al. (2000), with the exception of the ROSAT sourcels 204, and 618. These
correspond to the sourc@®& 57, Ne 2434, and\Ne 1074 in the XMMNewtoncatalogue, respectively.
Only, Ne 2434 shows soft X-ray emission compatible with a foreground star, buastrwt classified
as such because of the large distance to the likely optical counterparthe=sources 204 and 618,
one can reject a “stellar” classification, based on the XWwtonX-ray colours.
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4. The point-source population in the SMC field

Also the comparison with the classification@©handrasources by McGowan et al. (2008) shows
good agreement. Of the sources common in both catalogues, 142 haventhelaasification and
34 sources are unclassified in both catalogues. Only the four saMr@&26,Ne 640, Ne 1732, and
Ne 3185 have a contradictory classification. These sources were cldssif@ars by McGowan et al.
(2008), whereas here the first source was identified as a galaxy arattér three were classified as
AGN candidates€AGN> 07?), due to their hardness ratios. Sourbe46 and 2785 are unclassified
in the XMM-Newtoncatalogue but classified as stars by McGowan et al. (2008). Theyhnimre
optical counterparts, but show hard X-ray colours in the XNiidwtoncatalogue. It should be pointed
out that thes€handradetections have fewer then 7 counts in @lgandradata.

4.4. General characteristics of the data set

With the XMM-Newtoncatalogue of the SMC, the central field is covered completely down to lu-
minosities of %x10%3 erg s in the (0.2-4.5) keV band, for the first time with an imaging X-ray
telescope. The comparison with previous ROSAT @méndrasurveys as well as with the XMM-
Newton Serendipitous Source Catalogue shows 1200 sources have been detected for the first
time during the large-programme SMC survey. Some basic properties ofttheedavill be discussed

in the following.

4.4.1. Spatial distribution

The spatial distribution of individual source classes in the main field is shoviAigure 4.10. In
Figure 4.10a, sources identified as Galactic stars (red) or classifiezhdilates for Galactic stars
(blue) are marked. The distribution is homogeneous over the entire fielsls &Swell as SSS can-
didates (Figure 4.10b) are found in the outer regions of the bar, efipécithe northern part. None
are found in the SMC wing. As expected, HMXBs and their candidates fah@SMC bar (Fig-
ure 4.10c). Since the bar harbours most of the blue main-sequenceassarsnost of the chance
correlations with background AGN that contribute to the HMXB candidates@und here. AGN
show a homogeneous distribution over the observed field (Figure 4I1b@d¥ed selected AGN can-
didates are restricted to the smalpitzerSMC field, AGN candidates fror@handraare only in
the Chandrawing fields. Clusters of galaxies that could be identified or classified,ren@rsin the
Figure 4.10e. Unclassified sources are marked in Figure 4.10f. Herge@vsome enhancement at the
eastern rim, where the MCPS does not cover the field, and around SM@vKich may cause some
spurious detections due to its brightness. Also around 1E0102.2-72 Eahancement of unclassi-
fied sources is observed as expected, due to the high number of atisesywhich lead to a higher
number of spurious detections.

4.4.2. Luminosity functions

| constructed the luminosity functions of the various classes of objectsteétiache SMC fields. For
sources with high long-term time variability, taking the average or maximal fluddvaot represent
the source luminosity distribution of the galaxy at one time. For each sousmedted the flux
from the observation with the highest sensitivity at this position, i.e. with miniregalion-limit
flux. If the source was not detected in this observation, the source etasken into account for the
luminosity function. None of the selected detections is from an observatibwézatriggered by an
outburst of the corresponding source. Therefore, this method seleetsf several measured fluxes
of transient sources in a quasi-random manner and thus represefitscttistribution as measured
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o fg-star
o<fg-star>

o HMXB
© <HMXB>

o unclassified

1E0102.2-7219

Figure 4.10. Spatial distribution of identified and classified X-ray sources in the SMC figlth The underlying mosaic
image shows logarithmically scaled intensities in the (0.2—4.5) keV bandh oup, east is left.
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Figure 4.11.@ The sky coverage as function of flux is shown for the (0.2—12.0) &ed/(2.0-12.0) keV band by the solid
and dashed line, respectivel@b’.) Cumulative luminosity function for sources in the XMMewtoncatalogue (solid lines)
and models (dashed lines) as described in Sec. 4.4.2.

in one single observation of the whole galaxy. Also, this method minimizesfthet ®f spurious
detections at higher fluxes, since the source has to be detected in theengites observation.

Depending on exposure time and observation background, the sensaingg between individual
observations. Dfuse emission and vignetting also cause a spatial dependence of the ibgnsitiin
each observation. The calculation of sensitivity maps is described in Set03To estimate the sky
coverage, | merged all sensitivity maps, by selecting the observation witlestigensitivity at each
position. The corresponding completeness function is presented in Hidura.

Especially for background sources, the completeness for the fulfeiteend is clearly overes-
timated, since the ECFs, adopted from the universal spectrum (Seqd. @8/%ccount for Galac-
tic absorption, but not for absorption in the SMC, reaching line-of-sogiiimn densities of up to
1.4 x 10?2 cm2. To minimise this &ect, | use the (2:012.0) keV band in the following. The flux
reduction by Galactic absorptior§ x 10°° cm™2) is 0.5% for the assumed universal spectrum. The
absorption by the ISM of the SMC causes a flux decrease in the (2.0KE/®and by 1.2% and
2.4% when crossing a column density of 5 and<ll@?! cm~2, respectively. Analogously, one would
expect a decrease by 35% and 51% in the«{R.6) keV band for an AGN with negligible intrinsic
absorption. Therefore the observed fluxes in the (2.0-12.0) keV &@ndsed in the following. The
completeness-corrected cumulative distribution of all sources is showrelsolid black line in Fig-
ure 4.11b. Following Cappelluti et al. (2009), the completeness-codrectmulative distribution is
calculated by

Ne 4
IW>F):2:K; (4.5)
i=1

with Nr the number of detected sources with fluxes greater Ehand A; the sky coverage for the
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4.4. General characteristics of the data set

flux F of sourcei. The correction mainlyffiects the number of sources with fluxes beles x 1014
erg cn? s~1 as can be seen by the uncorrected distribution (dotted line in Figure 4.11b).

For HMXBs, we see a break around1®erg cnt? s71, similar to that inferred by Shtykovskiy
& Gilfanov (2005). As suggested by these authors, this can be caydbe Ipropeller &ect, which
can inhibit accretion at low accretion rates. Using C statistics (Cash 1Bp8yametrise the flux
distribution of the total (i.e. not normalised by area) HMXB populations by §tarbroken power
law to the unbinned source counts

_dN [ NiF™ if F<Fy
nF)=gF = { NaF2 if F>Fy (46
with the faint and bright end slopes anda», the normalisatiomN, = N;F 27, and the break flux
Fp and fluxF in 10712 erg cnt? s1. For HMXBs, | obtaina; = 0.64*913 o, = 3.30"%17 Fy, =

017 138
209074 x 102 erg cn? s, andN; = 11972, Including the HMXB candidates as well, | obtain
a1 = 087598 ap =352 12 F, = 225992 1012 erg cn? 571, andN; = 1394, Uncertainties

are for 90% confidence. These models are shown by the blue dastehlFigure 4.11b and give an
upper and lower limit for the luminosity function.

The bright-end slope is significantly steeper than found for HMXB populatadmearby galaxies
above a luminosity of 13 erg s (o = 1.61+ 0.12, Grimm et al. 2003). The extrapolation of this
model to lower luminosities is shown by a dashed green line in Figure 4.11lveWwhsed a star-
formation rate of SFRyc = 0.15 Mg yr* (as in Grimm et al. 2003) and a correction factor of 1.24
(as expected for a photon indexIof 1) to obtain fluxes in the (2.0-12.0) keV band.

The universal luminosity function for HMXBs of Grimm et al. (2003) wagsigesd from obser-
vations of nearby galaxies with distances up to 35 Mpc. With respect of ihey M/ay and the
Magellanic Clouds, the optical counterparts of HMXB cannot be congtdaivell and the discrim-
ination from other hard X-ray sources must be done statistically. E.g. MR _population must
be estimated from the stellar mass of the galaxy. Also the flux limits for more distdaki€s are
higher. Therefore, the universal HMXB luminosity function of Grimm et(aD03) was derived for
X-ray sources above a luminosity of3ferg s. However, Mineo et al. (2012a) suggested that the
universal shape is valid down to a luminosity offi@rg s. So the diferences seen for the SMC
might not be caused by flierent sensitivity limits.

The luminosity of HMXBs depends on several parameters. Especially irRBsXthe accretion
rate can be highly variable, depending on orbital period and eccentanityjecretion disc variability.
Therefore, it is reasonable to assum#edent shapes for the luminosity functions of SgXRBs and
BeXRBs. If one compares the HMXB population of the SMC and the Milky Wag, SMC has a
higher ratio of BeXRBs to SgXRBs (e. g. Coe et al. 2010a), which is likelysed by dferent star-
formation histories. Strong star formation in the SMC occur&0 Myr ago. SgXRBs that formed
in this burst have already ended their lives in SN explosions of the daaoasd we see only the
BeXRBs today. Most BeXRBs have luminosities ©f3 x 10°¢ erg s, whereas for more distant
galaxies due to higher flux limits only the brightest HMXBs can be detected.lurhmosity bias
can further increase the fraction of SQXRBs which are more persistentan contain a black hole
instead of a neutron star. The presence of one supergiant systenSM&eSMC X-1, is consistent
with the Grimm model. This scenario suggests, that the luminosity function of Hde{i2nds on
the ratio of BeXRBs and SgXRBs and therefore on the star formation hisgtotlyis context, also the
turn over might be interpreted as the transition from transient to persist®Bs. | will not discuss
the luminosity function below 2 x 10-* erg cnt? s71, as we have only 3 sources here and run into
incompleteness.
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Figure 4.12.Hardness-ratio diagram of sources with respective uncertaintieslBf < 0.25.

To investigate background sources, the sources of the SMC field ampaced with the XMM-
NewtonCOSMOS field (Hasinger et al. 2007) population. The COSMOS-fieldcgooounts and
broken power-law model of Cappelluti et al. (2009) is shown in red inf€igullb. As these values
are given in the (2.0-10.0) keV band, | applied a factor of 1.14 to estimatesflior the (2.0-12.0)
keV band, as expected for a power law with photon indek ef 1.7. We see a general agreement
with the distribution of unidentified and AGN sources (magenta line in Figurdod. Therefore, most
hard sources in the catalogue are indeed AGN behind the SMC. Small desiae#in be explained by
the slightly diferent data processing. The contribution of Galactic stars (orange linguner4.11b)
is negligible above 2 keV.

4.4.3. Spectral properties

To characterise the spectral properties of the source sample, | calchéatiness ratios as described
in Sec. 3.3.8. Hardness-ratio diagrams of sources with well measurdaesarratiosAHR, < 0.25)

are presented in Figure 4.12. Of course, the classified sources fokogetbction criteria (cf. Fig-
ure 4.6). In total, | find 436 hard unclassified sources. Presumabdg t#re mainly background AGN,
where we expect a faint optical counterpart. If we assume a complstefhite MCPS catalogue of

V ~ 21 mag, optical counterparts of AGN with lofff,) = 1 can be missed, if they are fainter
thanF, = 10727 erg cnt? s71. Nearly all of the unclassified hard sources have such a low X-ray
luminosity. A few hard sources might be caused by foreground flars, stdrere the X-ray photon
statistics is insficient to detect variability. Also, the comparison with the COSMOS field (Fig. 12)
seems to be consistent with most of these sources being backgroumdesSiouthe upper left of the
HR3-HR4-plane are good candidates for highly absorbed AGN (Brightman & Nef@i2), where
the absorption can exceed;N 10?4 cm~?, which is significantly higher than expected from the in-
terstellar medium of the SMC along the line of sight. From 130 unclassifiedsoftes, 67 have a
detection likelihood oMLget < 10. Here we expect most of the spurious detections. Other soft X-ray
sources might originate from distant K or G stars that cannot be distirggiiskIl from bright SMC
stars and violate criterion iii of the foreground star selection.

4.4.4. Source extent

Table 4.7 lists all sources, fitted with a significant extent viitkt > AExt and a likelihood for the
extent ofMLey > 10. Most of them are consistent with a CIG classification. Three othecssare
inside or behind an extended X-ray source. In the case of SMCM-1)( the source extent is caused
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Table 4.7.Sources with significant extent.

SRC RA Dec Ext’() M Leyt HR, HR; class comment

1 011705.2 -732636 6.340.02 696145 0.30.0 0.2+0.0 HMXB pile-up
307 010328.6 -714548 8.740.95 11.6 0.3 0.1 -0.2+0.1 <CIG>

362 005308.7 -723445 10.991.63 12.8 -0.3 0.1 -0.4+0.2 in BO050-72.8

566 0101250 -724634 14.201.84 13.2 0.3 0.2 -0.0+0.1 <CIG>

571 010408.1 -724354 20.241.46 24.8 0201 -03+0.1 <CIG>

604 0052534 -730009 3.240.61 12.7 -0.3:0.1 -0.7+0.1 <fg-star multiple stars?
638 010953.3 -722147 31.892.87 20.4 -0.3:0.1 -0.4+0.2 extent spurious?
799 005904.1 -725645 8.%41.05 29.0 0.3 0.1 -05+0.1 <CIG>

916 0116153 -732657 11.941.11 46.0 0.50.1 -0.6+0.1 <CIG>

937 011353.2 -732708 8.%41.00 11.7 0.3 0.1 -04+0.1 <CIG>

1174 0103459 -715436 14.492.04 12.6 0202 -0.2+0.1 <CIG>

1305 010126.3 -750506 9.121.40 18.4 0.x0.1 -0.5+£0.2 <CIG>

1436 005303.5 -704734 12.482.12 10.2 0.220.2 -0.3+0.2 <CIG>

1505 0044194 -733624 13.351.90 12.3 0.x0.1 -0.3+0.2 <CIG>

1562 0058222 -721759 19.942.38 155 0.x0.2 -05+0.2 <AGN>o0? in IKT 16
1711 010900.6 -722903 8.561.03 23.6 -0.3:0.1 -0.7+£0.1 galaxy in CIG?
2695 010218.3 -723703 12.571.55 22.0 0401 -03+0.1 <CIG>

2889 011326.3 -724219 13.251.64 26.8 0.x0.1 -04+0.2 <CIG>

3030 0123321 -731710 8.351.35 17.6 0501 -0.7+0.1 <CIG>

Notes.This table does not contain sources, with extent too large for the soeteetion. See Haberl et al. (2012a).

by pile-up. ForNe 604, the hardness ratios point to a star. In the optical, several brighterparts
are found. The extent might be due to a superposition of two or more 3te688 was detected as an
extended source only in one of three detections. Therefore, the exigimt be spurious. | note that
13 additional sources were fitted with extent at lower likelihood or with higletainty.

4.4.5. Source variability
Intra-observational variability

To estimate the variability of sources during the individual observatiorsed iKS-tests as described
in Sec. 3.3.12. This allows the estimation of the source variability also forsswith poor statistics.
Some examples of cumulative count distributions, as used for the KS-teptemented in Figure 4.13.
A bright star (\a2041, Figure 4.13a) showing a flare and a variable HMXB335 = RX J0054.9-
7245, Figure 4.13b) are shown. A foreground star candid€t255, Figure 4.13c), detected with
only 29 counts also exhibits a flare. As an example for a constant sobecBNR 1E0102.2-7219 is
given in Figure 4.13d. In the case of high variability, the photon time distribwatidhe source (black
line) shows a dierence to the reference distribution for a constant source (red limd)isthnlikely
to be caused by statistical fluctuations.

The distribution of probabilitie€ st for constancy during individual observations is presented in
Figure 4.14 for various source classes. Here, we see a uniform digiribwith the exception of
stars and HMXBs. These are expected to show variability whereas extasodrces can be assumed
to have a constant X-ray luminosity on short time scales. All 89 sourcesGsithk: 0.5% are listed
in Table 4.8. Assuming a uniform distribution one would expeth catalogue sources to be found
with Cst< 0.5% by chance. Whereas 15.4% of all HMXB detections and 9.3% of alyjfotand-star
detections hav€ st < 0.5%, this occurs only for 0.8% of the remaining detections.
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4.4. General characteristics of the data set

Table 4.8.X-ray sources in the SMC field with significant short-term variability.

SRC class logTsH(@ N(®) ‘ SRC class logTsH@ N(®)
1 HMXB <-40 316817| 851 <fg-star -13.06 290
2 fg-star -39.36 13873 852 AGN -5.51 1008
7  <fg-star -3.63 171| 884  <fg-star- -17.02 2022
9 <AGN>0? -3.08 153| 885 <fg-star- <-40 1067
37  <fg-star- -2.58 280| 888 -9.01 211
51 HMXB -3.73 1081 905 <fg-star- -15.30 290
61 HMXB -4.67 505| 923 -4.18 55
63 HMXB -3.37 463| 934 <AGN>0? -2.97 10
66 <HMXB> -2.70 214| 937 <CIG> -2.38 119
92 HMXB -8.26 1160| 948 -13.49 33
112 HMXB -31.48 7094| 1032 <fg-star -4.87 21
113 HMXB -6.92 10189| 1041 fg-star <-40 241087
137 <HMXB> -4.97 387| 1194 <AGN> 0? -8.93 63
146  <fg-star- -13.08 214| 1199 <fg-star -2.59 11
149 HMXB <-40 6024 | 1399 HMXB -5.35 1551
165 -2.47 22| 1462 <AGN> 0? -2.40 219
183  <fg-star- -3.36 20| 1481 <HMXB> -6.64 315
184 HMXB -6.16 999| 1483 <AGN> 0? -2.35 131
187 HMXB -2.63 1322| 1500 <fg-star- -8.80 29
197 <AGN> ox -3.20 189| 1525 <AGN> 0? -2.50 28
216 HMXB -7.85 1948| 1560 <AGN>0? -4.48 428
227 HMXB -9.15 7426| 1617 <AGN> 0? -2.51 19
228 HMXB -3.57 235| 1700 <AGN> 0? -2.31 30
231  <fg-star- -8.88 199| 1702 <fg-star- -2.51 21
239 <fg-star- -2.74 65| 1755 -17.86 36
255  <fg-star- -4.26 29| 1802 HMXB -2.32 2592
256 -2.34 22| 1998 <fg-star- -4.35 28
287 <HMXB> -2.95 28| 2002 <AGN> 0? -2.54 42
335 HMXB -3.58 3038| 2041  <fg-star- <-40 1014
352 <AGN>0? -2.32 10| 2381 AGNr -17.31 606
392 <AGN> 0? -2.55 19| 2454 <AGN> 0? -2.42 27
402 <AGN>0? -2.94 580| 2601 -5.50 154
407 fg-star -2.44 352 2651 <AGN>0? -4.05 14
487  <fg-star -4.39 451| 2735 fg-star <-40 708
542 <AGN> oi -2.66 31| 2738 AGNr -2.66 332
556 <AGN> oi -2.90 23| 2740 <fg-star- -3.49 204
562 <HMXB> -2.49 19| 2845 <fg-star- -9.22 524
615 HMXB -2.83 223| 2846  <fg-star- -11.28 304
636 <AGN> 0? -2.62 16| 3059 <fg-star- -9.03 103
654 HMXB -3.16 2149| 3115 HMXB -11.24 811
668 <AGN> 0? -2.52 51| 3167 <AGN> 0? -3.35 27
674 HMXB -14.16 6464| 3186 <AGN> 0? -2.31 127
730 -2.64 81| 3190 <fg-star- -2.64 79
760 <fg-star- -2.79 173| 3267 <AGN> 0? -6.26 214

812 <AGN> 0? -15.07 1087

Notes. (@ ProbabilityCstthat the source is constant during the observation. Minimum of all detsctibthe source is
given. (®) Number of source counts of the detections with the given val@sof
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Figure 4.15. Variability of SMC sources as observed with XMMewtonin the (0.2-4.5) keV band. Sources with a
significance of variability greater (less) than 3 are plotted in red (black).

Inter-observational variability

For sources which were observed several times, the long-term variatél#yalculated as described
in Sec. 3.3.11. The dependence of variability on the maximal detected fluxttisdglo Figure 4.15.
For sources WithFmax < 1071% erg cnt? s72, the variability is uncertain. The calculation results in a
significant § > 3) variability measurement for most sources Withax above 1013 erg cnt? s71,

Sources with high variability o/ > 10 are listed in Table 4.9. As expected, most of these sources
are HMXBs. For two HMXB candidates, the high variability supports theirsifesition. In addi-
tion, we find the symbiotic nova SMC 3, which has a known 1600 day variahilitg, Galactic star,
possibly observed during a flare in one observation, and six moreesyunaclassified or with AGN
classification. Source: 1560 and\e 1907 were only detected once withLget < 10. The other four
show clear variability, which is rather high but possible for AGNs. ENgL86 is classified as AGN
from X-ray and radio correlations. Another explanation of such higrakdities might be given by
an X-ray binary nature, but these sources do not have bright opticaterparts, needed for a HMXB
classification. In the case of LMXBs, one would not expect an opticahtawpart. Only very few
LMXBs are expected in the SMC, as this population scales with the stellar mws gdlaxy. So far,
none is known. These X-ray variable sources might be consideraahdglates.

The spatial distribution of the highly variable sources is presented in FgaGe Obviously, it
is more likely, to find variable sources in fields, which were observed mmecgiéntly. Specifically,
long-term variability cannot be measured in fields observed only oncee $iost variable sources
are HMXBs, the distribution follows the bar of the SMC.
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Table 4.9.X-ray sources in the SMC field with high variability between individual olsagons.

No name class v(@ s@ Fmax
(10*x erg cnr?2 s7%)
49 SXP565 HMXB 196.5 6.5 59.489.06
61 SXP645 HMXB 18.6 25.0 27.360.91
92 CXOU J005446.2-722523 HMXB 30.5 27.7 206D.70
112 SXP264 HMXB 36.6 66.7 121.601.74
114 SXP756 HMXB 22.5 38.5 49.361.09
119 SXP892 HMXB 16.1 17.0 14.480.74
121 RXJ0048.5-7302 HMXB 15.2 11.8 9.110.69
138 SXP25.5 HMXB 18.1 14.3 10.740.69
148 SXP152 HMXB 57.3 37.2 53.401.38
149 SXP280 HMXB 32.4 50.9 167.282.68
151 SXP304 HMXB 31.7 21.3 51.5%/2.25
186 <AGN> oxr 16.2 14.6 18.9% 1.16
187 SXP348 HMXB 95.0 31.1 38.861.22
227 SXP1323 HMXB 67.8 63.1 115.241.79
228 SXP726 HMXB 28.3 13.4 9.740.68
230 14.6 8.9 6.47% 0.66
244 <AGN> 0? 12.8 7.5 4.18 0.50
287 2MASS J01015608-7210288 <HMXB > 11.1 6.6 3.33: 0.45
616 SMC3 SSS 54.1 1975 226.66..09
674 SXP202.5 HMXB 201.6 67.0 286.884.23
816 SXP7.92 HMXB 10.4 14.4 7.1#0.39
1400 2MASS J00534219-7253096 <HMXB > 152.1 10.3 25.2% 2.43
1560 <AGN> 0? 19.3 3.1 4.29 1.33
1582 <AGN> 0? 11.2 3.9 2.85 0.66
1592 SXP6.85 HMXB 4232.7 166.8 1110.9%6.66
1784 16.7 4.6 5.021.01
1907 <AGN> 0? 10.2 3.2 2.1%40.61
2228 SXP91.12 HMXB 81.6 50.9 51.%50.98
2519 SXP11.87 HMXB 800.7 99.5 263.982.65
2563 SXP214 HMXB 117.9 329 36.401.09
2716 <AGN> 0? 10.7 3.5 2.23 0.57
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5. Individual X-ray sources in the SMC

5.1. A new X-ray view of the symbiotic binary SMC 3

During the survey observation 0601211301, the symbiotic binary SMGXouad at its highest X-
ray luminosity as observed until now. This detection enables spectralsisialythe EPIC-pn data
with unprecedented statistical quality. Four spectra froffedint intensity states allow to study the
spectral evolution of the hot component of SMC 3. The light curve stawtirig the first ROSAT
detection in 1990 is used to investigate the nature of the variability seen frosystem. This study
was published in Sturm et al. (2011b).

5.1.1. Previous studies of SMC 3

The symbiotic star SMC 3 (Morgan 1992) in the SMC was discovered as a@8fg the ROSAT all
sky survey (Kahabka & Pietsch 1993). It is thought to be an interactimayypsystem, consisting of a
cool MO giant and a hot WD in a wide orbit. In this model accretion from thiéesteind of the giant
donor onto the WD leads to steady hydrogen burning on the WD surfacpdiars the high X-ray
luminosity (Kahabka & van den Heuvel 1997).

A series of ROSAT observations covering years (from October 1990 to November 1993 with the
PSPC and from April 1994 to November 1996 with the HRI), revealed highyariability (a factor
of >80 in ROSAT PSPC count rate), which was explained by an eclipse of thdy\tBe donor star
(Kahabka 2004). This scenario needs obscuration of the X-ray emigsiion by the dense stellar
wind close to the giant to account for the shape and the long durationefadenonths of the eclipse
ingress and egress.

An optical outburst between December 1980 and November 1981 of upntag3n theU-band
was reported by Morgan (1992). During this outburst no changes degected in thé-band, and
therefore, its origin was assigned to the hot stellar component. It is nowdiedher the non-detection
of SMC 3 with the Einstein satellite was due to X-ray inactivity before the optigddwrst or to in-
suficient sensitivity (Kahabka 2004). The enrichment of nitrogen alsoesigghat there is evidence
of a thermonuclear event (Vogel & Morgan 1994). Results from modeftingi-wavelength data of
SMC 3 with non-LTE models under the assumption of a constant X-ray sewge presented in Orio
et al. (2007) and Jordan et al. (1996). Orio et al. (2007) find thatdhiability cannot be caused by
photoelectric absorption and suggested a “real” eclipse by the red giant.

5.1.2. Observations and data reduction

SMC 3 was serendipitously observed four times with XMéwtonat of-axis angles betweeri 8nd

14, Table 5.1 lists details of the observations with the EPIC instruments operatdtframe mode.

In addition to the observation in October 2009 from the large-programme Sy, | analysed
three archival observations from 2006 and 2007. The first obtervin March 2006 revealed SMC 3

in a high intensity state, but fiered from very high background. These data were used in the study of
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Table 5.1. XMM- NewtonEPIC-pn observations of SMC 3.

ObsID Date Filter ~ NetExp Netcts. &Y Netcts. B& R R,®
[s] (0.2-10.0keV)  (0.2-1.0 keV) ] "1
0301170501 2006 Mar 19 medium 10496 8287  12% 8246 2% 19 30
0404680301 2007 Apr11-12  thin 13986 170 13% 137 5% 16 50
0503000201 2007 Oct 28 medium 16607 451 9% 407 4% 21 40
0601211301 2009 Oct 3 thin 26535 39456 2% 39338 1% 69 55

Notes. (@ Ratio of background count rate to source count rate in the same ebangly (b) Radius of the source and
background extraction regioff) No GTI screening was applied.

Orio et al. (2007). The two observations in April and October 2007 glaidive source at low intensity.
The detection of the source in the later observation was noted by Zeza® §2008).

To process the data, | used XMMewtonSAS 10.0.0 with calibration files available until 17 June
2010, including the latest refinement of the EPIC-pn energy redistribuSpectra were created as
described in Sec. 3.3.13. X-ray images of the four observations, withemhaddection regions are
presented in Figure 5.1. For the observation in 2006, the EPIC-pn tmaskdjcount rate was between
500 and 2500 cts k$ arcmirr? (to be compared to the standard diitat 8 cts kst arcmirr?) and in
order to retain any data, no background screening was applied. Siftqeaton flares usually show
a rather hard spectrum, the contribution to the super-soft spectrum Gf38Mas still acceptable (cf.
Table 5.1). Since the MOS-spectra have lower statistical quality by a faci@rfor such soft spectra
and to avoid cross calibratiorffects between the EPIC instruméntthis study is focusing on the
EPIC-pn spectra. In the following, EPIC-pn spectra of single-pixeh&vare used.

5.1.3. Spectral analysis of the EPIC-pn data

| usedxspec version 12.5.0x for spectral fitting. For all models, the Galactic photoeledtsorption
was fixed at a column density ofNa = 6x10?° cm~2 (Dickey & Lockman 1990) and elemental
abundances according to Wilms et al. (2000), whereas the SMC colursitydens a free parameter
with abundances at 0.2 for elements heavier than helium. At first, | investitfagerecent EPIC-pn
spectrum of 2009, which has unprecedented statistics compared toyzreds@y observations. For
black-body emission, | obtain a best fit wjtf/dof = 213/74 with the best-fit parametersiNuc =
7.84594 X107 cm?, kT = (339 + 0.5) eV, and a bolometric luminosity dfpo = 6.25"398 x10°8

erg s1. This luminosity is super-Eddington (and leading to a WD radius — 10 times larger
than expected for a M WD), which is often caused by the black-body approximation, as well as
an overestimated temperature (see e. g. Greiner et al. 1991; Kahabda den Heuvel 1997, and
references therein). The residuals around 500 eV (cf. Figure &g@)est contribution of nitrogen line
emission, as observed in post-nova X-ray spectra of SSS (e. g. &bheb al. 2009). The quality of
the fit was improved tg?/dof = 119/72 by including two Gaussian lines with fixed energy at 431 eV
(N vi) and 500 eV (Nm) and line widths fixed to 0. The equivalent widths of -19 eV and -32 eV for
the Nvi and Nvu lines, respectively, are physically plausible, but the residuals coulastt partially

be also caused by calibration uncertainties. Alternatively, allowing the oxglgendance in the SMC
absorption component as free parameter also improved the?fiddgf = 123/73), resulting in an
oxygen abundance of®33 times solar with an Nsuc = 4.3970.55 x10?° cm™2. A hard spectral
component, which could possibly be caused by the wind nebula, is notrsd@nspectrum. Adding

1EPIC Calibration Status Document, hifgmm2.esac.esa.jixternalxmm_sw_cajcaliyindex.shtm|
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Figure 5.1. Combined EPIC colour images of SMC 3 from the four XMW¥&wtonobservations. Red, green, and blue
colours denote X-ray intensities in the (8220) keV, (1.6-2.0) keV, and (2.84.5) keV bands. Circles indicate the extraction
regions. In the upper left, the background is increased at highegieser

an apec plasma emission component to the black-body emission, with fixed adonpexfk T = 500
eV and SMC-abundances, yields an upper limit for the emission measkne ef 8.6 x 10°” cm3.

The derived values for the absorptiop uc are well below the total SMC absorption in the direc-
tion of SMC 3 5x10?1 cm?; see Stanimirowi et al. 1999). This suggests that the symbiotic system
is located on the near side of the large amount opkesent in the SMC bar.

| also tested non-local thermal equilibrium models provided by Thomas RgReluch & Werner
2010). The best fity?/dof = 220/74) was found for a pure helium atmosphere with WD surface
gravity log g= 5, Nismc = 2.4 x 1079 cm 2, kT=6.9 eV, and_40%, = 1.57x 10*” erg s™*. For a
pure hydrogen atmosphere with log-® the best fit results ip</dof = 261/74 with Ny smc = 1.1 X
107 cm 2, kT=8.1 eV, and.g225%,, ., = 2.59x 10*8 erg sL. If the spectrum in fact contains emission
lines, this might be the reason of the inferior fit of the non-LTE models, wpickluce spectra that
are dominated by absorption lines from the WD atmosphere. Since the ldgkspectrum resulted
in a better fit, we decided to use this model in the further investigations.

To study the spectral evolution of SMC 3, | fitted the EPIC-pn spectra ébatlepochs simultane-
ously with a set of models based on absorbed black-body emission.Hmemlzl only one individual
parameter for each spectrum and two common parameters for all speceraloaved to vary (see
below). Since the statistical quality of the high-flux spectrum is far betterfibvaime other spectra,

2httpy/astro.uni-tuebingen.derauch
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Figure 5.2. EPIC-pn spectra of SMC 3 together with the best-fit black-body modéttBvariable temperature. No signifi-
cant emission is seen above 0.7 keV.

it also dominates the resulting. This leads to relatively bad fits for the simple black-body models.
Adding emission lines would improve the fits (see above). However, givefirttited spectral reso-
lution of the EPIC-pn instrument it is not clear if the lines have any physicaining. Because we
were mainly interested in the evolution of spectral parameters, we decided theisimplest model.

The first model (model 1 in Table 5.2) assumes temperature and luminositgnyaiy with time,
while the absorbing column density can change with time. This corresponds éxlthse model
with varying absorption by the dense donor wind, as suggested by Kal{2004). This model gives
an insuficient fit to the data (see Table 5.2). Although, the fit is statistically dominatedebiti
high-flux spectra, the spectral shape of the low-flux spectra camnadroduced by a high column
density which predicts much less flux at lowest energies (cf. Figure 2.5).

For model 2, | fixed the spectral shape (same temperature and abspgptéballowed the lumi-
nosity to change (i. e. fitting individual normalisations, which correspands to a variable size of
the emission area). This fits the data much better (Table 5.2). Within the systentitainties the
spectral parameters are in agreement with the black-body model of Gxiia(2007).

An even better fit was achieved by the third model with varying source teatper The corre-
sponding black-body luminosities were related to the temperatyeg « T#). The results for this
model are again described in Table 5.2 and the individual spectra with thel fitodre plotted in
Figure 5.2.
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5. Individual X-ray sources in the SMC

Table 5.2.Results from the simultaneous black-body fit to the EPIC-pn spectra.

Model 1 Model 2 Model 3
T andL,, constant with time N andT constant with time N constant with time
Ny variable Lo variable T variable,Lpoij = Lpol1(Ti/T1)*
kT =(325+0.5) eV Ny = (0.77 + 0.04) x 10°* cm2 Ny = (0.77 + 0.02) x 10?* cm2
Lpo = (8.8 + 1.6) x 10%8 erg st kT =(337+05) eV Lpoiz = (5.5+0.3)x 10% erg s

Nyt = (1.08+ 0.05)x 10t cmr2  Lpgy = (4.43+ 0.78)x 108 erg st kT, = (327 +0.2) eV
Niz = (6.75+ 0.48)x 1071 cmr?  Lpgp = (0.12+ 0.02)x 108 erg st kT, = (243 + 0.3) eV
Nis = (6.91+0.23)x 1P cm?  Lyoz = (0.18+0.03)x 10°8 erg st kTz = (253+0.2) eV
Nig = (0.81+ 0.05)x 1071 cmr2  Lpgg = (6.47+ 1.15)x 10°8 erg st kT, = (338 = 0.4) eV

x?/dof = 940/154 = 6.10 x?/dof = 383/154 = 2.49 x?/dof = 365/154=2.37

5.1.4. The long-term X-ray light curve of SMC 3

To analyse the temporal behaviour of the system, | reconciled the X-raycligie of SMC 3 starting
from the first detection by ROSAT in 1990. To convert the ROSAT coatgs, provided by Kahabka
(2004), into fluxes, | simulated a ROSAT PSPC spectrum based on thesdpeadel derived from the
simultaneous fit with variable normalisation and the PSPC detector respdrisgields a conversion
factor of 154 x 10711 erg cnt? cts™t. All fluxes are computed for the (0-2.0) keV band. Because
of the dominant statistics of the XMMlewtonhigh-flux spectrum in the model fit, this factor rather
corresponds to the high-flux state. Using the model with variable temper#tareonversion factor
for the low flux can be lower by a factor af2. Analogously, for the ROSAT HRI, this simulation
yields a conversion factor of@3 x 10711 erg cnt? cts™1.

| searched th&wiftarchive for observations covering SMC 3. The source was detectaoksigr-
vation 00037787001 witk3 ks exposure on 18 August 2008. The source and backgrountiampe
was extracted witlkxselect and the &ective area file was created usirgtmkarf. The resulting
spectrum contains 135 net counts, which is fiisient to distinguish between the above described
models. Thus I fitted only the normalisation and assumed the spectral sltapéiag to the simulta-
neous fit to the EPIC-pn spectra with variable normalisation. This fit yieldscafl2 61022 x 10712
ergcm?s L,

To derive XMM-Newtonfluxes, | integrated the best-fit model with variable temperature as de-
scribed above. The source flux durin@handraobservation in February 2003 was deduced from the
parameters of the best-fit black-body model reported by Orio et al7{200

Figure 5.3 shows the X-ray light curve of SMC 3 since the first detectioROBAT in 1990.

By modelling the light curve with several eclipses, we find, that (i) the tramsftiom high to low
intensity occurs over a long time period and that (ii) the time scales of the durdtitie high and
low intensity intervals are of the same order. Thus, instead of eclipses theligle may also be
interpreted by several periodic outbursts. For demonstration, thedifisaeén Figure 5.3 shows a fit
with a sine function. To account for uncertainties in the flux conversiaicamss calibration between
the diferent instruments | included a 20% systematic error on the flux. As begthfineeris for the
X-ray minimum | then obtain (90% confidence errors):

MJDminx = (49382 10)+ N x (1634 7) days

The relatively high flux measured in the last XMNewtonobservation might suggest possible changes
in the amplitude of the modulation.
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Figure 5.3. The (0.2-1.0) keV X-ray light curve of SMC 3 (upper panel), the light curves ia lttband (OGLE, middle
panel) and the approximaBband (MACHO, lower panel). The dashed line shows the best-fit simetifin to the X-ray
light curve and the solid line the best-fit sine function to the MACHO light ciisee text).

5.1.5. MACHO and OGLE data

The OGLE Il (Udalski et al. 1997) and OGLE Il (Udalski et al. 2008)and as well as the MACHO
B-band light curves are shown in the lower two panels of Figure 5.3. Tiiterated MACHO light
curve was shifted in magnitude to match its averBgeagnitude with that measured by Zaritsky et al.
(2002). In thel-band of OGLE Il and théB-band of MACHO, Kahabka (2004) found correlating
quasi-periodic oscillations with periods around 110 days, which mightlb&eteto pulsations of the
red giant star. These short variations are also present in the OGHE&tdl With the OGLE Il data,
which cover a much longer time interval, we can now rule out a significaiatia@n with the 1630 day
cycle as suggested by the X-ray light curve. As noted by Kahabkatj2€@t: MACHO light curve
shows a quasi sinusoidal modulation with a period-éfyears, in addition to shorter variations. A fit
of a sine function to the MACH@-band data (solid line in Figure 5.3), results in an ephemeris for
the optical minimum of

MJIDming = (49242+ 9) + N x (1647+ 24) days

To account for the short-term variations | added a systematic error 5i@a@ to theB-band magni-
tudes. Formally, the fits to X-ray and MACHO light curves indicate a phaseai{140 + 14) days
(optical preceding the X-rays) while the periods agree within the uncédsinHowever, it should
be noted that the MACHO light curve covers onrl§.5 cycles and is superimposed by the short-term
variations, which may influence the results.
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5.1.6. Discussion

SMC 3 was observed with XMMNewtonat four epochs, covering the super-soft X-ray source twice
at high and twice at low intensity. A strong variation in the X-ray flux by a faofanore than~50
between minimum and maximum intensity is found in the {0.D) keV band. | showed that the
light curve can qualitatively be described by a sine function with a peridd88 days. This simple
model can only be a crude approximation of the light curve, but-tP@ year coverage indicates a
high regularity of the period with similar duration of high- and low-intensity inéésvThe regularity
of the X-ray light curve, with meanwhile four observed minima, strongly suisgthe interpretation
of the 4.5 year period as the orbital period of the binary system. Assumirgesiab2M and 1Mg
for the M-giant and the white dwarf, respectively, the orbital period imm@ieemi-major axis of the
binary system of 3.9 AU.

| analysed the spectral evolution and found, that the variability of theylus cannot be explained
by photoelectric absorption by neutral gas with varying column densityvdid éhe strongly energy-
dependent attenuation of soft X-rays, Kahabka (2004) discussenl@ion due to highly ionised gas.
In this picture, the strong X-ray source ionises the stellar wind around mp@m scattering on free
electrons would then reduce the X-ray flux along the line of sight nféistent when looking through
the dense innermost regions near the M-star. This mimics variable intensity witlefitthgy depen-
dence (no significant change of spectral shape). Using a Compttbarsgamodel €abs in xspec),
instead of variable normalisation, would require a column density4o8 x10?* cm™2 (completely
ionised absorber) to reduce the X-ray intensity from maximum to minimum. In thisrpicscattering
of X-rays into the line of sight is neglected or at least assumed not to etsggificantly between
the two states. Using the estimated mass, size and density of the ionised wimdaggigen by Orio
et al. (2007) yields a column density to its centre of §8?3 cm™2. This is a factor of~8 lower
than the estimate from Compton scattering and may be explained by the simplifiedptien of a
constant wind density while the line of sight during the low intensity observasbould pass through
the denser wind regions near the giant star. In this picture, most of the steih must be ionised,
consistent with the fact that we do not see a variable contribution of plectde absorption by neu-
tral gas. In this model, the low intensity can still be explained by an eclipse of-tlag source by the
giant starandits stellar wind. An eclipse by the star only would be shett@% of the orbital period)
with sharp ingress and egress, while the dense inner wind regionsabursggradual eclipse ingress
(and egress) by increasing (decreasing) Compton scattering alongehaf kight. This geometric
model with scattering in the circum-stellar material is consistent with both the glradyresgegress
of the X-ray light curve and the spectral changes (no significantti@mian photoelectric absorption).
The exact shape of the light curve should then depend on the geométy lohary system and the
distribution of free electrons in the stellar wind.

The spectral analysis shows, that the X-ray variability can alternativelydminated by temper-
ature changes, varying between 24 and 34 eV. Assuming a constamf $fme emitting area, this
corresponds to a variation i, (for spherically symmetric emission) by a factor of 4.3. The larger
variation in observed instrumental count rates would then be causedftoygsthe spectra with lower
temperature out of the sensitive energy band of EPIC. This behaviandependent of the model
used. The spectra show clear softening, which is parametrised by a tstorpecthange (similar if
black-body or atmosphere models are used). A possible scenario might ddéptical orbit of the
white dwarf around the M-giant or equatorial mass ejection with inclined Wi,arausing accretion
at different rates. Variable accretion, even at low level, can lead to large tetapechanges in the
burning layer (Paczynski & Rudak 1980). Similar scenarios were tesedaplain X-ray variability
in other SSS (e.g. AG Dra, Greiner et al. 1996). However, | note,itht#tose cases usually an
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anti-correlation of X-ray and optical luminosity is observed, whereas icalse of SMC 3 these two
are clearly correlated.

Assuming the same temperature and absorption (and no change in Comgterirggafor the
low and high intensity spectra, the inferred radii would bfedent by a factor o~8 to account
for the factor of 60 dierence inLyo. In general for stable shell burning on the WD surface, an
increase of the hydrogen burning envelope (e. g. due to a higheatiaccrate) leads to an increase
of both temperature and radius (Fujimoto 1982). Increasing temperatdreeatining Compton
scattering both lead to an increasing X-ray luminosity. It depends on thetatiien of the orbit with
respect to the observer, how much the twieets act in phase. Additional temperature variations
may therefore reduce or increase the amount of Compton scatteringegdaiexplain the X-ray
luminosity variations.

Superimposed on the general long term variation in the X-ray light curegyrabably seeftects
imposed by the donor star. The.10 days brightness variations seen in thgnd suggests changes
in the stellar wind, which can lead to variations in the mass accretion rate ontditeedwarf. Since
the 1630 day X-ray period is not visible in theband, it is unlikely that this period is caused by
the cool stellar component, which seems to remain ratheffestad by the process producing this
variation. In theB-band, both modulations are seen, the 1630 day period derived frofartdgs and
the ~110 day variations which correlate with thenag (as already pointed out by Kahabka 2004).
Therefore, the cool companion star and the region where the X-rayiemisgproduced most likely
both contribute to th&-band. If viewing é&ects produce the variation in tlband in a similar way
as in the X-rays (by changing extinction) or if heating of the cool star bytnay source is causing
this variation remains unclear: While Kahabka (2004) finds X-ray heatsigficient to account for
the observed-band modulation, Orio et al. (2007) discuss irradiatifieets influencing the mass
outflow as very important.

5.2. The Be/white dwarf candidate XMMU J010147.5-715550

One of the newly found super-soft X-ray source candidan235, Table 4.4) correlates with the
emission-line star AzV 281 in the SMC. Binary-system evolution models predattBeWD systems
might be seven times more frequent thanNBg systems (Raguzova 2001), but ng\B® system is
known so far in the SMC in contrast to the large number gNSBesystems~+90). Only one BAND
SSS system has been proposed previously, XMMU J052016.0-69Ra0&bka et al. 2006) in the
LMC. | analysed the X-ray data and the optical counterpart to furthessiiyate this system. This
study was published in Sturm et al. (2012b).

5.2.1. Analyses of X-ray data and results

The source was detected three times in images of calibration observatiomssoiptarnova remnant
1E0102.2-7219 atfbaxis angles 0~10.5 on MJD 51650, 51651, and 52014. The error weighted
average of the astrometric boresight corrected best-fit positions is Zo9@}01" 01™ 4758 and
Dec (J20003—71° 55 50’7 with a 1o- uncertainty of 0.85.

There is no star within ¥Q suficiently bright to cause optical loading, which might fake a SSS.
The multiple detections rule out detectdfeets for spurious detections and confirm the veritableness
of the X-ray source. The source is also listed in the XNWdwtonincremental source catalogue
(2XMM J010147.5-715550, Watson et al. 2009).

Detected fluxes-, detection likelihooddViL and net exposures of the individual observations are
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Table 5.3.X-ray observations of XMMU J010147.5-715550.

ObsID MID  Fin(0.2-1.0)keV ML Exp.
(10 erg cnr?2 s7%) (ks)
0123110201  51650.9 924811.9 88.0 17.9
0123110301 51651.3 74313.7 315 117
0135720601  52014.1 994316.6 36.0 134
0135720801 52269.0 32.: 10.5 58 27.6
0135720901 52385.0 25411.1 6.6 10.1
0135721001 52412.5 1248.8 2.1 9.4
0135721001 52412.7 66.1 29.8 2.9 7.5
0135721101 52560.3 15.1+11.8 0.0 231
0135721301 52622.3 <111 0.2 284
0135721401 52749.8 <124 0.1 304
0135721501 52939.5 <9.7 0.1 24.2
0135721701 52959.4 <7.4 0.0 252
0135721901 53123.5 <123 0.2 33.0
0135722001 53304.5 <11.2 1.4 316
0135722101  53316.3 865.0 0.6 240
0135722301 53317.1 <26.5 0.0 14.0
0135722401 53292.6 <20.8 0.0 304
0135722501 53478.1 <15.0 0.0 238
0135722601 53679.5 <79 0.0 29.0
0135722701 53845.3 17.510.9 1.3 30.2
0412980101 54044.2 <9.2 0.1 310
0412980201 54215.7 <11.8 0.0 196
0412980301 54399.6 12.: 6.7 0.1 350
0412980501 54575.6 <16.7 0.0 220
0412980701 54785.0 <139 0.0 286
0412980801 54934.2 <15.3 0.0 6.5
0412980901 55125.5 15.4-10.0 05 286
0412981001 55307.2 27.2-16.6 0.2 273

Notes. Combined EPIC-pn and EPIC-MOS source detection. Fluxes are dalddtam count rates by assuming the best-
fit black-body model. Uncertainties are for-1For observations marked with the source was not covered by EPIC-pn,
but both MOS cameras. For observations, marked witthe source was in the FoV of EPIC-MOS2 only. In all other
observations, the source was observed with all EPIC instruments.

summarised in Table 5.3. In later calibration observations, the source wamailgrdetected on
MJD 52269, 52385, and 52412 and not detected above a detection lde:Nhio > 2 in any of the 21
observations after this date. In the later observations, the source wHg naisovered by EPIC-pn.

I merged the EPIC-MOS1 and -MOS2 data of these latter observations aaslirad counts in
circular source and background regions with’ 2@dius. This yields 1816 and 2318 net counts
in the (0.2-1.0) keV band. For vignetting corrected exposures of 182 ks from M&®| 235 ks
from MOS?2, this translates into aFlux limit of 10.2 x10 %erg cnt?s! and indicates a significant
source variability of a factor of at leastLO.

Hardness ratios (see Sec. 3.3.8) were used to characterise the smectrem. For the first three
observations, the point-source catalogue ghi€ = —0.10+ 0.12,-0.69 + 0.15, and-0.13+ 0.16
andHR, = -0.85+ 0.11, —-0.09 + 0.42, and-1.00 + 0.13. Based on hardness ratio criteria, the
source was classified as SSS in Sec. 4.3.2. The 2XMM catalogue lgRes= —0.45 + 0.07 and
HR, = —-0.93+ 0.07, consistent with the SSS classification.

| extracted EPIC-pn source and background spectra from the fiest tbservations as describe in
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Sec. 3.3.13, but in the (0.22.0) keV band and with the XMM-Newton SAS version 10.0.0. The
EPIC-pn single- and double-pixel spectra were used in the following spectra have 55, 27, and
15 net counts in the (0.32.0) keV band. | fitted black-body (bb), power-law (pl), thermal-plasma
emission (apec), and several non-local thermal-equilibrium (nlte, Ré&ubbetjen 2003) models
usingxspec version 12.6.0k with C statistic (Cash 1979). The photoelectric absorpti@sisited
by a Galactic component with column density fixed to a maximum&‘?’fNleOzo cm 2 (Dickey &
Lockman 1990) and elemental abundances according to Wilms et al. (2@d@haadditional (SMC
and source intrinsic) absorption with free column density and abundaetds 0.2 for elements
heavier than helium (Russell & Dopita 1992). To test for #Bey binary with soft excess, | fitted
the combination of a black-body and power-law modek(jpl).

Fitting the three EPIC-pn spectra simultaneously by assuming a common bldgkdmperature,
| found no significant dferences for the fluxes (relative: 1.0, 05832, and 0.9335}). Thus, | fitted
the same models to all three spectra. The co-added spectrum, rebinredigmBicance per bin for
better illustration, together with the best-fit bb model is shown in Figure 5.4 d&texted flux in the
(0.2-1.0) keV band is (9 + 2.4) x 10°1° erg cnt? s71. The best-fit model parameters are listed in
Table 5.4. Statistical uncertainties and limits are for 90% confidence. To estimeageodness of the
fit, in addition to the C statistics, also té statistics is given, which is derived by fitting the models to
spectra, binned to a minimum of 10 cts binThese fits result in similar parameters as those given in
Table 5.4 derived with C statistics. Most models give an acceptable fit. Rophisical scenarios for
these models are discussed in Sec. 5.2.3. To demonstrate the parametdedep®n modelling, the
best-fit values for two nlte models are listed, for surface gravitydpg(9 with solar (nltg, Z = Z)
and halo (nltg, Z = 0.1Z) abundances.
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Figure 5.4. Co-added spectrum

- ] of three EPIC-pn observations of
2 5 XMMU J010147.5-715550  together

with the best-fit black-body model.
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5.2.2. The optical counterpart

The MCPS (Zaritsky et al. 2002) lists two possible counterparts within theyfosition uncertainty.
The fainter one\{ = 17.0 mag), with angular separation of 2,lhas a proper motion o6§580 mas
yr~1in the USNO-B1.0 catalogue (Monet et al. 2003). It is therefore a Galrtiground star.

The brighter counterpart at a distance of"].AasU = (13.26 + 0.03) mag,B = (14.40 = 0.02)
mag,V = (14.47 = 0.04) mag, and = (14.30 + 0.04) mag. This star (AzV 281) was classified as a
BO star in the SMC by Azzopardi et al. (1975) and as O71ll by Masg692). The star corresponds
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Table 5.4. Spectral fitting results for several models.

model N Ng™© kT r F C X,

bb 6" <9 97y - 22 90.6 0.95
ntes 60 <3 803 - 22 91.2 1.02
nitey 60 537 262 - 170000 917 0.74
apec <46 -  92%  — 35 1079 172
pl 60 <15 - 5023 120 895 0.7

bb+pl 60 <14 881 1.00 23+8 86.6 0.95

Notes.Ny in 107° cm?, KT in eV, unabsorbed flug in the (0.2-1.0) keV band in 10" erg cnt? s™*. Fixed values are
marked with(",

to the Hr emission-line object [MA93] 1284 and LIN 384 (Meyssonnier & Azzapdr93; Lindsay
1961). Therefore, the optical counterpart most likely is an O71lldeBfar. Anl-band image from
OGLE Il (Udalski et al. 2008) of the surroundings of this star (OGLESMC113.5 8) is shown in
Figure 5.5.

Thel-band OGLE IlI light curve of AzV 281 is compared to the X-ray light caiim Figure 5.6.
It exhibits an increasing trend in brightness superimposed by sinus@datigns. A fit of a linear
plus sine function (solid line in Figure 5.6) results in a constant flux increb6€.016820.00005)
mag yr, a sine amplitude of (0.024®.0002) mag, and a period of (1262) days. Uncertainties
are given for & confidence. A Lomb-Scargle (Lomb 1976; Scargle 1982) periodogdidmot reveal
any further significant variability from the source.

The star is included in the NIR 2MASS catalogue (Skrutskie et al. 2006, L 4289-7155512,
J = (1424 + 0.03) mag,H = (1421 + 0.03) mag,K = (14.04 + 0.05) mag, on MJD 51034) and
in the IRSKFSIRIUS catalogue (Kato et al. 2007, ID 01014790-71555112; (14.44 + 0.02) mag,
H = (14.36 + 0.01) mag,K = (14.24 = 0.03) mag, on MJD 52535, magnitudes are converted to
the 2MASS system). In Figure 5.7, the optical and NIR fluxes, correcteB(B — V) = 0.08, are
compared to Kurucz stellar atmosphere models for a B1V and an O7V stanbotialised to the
dereddenetl-band flux. The NIR excess and NIR variability provide further evidefor a Be star.
Remarkably, the NIR flux decreased significantly during or before the tirtteedX-ray detections.

5.2.3. Discussion

| analysed XMMNewtonX-ray data and OGLE Il photometry of XMMU J010147.5-715550. In the
following | will discuss possible classifications of the source:

A Galactic starcan produce soft coronal X-ray emission. In this case the fainter tobjedd be
the true counterpart. But the emission of stars extends to higher enem@ew¢hsee from the SSS
causing a positivéiR; in general (Pietsch et al. 2004; Stiele et al. 2011). Also, the deﬁﬁe%cbf
the apec model suggests formally that a description of the spectrum byrzaliasma is less likely
than by the other models.

A cooling isolated compact objecte. a NS or PG 1159 star, can emit super-soft X-rays. We would
not expect to see an optical counterpart. In both cases, we carplairethe variability, seen in the
X-ray light curve.

For anAGNwith very soft X-ray emission and with a faint undetected optical countenpe expect
to see the Galactic and total SMC absorption in the line of sight. The total SM@aadiiensity in
the direction of the source isNmc = 5.1 x 107 cm™2 (Stanimirovt et al. 1999). For the power-law
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model an Ny smc < 1.5 x 107t cm2 is derived, which seems to contradict the AGN assumption.

A CV in the SMCwhich by chance correlates with AzV 281, can account for the ssqpiéemis-
sion. However, there is no accretion powered system known with sgfieemission exceeding 3
erg s, which is below the observed luminosity of XMMU J010147.5-715550 fordistance of the
SMC. In the case of nuclear surface burning, higher luminosities cagdobed (e. g. CAL 83 in the
LMC). This would need a highly obscured WD, as discussed below. Anpthesibility for variable
super-soft X-ray emission would be the rare case of a nova explokiere, super-soft emission is
observed up to 2-5 years (Henze et al. 2011) after outburst. Hoveemeva explosion in this system
is not known, which of course could have been missed. Due to the lowratean the SMC (only 3
novae were discovered during the last 10 years) this is an unlikelyrsacena

A Galactic CVcannot be excluded with the available data. E. g. the Galactic star couldrcanta
WD companion. In this case, a soft intermediate polar (Haberl & Motch 1€@%5d account for the
spectral properties, but only a handful of these systems is known inglaexyso far.

To estimate the chance for a random coincidence of a SSS or SSS car{ditlaetotal) with
a blue emission-line star, | used a subset of early-type SMC sfaks {7 mag,—0.5 mag< B -

V < 05 mag,-15 mag< U - B < —-0.2 mag, see Sec. 4.3.3) from the MCPS which correlate
with an emission-line object from MA93. This sample (1748 sources insideliberved XMM-
Newtonrfield) was correlated with X-ray sources, which fulfil the criteria foresugoft X-ray emission
and whose coordinates were shifted by multiples of the maximal correlatiomcis{&ec. 4.2.2).
Correlations were accepted with an angular separatiah 9f3.439x (02 + 05)*/2, whereo was
estimated to 0/3and 2.0 for the MCPS and MA93 sources, respectively. The XNNdwtonsources
have source-individual position uncertainties~df’. In 440 runs, only 3 chance correlations were
found. Analogously, using a set of USNO-B1.0 sources with proper me#60 mas yr! (134780
sources) results in 773 chance coincidences. This furtfiema AzV 281 as the most likely optical
counterpart. Also the coincidence of the X-ray emission with the NIR-flux mimrfurther supports
the identification of the super-soft X-ray source with AzV 281.

From aBeNS systerone would expect outbursts with hard X-ray emission during accretionjwhic
has not been observed for this system, although it was monitored regsilacky 2000. Also, ob-
serving only super-soft X-ray emission is atypical for gf® system, as dominant hard emission is
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Figure 5.6. Top: I-band light curve from OGLE llIBottom: X-ray flux in the (0.2-1.0) keV band.

expected in addition to a soft excess (Hickox et al. 2004). Even in theragtcase of an outburst
of RXJ0103.6-7201 (Eger & Haberl 2008), a hard X-ray compoigeptesent and the soft compo-
nent extends to higher energies. From the o model, a limit forLpp/Lx of >0.5 is derived in the
(0.15-10.0) keV band, proofing the dominance of the thermal component. Tnere¢he system is
less likely a classical B¥-ray binary.

In contrast to the former possibilities,VeDyBe systentan account for both the super-soft X-ray
emission and the variability. Black-body emission is a crude approximation to dotrapf SSSs
(Rauch & Werner 2010). Physically more meaningful are NLTE modeldilgher statistics and high
resolution spectra would be necessary to constrain the parameterandasteate the parameter de-
pendence on elemental abundances two NLTE models are listed in Tabl®eB#alBindances result
in similar parameters as the black-body model with an emission radius 1063 km compared to
(19-75) km from the bb model. Halo abundances result in a higher absorptgirer luminosity and
an emission radius of (9008290 000) km. For an object in the SMC, abundances between solar
and halo valuesZgm¢ ~ 0.2Z, Russell & Dopita 1992; Dias et al. 2010) are expected. Therefore,
the black-body emission radius is rather a lower limit. This further demonstthtgduminosity and
absorption cannot be determined uniquely for XMMU J010147.5-718560that the spectra might
be compatible with absorbed emission from a WD and luminositificgntly high for surface burn-
ing. The presumable optical counterpart shows properties typicaBerstar. This makes the system
the second candidate for a SSSW®® binary after XMMU J052016.0-692505 in the LMC (Kahabka
et al. 2006).

The X-ray turn-d¢f around MJD 52500 can be caused by an exhaustion of the nucleardpomthe
WD, as it occurs for post-nova SSSs, if the accretion rate is too low folestauclear burning. In the
case of ongoing mass transfer, reignition of nuclear burning on the Wisslge in a nova explosion,
followed by another super-soft X-ray emission state. More likely, theedese in soft X-rays in the
later observations might be explained by increasing photoelectric absodutéto a build-up of the
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decretion disc around the Be star. An additional absorbing column deity 3 10?2 cm~2 would
be required for a non-detection of XMMU J010147.5-715550 in the nademgages. Be stars can
loose and rebuild their discs on a time scale of some years including intervatsittitisc of some
hundred days (Reig 2011; Wisniewski et al. 2010). The decreadedIR flux before or during
the X-ray active phase and the low photoelectric absorption during the Xaray detections suggest
this scenario. The X-ray detections have only a small overlap with the opigbalcurve, but since
X-ray turn-df, thel-band shows an increase in flux, which can be caused by the recreftiatisc.

| note, that the optical light curve of XMMU J052016.0-692505 (cf. Fign Kahabka et al. 2006)
has similar characteristics of both a long-term increase irnlthend and a periodicity around one
thousand days.

The low X-ray absorption suggests a location of the system on the neafsltee SMC bar. Also,
the system intrinsic absorption along the line of sight must have been lowgdherX-ray detections.
If the 1264 d period is caused by binarity, we get a relatively large aéiparof 5.7 AU ¢140R,) for
Mwp = 1IMp andM. = 15Mg. But the realness and nature of the periodicity are uncertain, since
the OGLE light curve covers only about two cycles. While RaguzovaXpafue that most B&/D
systems are not detectable in X-rays due to absorption by the decretiotrdismation of the disc,
as it is known from BENS systems with low excentricity (Okazaki & Negueruela 2001) might only
allow accretion during disc instabilities. Also, the absorption by the SMC has ko) to be able to
observe such systems in X-rays. The completeness in the SMC catalogeq@2t1.0) keV band
is estimated to a flux limit of 2610 1%erg cnT?s™1, which would require a SMC absorption of less
than 3x10%! cm for the best-fit black-body model. Therefore, XMMU J010147.5-BlB&ight be
the tip of the iceberg of the SMC BA/D system population.
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5.3. Discovery of the 11.866 s Be/X-ray binary pulsar
XMMU J004814.0-732204

The XMM-Newtonlarge-programme survey revealed four new BeXRBs. In this sectiomnakysis
of the newly discovered BeXRB pulsar SPX11.87 is described as an éxdonm BeXRB. Opti-
cal follow-up observations and their analysis was done by Malcolm Cdesamcluded here for
completeness. This study was published in Sturm et al. (2011a). | cdettithe analysis of XMM-
Newtondata of five further BeXRBs in the SMC to the papers of Townsend et@L1(R Coe et al.
(2011), Coe et al. (2012), and Haberl et al. (2012b). Furtheouslourst of the BeXRB IGR J05414-
6858 in the LMC was discovered within tisviftUV-survey of the LMC (Sturm et al. 2011c) and the
results of an XMMNewtonfollow-up ToO observation are presented in Sturm et al. (2012c).

5.3.1. Observations and data reduction

The new transient was discovered on 2009 October 3, during olisert8 (ObsID 0601211301) of
the XMM-Newtonlarge-programme SMC survey. The source was located near the ldr@&D 1
(partly spread onto CCD 4) of the EPIC-pn instrument and on CCD 2 o€CBWDS2. There are
no MOS1 data for this source because it was located on CCD 6, whicheleassiwitched & since
XMM- Newtonrevolution 961. The soft-proton background was at a very low levehduhe whole
observation. Therefore, background-screening did not remove tiereats, resulting in net exposure
times of 30 779 s and 32 368 s for EPIC-pn and EPIC-MOS2, resphctive

| used XMM-Newton SAS 10.0.0 to process the data. The data reductiodom@sas described in
Sec. 3.3.13. The extraction regions are plotted on the X-ray image in Figuréle EPIC-pn single-
event spectrum was used in the following. The EPIC-pn and EPIC-Msp82tra contain 9286 and
8054 background-subtracted counts, respectively. For the timingsisdlused the merged event list
from both instruments, containing 25 945 cts (without background sutminj.c
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[ XMMU J004814.0-732204 combining
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blue colours represent the X-ray inten-
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5.3. Discovery of the 11.866 s Bé&ray binary pulsar XMMU J004814.0-732204

5.3.2. X-ray data analysis and results

X-ray coordinates

| identified sources in the FoV for astrometric boresight correction by eoisgn with the MCPS
and obtained a shift oARA=-0.18" and ADec=-1.23’. This was done here, without using the
identification of XMMU J004814.0-732204, to have an independent pasifibe corrected position
of the transient as found bymldetect is R.A. = 00"48™1£407 and Dec.= —-73 22 04’4 (J2000),
with a statistical uncertainty of 0.0@and a systematic uncertainty ©0.5” (1o- confidence).

Spectral analysis of the X-ray data

0.1

0.01 |

Counts s keV?

Figure 5.9. EPIC spectra of
XMMU J004814.0-732204. The
top panel shows the EPIC-pn (black)
and EPIC-MOS2 (red) spectra, together
with the best-fit model (solid line) of
an absorbed power law (dashed line)
plus black-body (dotted line) and iron
fluorescent line (dash-dotted line). The
residuals (re-binned for better compari-
son by an additional factor of three) are
plotted for this model (bottom panel)
and for the best-fit single power-law
model (middle panel).

Channel energy (keV)

| usedxspec version 12.5.0x for spectral fitting. The two EPIC spectra were fitted simadizsiy
with a common set of spectral-model parameters and only a relative normalitstior was allowed
to vary to account for instrumentalftBrences. The spectrum (Figure 5.9) was modelled first with
an absorbed power law. | fixed the Galactic photoelectric absorptionatmo density of N ga =
6x10°° cm2 with abundances according to Wilms et al. (2000), whereas the SMC colensityl
was a free parameter with abundances for elements heavier than helighafige2. The best-fit
parameters are summarised in Table 5.5 where uncertainties denote 908émosfi

The extraction of the EPIC-pn spectrum is hampered by the CCD gap cutéirxtifaction region.
The missing area is taken into account in calculatifigative area byrfgen. However, we noticed
that when using the default spatial resolution (paranmetdpixelresolution = 2.0”) the flux de-
rived from the EPIC-pn spectrum is higher by (21)% compared to MOS. The flux discrepancy
reduces to 7% fobadpixelresolution = 1.0”. This is within the expected systematic uncertain-
ties in the presence of gaps. Extracting the EPIC-pn spectrum from a sgmallee region with radius
6", so that the complete source region is placed on CCD 1, yields a flux thadiffielss by~1% from
the MOS2 value. The spectral shape is néeéeted by the CCD gap, but the number of source counts
for the smaller extraction region is a factor of two lower.
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Table 5.5. Spectral fit results.

Model@) SMC Ny r KT R(b) EWie Flux(©) L@ v2/dof
(10P*cm?) (eV) (km) (eV) (ergcm?s?t)  (ergs?)

PL 1.72:0.25 0.660.03 - - - (9.80.3x1012  4.0x10°® 570523

PL+BB 2.32+0.44 0.520.05 27%43 12.214 - (9.3:0.5x10°%2  4.2x10°® 524521

PL+BB+Fe 2.340.45 0.530.05 2740 12.21.4 -3530 (9.6:0.5)x10'?2 4.2<10® 520520

PL+DiskBB  2.99:0.54 0.520.06 38397 >5.%+35 - (9.230.7)x1012  4.2x10°® 528521

Notes. (& For definition of spectral models see te¥®). Radius of the emitting area (for BB) or inner-disc radius (DiskBB,
for the definition see text)(.c) Observed (0.210.0) keV flux. (@) source intrinsic X-ray luminosity in the (0-20.0) keV
band (corrected for absorption) for a distance to the SMC of 60 kpc.

In principle, this fit is formally acceptable and additional components arecgplired. However,
soft excesses and fluorescent emission from iron are known to aaettit» the X-ray emission of
some BeXRBs (e. g. Eger & Haberl 2008; La Palombara et al. 2009pkiekal. 2004). To investigate
these possibilities | first added a black-body emission component to the fiaddé 5.5). This
component contributes2% to the observed flux and3% to the absorption-corrected luminosity. The
bolometric luminosity is (40+ 0.35)x 10%° erg s'. Compared to the single power law, the reduced
x? improved from 1.09 to 1.01, which corresponds to an F-test chancalpitity of 2.6 x 101 and
formally proves the significance of this component (but see Protassdv2002, for limitations of
the F-test). An additional emission line with fixed energy at 6.4 keV and alvest line width (fixed
at 0) yielded a line flux of 4 + 4.0 x 107 photons cm? s™1 corresponding to the equivalent width
given in Table 5.5. Substituting the 6.4 keV line by a 6.7 keV line for ionisedxkFeesulted in an
upper limit for the equivalent width of -41 eV.

Replacing the black-body component by a multi-temperature disc blackmodie! (diskbb in
xspec), a lower limit for the inner-disc radius &, = 5.93:2 km is derived (for a disc inclination of

® = 0 with R, « 1/ Vco®). Following Hickox et al. (2004) to estimate the inner-disc radius, yields

Rin = VLx/(4roT4) = 39 km.

Timing analysis of the X-ray data

| corrected the event’s arrival times to the solar system barycentre thl@ngAS taskarycen and
searched for periodicities in the X-ray light curves using fast Fourgsfiorm (FFT) and light-curve
folding techniques. The power-density spectra derived from lighteuin various energy bands from
both EPIC instruments showed a periodic signal at 0.084 Hz. To increasigtial-to-noise ratio, |
then created light curves from the merged event list of EPIC-pn an@BRDS2 (delimited to com-
mon time intervals). Figure 5.10 shows the inferred power-density speétoamthe (0.2-10.0) keV
energy band with the clear peak at a frequency of 0.084 Hz. Followirgitiat al. (2008), | used
a Bayesian periodic signal detection method (Gregory & Loredo 1996¢teermine the pulse pe-
riod with 1o- uncertainty to (1B86642+ 0.00017) s. The background-subtracted pulse profiles folded
with this period in the EPIC standard energy bands (Table 3.2) are plottaguireF5.11 along with
hardness ratios (Sec. 3.3.8). Assuming a sinusoidal pulse profile,rhile¢tel a pulsed fraction of
(7.5 = 1.0)% for the (0.210.0) keV band. The profiles suggest some evolution from a singleedeak
to a double-peaked structure with increasing energy, causing the vasiatibardness ratid$R; and
HR4. A strong dependence of the pulse profiles on energy (e. g. Wilsori2&Q8; Haberl et al. 2008)
and luminosity (e. g. Bildsten et al. 1997) is seen from a number of high-Kxaag binaries.
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Figure 5.10.Power-density spectrum created from the merged EPIC-pn and HRIE2 data in the (0-210.0) keV energy
band. The best-fit frequency of = 0.084 Hz and its harmonics are marked with dashed lines. The time binning of th
input light curve is 0.1176 s.

Long-term X-ray variability

The position of XMMU J004814.0-732204 was covered in two previousMkMewtonobserva-
tions on 2000 October 15 (ObsID: 0110000101) and 2007 April 11s(@b0404680301) with a
background-screened net exposure of 21.6 ks and 17.6 ksctiespe In the later observation, the
source position was only covered by the EPIC-MOS2 FoV. In both ghens, no source was de-
tected above a likelihood threshold of 6. Using sensitivity maps, | derivagoper limits of 2.51073

cts st and 2.%10°° cts s1, respectively. Assuming the same spectrum as during the outburst, this
corresponds to a flux limit of 1:710 erg cnt2 s (from October 2000, measured by EPIC-pn) and
6.1x10 *erg cnT? st (April 2007, EPIC-MOS?2) in the (0:210.0) keV band and to luminosity limits

of 7.6x10%3 erg s and 2.%10%* erg s1, respectively.

Also in aChandraACIS-1 observation (Observation ID 2945) on 2002 October 2, thigiposvas
covered with a 11.8 ks exposure, and no source was detected. | es€dA® (Version 4.2) task
aprates to estimate a @ upper limit of 5.2x10 cts s1. Assuming the same spectrum as above,
this corresponds to a flux limit of 6.0 1%erg cnt2s1 in the (0.2-10.0) keV band and a luminosity
of 7.1x10%3 erg s1.

The upper limits derived from the previous XMMewtonand Chandraobservations show that
XMMU J004814.0-732204 increased in brightness at least by a faét66® during its outburst.
RXTE monitoring of the SMC has been carried out for nearly a decada¢Ba et al. 2008) and
XMMU J004814.0-732204 has frequently fallen within the pointing directibthe telescope, often
at a collimator response @f60%. Unfortunately, the time of the XMNllewtondetection on MJD
55107 falls into the gap in the RXTE monitoring (MJD 55080 — 55138) when plaeecraft was
temporarily disabled, so there is no simultaneous RXTE coverage. Withinvepe of the last 9.5
years there are no possible detections of this source in the periods of fipreXanately 6.5 years)
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when the source was above a 0.6 collimator response. The RXTE pulse nmghitosensitive to
detections with a pulsed amplitude in excess of 0.15-0.2¢B8GUL. This approximately translates
into ~0.5-1.0 cts st PCU! — depending on the collimator response and pulsed fraction (which is not
very high for XMMU J004814.0-732204) — or a luminosity limit e2x10%¢ erg s* for a source in

the SMC.

5.3.3. The optical counterpart
Identification of the optical counterpart

Searching optical catalogues of the MCPS (Zaritsky et al. 2002), MAGHO® OGLE, we found three
stars that are located near the XMNewtonsource. Their positions and magnitudes from Zaritsky
et al. (2002) and their OGLE Ill names are listed in Table 5.6. A findingtgivaduced from OGLE

Il data is shown in Figure 5.12.

The star closest to the X-ray position (OGLE 111 14642) has colourshaigthtness consistent with
an early B star. Its position on thé — B vs. B — V diagram (Figure 4.8) is also entirely consistent
with it being the counterpart of a BeXRB. This candidate also appeansnalser 10287 in the survey
list of Massey (2002). Th& — V colour index from that catalogue B- V = (-0.12+ 0.01) mag.
Correcting for an extinction to the SMC &(B — V) = 0.09 (Schwering & Israel 1991, also used
for the spectral type estimates hereafter) gives an intrinsic coloBr-oV = (-0.21 + 0.01) mag.
From Wegner (1994), this indicates a spectral type in the range B2.BY.5V, which is typical of
optical counterparts to BeXRBs in the SMC (McBride et al. 2008). Howesere must always be
taken when interpreting colour information as a spectral type in systemddhdyhave circumstellar
discs contributing some signal to tBeandV-bands.

Optical photometry was performed at the Faulkes Telescope South (RTE)0® November 25
(MJD 55160). The telescope is located at Siding Spring, Australia and is af@ly autonomous,
robotic Ritchey-Chgtien reflector on an alt-azimuth mount. The telescope employs a robotic control
system. The telescope was used in real time interface mode for the obseofatidMU J004814.0-
732204. All the observations were pipeline-processed (flat-fieldidglarbiasing of the images). The
[-band magnitude of the optical counterpart was determined to be @& &?) mag by comparison
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with several other nearby stars on the same image frame and in the OGLEs#atdbese comparison
stars have not exhibited any significant variability in the last eight yea®3ifE monitoring.

Figure 5.13 shows optical and NIR photometry of OGLE |1l 14642 takéheadlfferent epochs (see
Table 5.7 for the actual values). The earliest optical data come fromay1§2802) and were recorded
on 1999 January 8. These data are combined with NIR measurements mek@d2oAugust 31 with
the Sirius camera on the 1.5 m IRSF telescope in South Africa (Kato et al).288d included is the
OGLE I-band measurement taken simultaneously with the Sirius NIR data set. Thissdaga are
compared to 8, V, R, andl photometric data set recorded on 2009 November 25 from the FTS.

For comparison, a stellar atmosphere model (Kurucz 1979) represerByy star Teg = 22 000
K and log @) = 4.0) is also shown where the model has been normalised to the most Bzband
measurement. Itis very clear that the recent data taken around the timedfileNewtondetection
represent the source in a much lower activity state than the earlier datheffuore, the shape of the
model atmosphere indicates clear evidence of a significant NIR excess pash, almost certainly
arising from the circumstellar decretion disc of the system. But in late 2009jgbénad diminished
significantly, to the extent where there is only small NIR excess. This isostegpby the very weak
Ha emission (see below).

The other two bright stars have a large separation to the XN#Aonsource of more thanda
The star OGLE 11114688 is probably a red (K to M) giant according to itst&@olours. The light
curve shows small variations of the order of 0.1 mag inltfband, but no evidence of any coherent
fluctuations. There is an object from the 2MASS survey (Skrutskie 2086)— 2MASS J00481347-
7322030- which is closest to the position of this star, wilh= 14.76 mag,H = 14.13 mag, and
K = 14.04 mag, which rather points towards a K2 star. OGLE 11114689 is likely a latgp® star
(B5-B9) from the OGLE colours. The OGLE light curve shows fluctuations efdrder of 0.05
mag and evidence of a strong modulation at a period of 2.19 days. Thelfidté curve appears
sinusoidal, which is probably evidence of non-radial pulsations in thgBtago et al. 2008). The
position, optical magnitudes, and colours make the star OGLE 111 14642 tkelikely counterpart.
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5. Individual X-ray sources in the SMC

Table 5.6.Possible optical counterparts of XMMU J004814.0-732204

RA®@) Ded® dist () u@ B@) v(@ 1@ OGLE IlI
(J2000) (J2000) ") (mag) (mag) (mag) (mag)
0048 14.10 -732203.6 0.76 130603 14.980.02 15.020.05 15.250.13 14642
0048 13.52 -732202.8 2.86 - 18.90:0.07 17.260.07 15.880.04 14688

0048 13.78 -732200.5 4.07 152003 15.930.03 15.960.03 16.0@0.04 14689

Notes. @) According to Zaritsky et al. (ZOOZSP) Distance of the Zaritsky et al. (2002) positions to the bore-sight codecte
XMM- Newtonposition.

Table 5.7.Optical and IR photometry of OGLE Il 14642.

M2002@) k2007b) FTSC) Siriug®
1998 Jan8 2002 Aug 31 2009 Nov25 2009 Dec 15
MJD51186 MJD52517 MJD55160 MJD 55180

B 14.54:0.01 - 14.87#0.20 -
V  14.66:0.01 - 14.86:0.03 -
R 14.66:0.01 - 14.87#0.03 -
I - 14.7G:0.01 15.3@0.02 -
J - 14.6740.01 - 15.46:0.01
H - 14.62:0.01 - 15.47#0.02
K - 14.53:0.02 - 15.49:0.07

Notes. (@ Massey (2002)() Kato et al. (2007)(¢) This work.

Long-term variability of OGLE Il 14642

The identification of XMMU J004814.0-732204 with OGLE 11114642 is sagpd by the MACHO
and OGLE light curves. This star shows strong outbursts repeating on ¢iames 0f~1000 days.
Figure 5.14 shows the light curves of the proposed optical countémpapiproximateB andR mag-
nitudes derived from MACHO data (ID 212.15846.31) and inlthend from OGLE Il and OGLE
lll. The I-band data point, which we obtained at FTS, was added to the OGLE liglé.clihe MA-
CHO light curve shows two outbursts around April 1995 and Janua®g,1®hile OGLE observed
six consecutive outbursts between June 1997 and December 2008.

The X-ray flux of the source is not obviously correlated with the optic@banst activity. The first
XMM- Newtonnon-detection was during maximum optical brightness. Thandranon-detection
was close to the maximum optical brightness, the last XMbWwtonnon-detection later in the optical
decline, while the detection could have happened at the decline or alreagyiéal low-state (see
Figure 5.14).

Optical spectrum

Spectroscopic observations of the Ifegion were made on 11 December 2009 (MJD 55176) using
the 1.9 m telescope of the South African Astronomical Observatory (SAAQ)200 lines mm?
reflection grating blazed at 6800 A was used with the SITe CCD, whidfidstavely 266<1798 pixels

in size, creating a wavelength coverage of 6200 A to 6900 A. The pizég §t this mode was 0.42 A
pix~t. The data were reduced using IRAF standard routines and the resydéotyism is shown in
Figure 5.15. The peak is at 6566 A, which is consistent with the corregppnest wavelength of
the Hu line corrected for the motion of the SMC. In this mode the spectral resolutio@.Bnm for
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5.3. Discovery of the 11.866 s Bé&ray binary pulsar XMMU J004814.0-732204
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Figure 5.13. Combined optical-
NIR flux for the counterpart OGLE
11114642 at two epochs: A histori-
cal data set (19992002) shown by
solid symbols and a data set from
the time of outburst (NovDec
2009) presented by open symbols.
See text for details of the observa-
tions. Both data sets are compared
to a Kurucz model atmosphere for
a B2V star in which this stellar
model has been normalised to the
outburstB-band point. Courtesy of
Malcolm Coe.

Figure 5.14. Multi-
wavelength light curves of the
XMMU J004814.0-732204 /
OGLE Ill 14642 system. The upper
two panels show the MACHGB-
and R-bands. In the third panel,
the OGLE Il I-band light curve
is plotted, with the last data point
indicating the measurement using
the Faulkes telescope (see text).
Dashed lines indicate the times of
X-ray measurements, as shown
in the bottom panel.  Arrows
mark upper limits (XMMNewton
Chandra and XMM-Newton in

chronological order), the cross
indicates the XMM-Newton
detection.

the signal-to-noise 0£10. We measured andHine equivalent width oEW = (-3.5 + 0.6) A, the
uncertainty being calculated using the prescription given in Howarth & Ph{llip86).
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Figure 5.15.Ha spectrum of OGLE 111 14642 taken 2009 December 11 at SAAO. Ceyité Malcolm Coe.

5.3.4. Discussion

One of the first XMMNewtonobservations of the SMC survey revealed the new high-mass X-ray
binary pulsar XMMU J004814.0-732204 with a pulse period of 11.866lf(fing Coe et al. 2005,

we give it the alternative name SXP 11.87). Its X-ray behaviour and theepties of the optical
counterpart (star with OGLE 11l ID 14688) are typical of a BeXRB. krficular its appearance as an
X-ray transient (a factor of at least 560 brighter during the outbursdctober 2009 as compared to
non-detections from archival XMNNewtonandChandraobservations), the hard power-law shape of
the X-ray spectrum, the pulse period, the optical brightness, variabilitguro(indicating an early

B star), and finally the bl emission line in the optical spectrum clearly confirm XMMU J004814.0-
732204 as another BeXRB in the SMC.

The power-law photon index derived from the EPIC spectra of-00586 (depending on the spec-
tral modelling of the soft part of the spectrum by including an additional reaidel component or
not) is on the hard side of the distribution of photon indices for BeXRBs in M€ Svhich shows a
maximum at~0.9-1.0 (Haberl et al. 2008; Haberl & Pietsch 2004). The range of vabiésined
for XMMU J004814.0-732204 is similar to the index of 0-3b54 reported for the 6.85s pulsar
XTE J0103-728 (also using XMMNewtondata in the same energy band; Haberl & Pietsch 2008). It
should be noted, that the later, also called SXP 6.85, was detected aesngr¢p 35 keV with RXTE
and INTEGRAL during a long type-Il outburst (Townsend et al. 20@wing that the hard spectrum
extends to energies beyond the sensitivity of XNN@wton SXP 11.87 and SXP 6.85 also show sim-
ilarities in their spectra at energies below 2 keV, indicating a soft X-ragexcHowever, the energy
resolution of the CCD instruments is notfcient to determine the exact nature of this component.
Some constraints can be inferred by usinffedent models for the soft component. If one assumes a
black-body component, a temperature-@80 eV and a black-body radius ©1.3.4 km is derived for
SXP 11.87. While this could still be compatible with the size of the neutron starothesponding
black-body radius for SXP 6.85 is too large (30 km, Haberl & Pietsch R0U8erefore, these au-
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5.4. The SNR candidate XMMU J0056.5-7208

thors conclude that the soft excess more likely originates near the ingeroé@n accretion disc as
expected for intermediate X-ray luminosities. The very similar parametengedefior a soft excess
emission suggest the same picture for SXP 11.87, although the inferrédduelg or inner-disc radii
seem to be smaller than the corresponding values for SXP 6.85. Howewssion by dfuse gas
through collisional heating or photoionisation is also possible for both ¢bféelsox et al. 2004).

The MACHO and OGLE light curves of the optical counterpart of XMMW04814.0-732204 show
prominent outbursts repeating on a time scale of about 1000 days. Veryrdigtilaviour was reported
from the optical counterpart of the 18.37 s BeXRB pulsar XMMU J004817P24939, which showed
two outbursts separated by about 1300 days in MACHO and OGLE | datiaefiHet al. 2008). Such
outburst behaviour is also observed from other isolated Be stars {bkemb et al. 2002). Because of
this and the fact that the outbursts do not repeat strictly periodically, iiisalythat they are related
to the orbital period of the binary system. Moreover, from the Corbetioeldetween neutron star
spin period and the orbital period (Corbet 1984), a much shorter odatald of about 20200 days
is expected (see Laycock et al. 2005; Corbet et al. 2009, for moemteersions of theds. Ry
diagram).

5.4. The SNR candidate XMMU J0056.5-7208

The background-subtracted EPIC mosaic image of the SMC revealechtwesandidates for SNRs
with low surface brightnesses and low temperatures (Haberl et al. ROM2a increases the number
of larger SNRs andfects the size distribution of SNRs in the SMC. The low statistics and low
energy resolution of the data only allow a crude analysis. As an exampl&|X80056.5-7208 will

be presented in the following.

In the EPIC mosaic image, enhanced emission is clearly seen in thel(0)&keV band (Fig-
ure 5.16). The SNR nature of the new candidate XMMU J0056.5-72@8ris1ad by a corresponding
optical emission-line structure. ThedSu] intensity ratio at the rim of the shell structure reaches
values of 0.4, which is at the lower limit of the expected values for SNRs inM@. However, X-ray
emission is mainly seen from the northern part of the elliptical optical strudtunemains unclear, if
we see two blended circular structures, or if the X-ray emission in the sotdmier. In radio, only
a marginal detection at 843 MHz with flux densitiesSo& 1 mJy is seen, pointing to a steep spectral
index (Miroslav FilipovE, privat communication).

Source and background X-ray spectra of XMMU J0056.5-7208 weiracted by Joseph DeRose
within a RISE-DAAD internship for the support of PhD students under npestision. We used the
EPIC-pn data of observation 0601210601 with a reduction as desénlset. 3.3.13, but the ARF
was calculated for an extended source. Due to the low surface brighthedbackground spectrum is
fitted simultaneously with a background model rather than subtracted frogsotiiee spectrum. The
background model comprises an unconvolved exponential decatydurielectronic readout noise),
an unconvolved power law (detector background), a Gaussian liflupkéscent line), an apec model
(thermal foreground emission), and a power law (CXB). The backgteonodel shape is assumed to
be the same for the background and source spectrum, but we allowfdrartinormalisation of the
contribution to both spectra. The spectrum of XMMU J0056.5-7208 is fittitdl &vsedov model
(Borkowski et al. 2001) witlz = 0.2Z in addition to the background as shown by the green line
in Figure 5.17. The best fit resulted inyéed/dof = 1.04/165. The spectra and best-fit model are
presented in Figure 5.17.

For the sedov model, we obtain an absorbing column densilyo& 1.2 x 1071 cm2, a plasma

temperature okT = 0.52"37% keV, an ionisation time of = 1.23"Jt1x 10* s cn3, and an emission
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Figure 5.16. Comparison of the continuum subtracted emission-line image from MCEHilSte EPIC mosaic image of
XMMU J0056.5-7208. Colours give linearly scaled intensities betweeH&o(red), [Su] (green), and [Qu] (blue). In the
right, the EPIC mosaic image is shown with linearly scaled intensities in the {@2keV (red), (1.62.0) keV (green),
and (2.6-4.5) keV (blue). The contours mark the summaee, ESn], and [Om] intensity at 8x 10726 erg cnt? s71.

Counts s keV*

Figure 5.17. EPIC-pn spectrum of
XMMU J0056.5-7208 (black) and a
nearby background region (red) to-
gether with the best-fit model. The
sedov model component is drawn in
Channel energy (keV) green. The lower panel shows the
residua.

measure oEM = 1.8%22 x 10°” cm™3. Uncertainties are for 90% confidence. The observed flux in
the (0.2-2.0) keV band is~5.3 x 101 erg cnT? s corresponding to an unabsorbed luminosity of
~3x 10 erg st

The results of the spectral analysis are consistent with an SNR nature @bjeéct, but can poorly
constrain the plasma parameters. Deeper observations are needédenifvestigate this and other
SNR in the SMC with low surface brightness.
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6. The diffuse X-ray emission

We see clear evidence forfllise X-ray emission in the background-subtracted XMlwtonmosaic
image. To further investigate thefilise emission, | developed a method for the spectral characteri-
sation of difuse emission with low surface brightness with EPIC-pn. In total, 647 spefcttifduse
emission in 240 subregions with a size ol® x 0.15° have been extracted (Sec. 3.3.15). After
describing the spectral analysis, | will compare the results with the morphaibthe brightness
distribution and discuss the origin of thefdise emission and its connection to star formation.

6.1. Development of a method for spectral analysis

To study the dfuse emission from hot gas in the SMC, several contributions to the meastesd X
spectra need to be taken into account. These originate from detectgroacHl, soft protons entering
through the telescopes, and celestial X-rays. To fit the spectra,datrased these background com-
ponents using observations of the SMC and observations with closed filéed Wi his comprehensive
set of about one hundred observations is distributed over the firstdi® pf the XMMNewtonmis-
sion. New insights into the EPIC-pn background will be useful for othediss as well, but should
be investigated with a complete set of all available XMNNdwtonobservations.

6.1.1. Soft-proton flares

As described in Sec. 2.2.4, low-energy particles can enter the detectbe ¥e&descopes and contribute
significantly to the detected signal. Characteristic for this component is afflaeimaviour, but also a
quiescent contribution is possible.

In general, it is assumed, that soft protons cannot reach the shialdegl€ of the EPIC CCDs. |
found that this assumption is not valid for EPIC-pn. An example of a backgt light curve of an
observation of the Vela SNR is shown in Figure 6.1. The SNR illuminates the Eotifavith X-rays.

In the first part of the observation (green) the flaring component wadav level or absent, in the
latter part, the background increased (red). Surprisingly, | find also@aease in the shielded area
(blue light-curve) of EPIC-pn (upper panel), but not in EPIC-MOSv@opanel). This is evidence for
a different behaviour of EPIC-MOS and EPIC-pn in the detector cornerSigure 6.2, we compare
images from the two intervals. Illumination by particles, but not by X-raysbisaus in the detector
corners of EPIC-pn. Using an SMC observation (ObsID 030117060k very high background and
without any flare removal, we see the sarffed. | note, that this observation was performed between
orbital phases of the satellite of 0.62 and 0.73 at altitudes above 90 000 kmopi.a& the beginning
or end of the orbit. In the case of the EPIC-MOS detector corners, thiigfa curve points to an
effective shielding against both particles and X-rays. Note, that in the ¢&9eIG-pn, OOT events
have been subtracted from the light curves, images, and spectra.

The radial profiles along the blue boxes from Figure 6.2 are compareduneF6.3a. In the case of
X-ray illumination, a sharp drop appears at the rim of the shielded ardke particles show only a
moderate decrease, which is somewhat stronger, than the vignetting atipsent inside the FoV.
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Figure 6.1. EPIC-pn (upper panel) and EPIC-MOS?2 (lower panel) light curvesheérvation 0153750701. Time intervals,
used for the images (Figure 6.2) are indicated in green (quiet seleatidmed (flares). The light curves extracted form the
corners are plotted in blue and multiplied by a factor of ten. For the corrterdigve of EPIC-pn, the OQOT light curve is
subtracted. The time binning is 100 s. For high count rates, EPIC-gfeisted by counting mode gaps.

The spectrum of observation 0301170501 inside the FoV and from thetdecorners is presented
in Figure 6.3b. In both cases, one finds a continuum, which roughly followexponential function
(exp(~KE)). For the corners, the exponential factoKis= (0.161+0.002) keV1, compared te-0.11
keV~! for the compete FoV. This is likely caused by the energy dependent vigneftiprotons (cf.
Fig. 17 of Kuntz & Snowden 2008).

For observations, which are only partlffected by flares, one can subtract the X-ray component,
resulting in a clean flare spectrum. This was done for all SMC observatieolfowing Kuntz &
Snowden (2008), | used a model for the “photon” spect&(f) = dN/dE consisting of two expo-
nentials, where the parameters of the second are coupled to the firdyhpmpdals.

Ssp = Agexp (-BoE) + As exp (-B1E) (6.1)
A]_ =dp + ale + azAg (62)
By = bo + b1Bo + bpB3 (6.3)

To avoid negative normalisations and allow a vanishing soft-proton cotitihu constrainag =
0 anda;» > 0. Fitting this function to 55 flare spectra from observations of the SMC that we
significantly dfected, results im; = 1.59(2),a; = 0.00000(3),bg = —0.40(2),b; = 9.6(3), andb, =
-15.0(9). The values foBy are found between 0.057 keVand 0.3 keV*. The fit statistics ig2 /dof
= 1.44/79615, which is a significant improvement compared to the simple exponentd| riiat
results ianzed/dof = 3.12/79620. | note that some flare spectra still show systematic residua. Isterva
of strong flare activity have been removed in the background scre€fawy 3.3.2) and the model
developed above is used to account for the remaining contamination. Thid allaavs to describe
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6.1. Development of a method for spectral analysis

Figure 6.2. Images from EPIC-pn (upper panel) and EPIC-MOS2 (lower pari¢heotime intervals with quiescent back-
ground of the Vela observation 0153750701 (left), the fldfeeted time interval (middle), and the background dominated
observation 0301170501 without GTI filtering (right). The false-colmages give logarithmically scaled intensities. OOT
events in the EPIC-pn images are subtracted. The images are scale® thiénaame number of counts in the outer FoV
(2'). Blue boxes mark the area used for the projection (see Figure 6.3a).

the soft-proton contribution with only two parameteéks and By, i. e. with the same number as a
single exponential model, when the @idgentsa; andb; are determined. For EPIC-MOS an energy
dependence was found, with the flare spectrum becoming harderdogstrflares (Kuntz & Snowden
2008). Since the residual flares in the GTl-screened SMC spectra enggfter, | constrained the
exponential factor to be 0.05 ke¥/ < By <0.5 keV1.

6.1.2. Detector background

The detector background of EPIC-pn is composed of several comtsyras discussed by 8trer

et al. (2000). Events caused by minimum ionising particles (MIPs) aredgineanoved on board
and by the SAS taskpchain. From an unrecognised remaining component of MIPs and energetic
electrons ang-rays that can be produced by MIPs, a quiescent particle backgjisobserved with a
continuous energy distribution (Lumb et al. 2002). Additionally, MIPs eaxisay fluorescent emis-
sion from material around the detector, which will be detected by the CCsamot be separated
from focused celestial X-rays. At lowest energies, electronic madioise also contributes signifi-
cantly. The last three components are well measured in filter wheel clbsedvations. The merged
event-files of these observations are provided by the backgrouridngayroug. The spectrum of
single-pixel events witlflag=0 from all full-frame observations is shown in Figure 6.4. Here | ex-
cluded flares at the end of observations from satellite revolution 822,88b51393, as well as the

lavailable at httgixmm?2.esac.esa.jigixternalxmm_sw_calbackgroungfilter_closed
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6. The dffuse X-ray emission
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Figure 6.3. (@ Count distribution from the projections along the blue boxes in Figure 6h2. XFray dominated case is
shown in black, the particle background dominated case in(FEdSpectrum of single events of observation 0301170501
extracted from the FoV (black) and the corners (red). The corremtspn is multiplied by a factor of ten. Using a diagonal
response, the spectra are fitted with a simple model, consisting of anemtfafiunction and a Gaussian line at 8.04 keV.
The Gaussian represents an X-ray fluorescent line from Cu. Thepedrum might be contaminated by X-rays at energies
below 2 keV. Only two bright sources have been excluded.

o

complete revolution 1561.

To describe the detector background for EPIC-pn, | developed airiemppdel for the merged
FWC spectrum. A basic description of the continuum is given by a power liéfivphoton index of
I = 0.4957°0.593¢ not convolved by the instrumental respohskhe fluorescent lines were modelled
with Gaussians as given in Table 6.1. Since | found similar residua for theggtst lines with instru-
mental and flat response, | decided to develop the model completely foredimnse. The read-out
noise at lowest energies was modelled by an additional exponential fapatoch is motivated by
a similar study, invoking also double pixel events. This study is focusing @@anialysis of the soft
emission from the SMC. Because the read-out noise of double pixeisas@ntributes significantly up
to ~0.5 keV, only single events were used. The high statistics in the FWC data dlkmmee further
improvements to reduce residua. The exponential function was modifiedlbiplying a spline func-
tion to better represent the real shape of the spectrum. | also added tameshadsorption edges to
the continuum at 393313 keV (K edge of oxygen) and at387'5:927, which is significantly lower
than the Si K edge and may rather be interpreted as redistribution of the AHimgever, adding a
model edge reduces the residua and we are not interested in a phyteiqadatation in first place. To
improve the modelling of the two strongest fluorescent lines (Al and Culdéd a second Gaussian
for each line with the same central energy but a higher line width to improveiiegentation of the
line spread function. The final model is presented in Figure 6.4 and rdasud]xsfed = 1.09 for 2312
degrees of freedom. There are still indications of missing components irsitua, as at the low
energy tail of the Al line, some weak unresolved lines around 2 keV araksilge line at 5.9 keV.
But with the current statistics, these components cannot be determiffeibstly well. They will
have negligible ffect on the investigation of single observations.

To investigate long term temporal evolution of the detector background,d fhie detector-back-
ground model to spectra reduced from FWC observations betwedntiend266 and 780 (phase A)
and between revolution 1430 and 2027 (phase B). In phase A and Bthetar background was at
a low and high level, respectively, showing a transition in between. Theaseris likely related to
the solar cycle. The individual spectra of both phases can be desevide by using the detector-
background model from above and fitting only two normalisations, one forehd-out noise, and

2A normalised diagonal response must be usedsirec.
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Figure 6.4. Screened FWC spectrum (black) of EPIC-pn with the best-fit modd).(l@dividual model components are
shown as dashed lines. The lower panel gives the residua.

one for the continuum and the fluorescent lines. For the individualredsens, the ratios of the
normalisation of read-out noise and fluorescent lines to the normalisatiba cbntinuum are plotted
relative to the value of the average FWC spectrum in Figure 6.5. An indepérvolution of the
fluorescent lines and the continuum is not observed. For the reaib®mé, one finds a systematic
increase with time and fluctuations between the individual observations tof 3ifPo relative to the
continuum. The normalisation of the fluorescent lines show only moderaitgtioas up to 8.6%
relative to the continuum.

Since the flux of each fluorescent line depends on the position in the ddfecpberg et al. 2004),
it is necessary to adjust the detector background model, when only afptdaie FoV is used for
spectral reduction. My approach is to extract a spectrum from the F&¥ selected from the same
region on the detector as used for the spectrum of the investigated sdhecstatistics of the current
FWC data corresponds ta.800 cts arcmir?. This allows to determine the emission lines, and shape
of the read-out noise individually.

| tested the method for temporal variations. Therefore, | extracted spiom each CCD and
from three subregions divided RAWY=75 andRAWY=140. The spectral shape was determined for
each subregion, by fit the detector-background model to the mergedadatanly weak features, i. e.
the 4 weakest lines and the energy of the absorption edges, could detdsemined individually for
subregions. Due to the lower statistic, | only used spectra from phase B &nt not the individual
observations. | find a good description of the spectra by the modelsddriom the merged FWC
data in the according subregion, when only two normalisations are usedll Bpectra | derivq/rzed
between 0.70 and 1.16.

Other studies use the shielded areas of the detector corners to constraimnthibution of the
detector background. There can be a remaining soft proton contamimation GTIs (cf. Fig. 13 of
Kuntz & Snowden 2008) which might also contribute to the corners of ERI(Sec. 6.1.1). Since
the difuse celestial X-ray emission in the SMC field dominates bel@keV only, whereas above
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Figure 6.5. Evolution of individual detector components. Error bars indicate 90fidence.

this energy the detector background and soft protons are relevagtjded for this study to fit the
detector background normalisation to the spectra. These two componarnte chistinguished by
their different spectral shapes (power law vs. exponential). In addition, teetde background is
constrained by the fluorescent lines.

6.1.3. X-ray fore- and background

Celestial X-ray emission in front of or behind the SMC is expected fronnthkemission in the
local hot bubble, thermal emission from the Galactic halo, and the cosmig Baekground. In the
following, | use “X-ray background” for the emission for all components

In Figure 6.6, | show the large-scaleffdise X-ray emission around the SMC from the ROSAT
all-sky survey. The XMMNewtonsurvey field and surrounding pointings are indicated by white
lines. In the ROSAT M keV band, which covers approximately (0-12284) keV band, there are
intensity variations in the X-ray emission around the SMC, but a contributmm the Magellanic
Clouds is not obvious. The comparison with the foregrounccelumn density map of Dickey &
Lockman (1990), where the SMC and LMC column density is not includets/an anti-correlation
of H1 column density and X-ray intensity. This points to an origin of this soft emissigside the
local hot bubble and suggests that the variations are primarily causedéredt absorbing column
densities. In the & keV band (0.4#1.21 keV) and the 1.5 keV band (0-+78.04 keV), | see diuse
emission from the LMC (lower left) and an enhancement in the SMC bar. Gthextures are caused
by individual ROSAT scans, causing strip-like structures converdirigeaecliptic pole close to the
LMC. The intensity in the higher energy bands shows no spatial variatloas to the SMC. This is
expected, as the emission in these energy bands is primarily originating fedmt®Galactic halo and
the extragalactic cosmic X-ray background and because absorptiteskagect at these energies.

The modelling of the celestial X-ray background is challenging, sincecesfyethe thermal emis-
sion from the Galactic halo is expected to have similar X-ray characteristite atffuse emission
from the SMC. Based on the ROSAT images, | assume, that the X-ray emisfstoe fore- and
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6.1. Development of a method for spectral analysis

Table 6.1.Modelling of fluorescent lines.

Element Ecentre o flux
[eV] [eV] [10% cm? s
Al 1487.98'9%2 36138 5423
148798 588120 52+24
Ti 4532733 611130 3.02°5¢7
Cr 5425275 709+88 7007974
Fe 638218 9673 5119%
Ni 74665723 652715 4047102
Cu 8026787247 780703 344673
802678@) 48528 713732
Zn 8615327 782728 356712
Cu 88782723 805724 441713
Zn,Au 956210  1087+105 8.60°073

Notes. (@) Coupled to previous line.

background components are not varying over the SMC field and thabdereed emission is only
modified by absorption.

| describe the celestial X-ray background by four components. (i}c€ount for X-rays from the
local hot bubble, | used an unabsorbed plasma model.

The plasma emission was calculated with the astrophysical plasma emissiorapede Smith
et al. 2001) that predicts emission line and continuum spectra for an optisalglasma in CIE. (ii)
Emission from the cooler plasma in the Galactic halo was modelled with an apec plastel which
is affected by absorption of the Galactic ISM. This component accounts forafieble structures,
seen in the ROSAT/4 keV band image. (iii) Analogously, emission from the hot Galactic halo was
modelled with an apec model of higher temperature. (iv) Emission from theico&ray background
was modelled with a power-law, that is absorbed by the ISM of the Galax{han@MC. With a line-
of-sight column density up to 286cm~2, the ISM of the SMC #iciently absorbs the CXB at lower
energies. The photon index was sefltc= 1.41 (De Luca & Molendi 2004). The normalisation
of this component depends on the level to which point sources are edsohs the XMMNewton
observations have a similar exposure, | assume a constant normalisa@tirsfrectral components.

SxrB = Siapec"' e_(T(E)NE'al(Sgpec"‘ Sieixipec"' e TENIN,, ET) (6.4)

For the X-ray emitting plasma, as well as for the absorbing matter, | assumedaires according
to Wilms et al. (2000) for the Galactic ISM and abundance&spt = 0.2Z, for all elements heavier
than helium in the ISM of the SMC (Russell & Dopita 1992). For each field irSiM€, the absorbing
column density can be derived from 21 cm Maps. For the column density of the ISM of the SMC,
NP, 1 used the map of Stanimirdviet al. (1999). A map of the Galactic foregrounaai\based on
the data of Staveley-Smith et al. (1997) was kindly provided by Erik Mullee @so Stanimirogi
et al. 1999; Muller et al. 2003).

To constrain the X-ray emitting components, | used observations arousdtBemain field (white
circles in Figure 6.6). Observations in the east were excluded, sina thase fiected by difuse
X-ray emission of the SMC wing, as well as one of the observations in tré sieat pointed on the
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Figure 6.6. Upper left: ROSAT true-colour images (Snowden et al. 1997) of tiude X-ray background around the SMC.
Red, green, and blue give logarithmically scaled intensities in#h&eV, 34 keV and 1.5 keV band. White lines mark the
observed XMMNewtonfields (cf. Figure 3.2)Upper right: H1 column density map from Dickey & Lockman (1990) in
units of 16° cm2. Lower panelgives false-colour images of thg¢4lkeV, 34 keV and 1.5 keV ROSAT bands in units of
107° cts s, from left to right, respectively.

X-ray bright foreground star CF Tuc, which might contribute significaat§p in the outer FoV of the
observation.

Fitting the X-ray background model, including the detector-backgrouddsafi-proton model, to
five observations in outer fields, | find a good description with a redyé%abf 1.13 for 1752 degrees
of freedom. For the apec plasma models the fit yields temperatukds 6f1081*38 eV, kT; = 21*21
eV, andkTj; = 24825 eV and normalisations dfij = 10.8°35, Nj = 28222603 andN;; = 2.17“_“8%]%,
all given in units of 102%(4rD%) *EM arcsec?, whereEM is the emission measure of the plasma
(Equation 2.10) in ci® and D, is the distance to the plasma in cm. For the power law, | obtain a
normalisation ofNy, = 2.19°2%8 x 10719 photons keV* cm2 s™! arcsec? at 1 keV. The temperature
of the cooler absorbed plasma component is low, compared to other stwtiek, give ~0.1 keV
(Kuntz & Snowden 2000). This leads to a lower contribution to the XNglwtonenergy band than
the ROSAT band, as most of the emission falls below 0.2 keV. A cooler plasmalsallbe &ected
stronger by absorption, consistent with the spatial variability, seen in ti8BAR@nages of Figure 6.6.

6.1.4. X-ray emission from the SMC

Due to the moderate contribution of the SMC emission to the overall EPIC-pirgpe one can
only fit a simple model. The real emission of the SMC will likely have a distribution rimperature
and absorbing column density within the area of individual boxes and #tenline of sight, but this
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Figure 6.7. Examples for spectra and best-fit model. The X-ray fore- and lvackgl is plotted in green, detector back-
ground in blue, soft-proton contribution in magenta, and SMC emissiordiamd the summed model in black. The lower
panel gives the residud® Spectrum extracted from observation 0404680201 in the field of box k& absorption is
Ngme = 7.9 x 102 cm? () Spectrum extracted from observation 0601210901 in the field of bax B8 absorption is
NP = 6.5 x 10%° cm2

would introduce too many parameters.

To characterise the filuse emission of the SMC, | used an apec model, which is absorbed by the
Galactic foreground and by a part of the ISM of the SMC, i. e. the columsitieof the SMC N
was constrained to be & NP < NP | usedZ = 0.2Z, for the X-ray emitting plasma and the
absorbing ISM as described abovegai\hnd N were set according to theHnaps as discussed
above. This model,

al sme:
SSMC = e_a—(E)Na e_O—(E)NH Sape((Tsmc, Nsmc) (65)

was fitted in combination with the previously discussed model components to altedrspectra
from the subregions of SMC observations. Spectra of the same sufbkegie fitted simultaneously,
such that the parameters for the emission of the SM&n¢ Tsme and N{"*) were the same. Ex-
amples of two spectra are given in Figure 6.7. The results for each bayivaan in Table B.1 in the
appendix.

6.2. Discussion

6.2.1. Morphology of the surface-brightness distribution

The XMM-Newtonmosaic images, with and without point sources and extended sources GdR
CIGs), are compared with the mosaic image of ROSAT pointed observatioheilHg al. 2000)

in Figure 6.8. Here | also show a mask, visualising the distribution of XM&Wwtonobservations.
Diffuse emission is clearly seen in the north-eastern part of the bar in the. (0)keV band. | expect
that most of the substructures in the XMNewtonimage are real features. This becomes evident,
when we compare the XMNNewtonmosaic with the ROSAT image. The basic structures in both
images coincide. The ROSAT point spread function strongly dependf-axis angle, which makes

it difficult to distinguish between faint sources in the SMC bar affdisk emission. With XMM-
Newton we can better separate point and extended sources fromftheedemission. Only a few
artefacts possibly result from the bright sources SMC X-1 and 1EQ110219.
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Figure 6.8. Upper left: XMM- Newtonmosaic image of the SMC centred on RES" Dec=-726. Redgreeriblue corre-
sponds to intensities in the energy bands 0.200651.¢1.0-2.0 keV.Upper right: Same image, but point and extended
sources were excluded. White boxes mark the extraction regions fepdetral analysis of theflise emissionLower left:
The ROSAT mosaic from Haberl et al. (2000) in the 0.1/@3-0.90.9-2.0 keV energy bandkower right: Distribution

of XMM- Newtonobservations.

The observed surface brightness is especially high at the north-westeof the north-eastern
part of the bar and shows substructures with scales of some 100 pc.inrsizgure 6.9, the X-ray
mosaic image, excluding point and extended sources, is compared to (8&aHimirovt et al. 1999)
and Hx (Winkler et al. 2005) emission of the SMC. fRise X-ray emission predominately originates
in regions with high k& and low Hi emission. Especially at the north-western rim of the bar, the
diffuse X-ray emission anticorrelates with the ¢mission. The anticorrelation can be caused by the
separation of hot and cold ISM as it is e. g. observed in the LMC. Keapimgind the large depth
along the line of sight of the SMC, the anticorrelation can also be causeadbgadectric absorption,
if a suficient amount of neutral ISM exists in front of the X-ray emitting regions.

Absorption can also explain the lack ofttlise X-ray emission in the south-western end of the bar.
Here, several SNRs are located, pointing to the presence of a hotAlSMthe spectra of the SNRs
in this region show higher absorbing column densities than in other parts &M@ (e. g. van der
Heyden et al. 2004). In the south-western bar, thecblumn density is highest in the SMC, with
values up to ¥x 10°2 cm2. Such high amounts of Habsorb X-rays up to 1 keVfgciently. E. g. the
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Figure 6.9. RGB image (pper panél of the SMC centred on RALS' Dec=-726 composed of logarithmically scaled
emission in H (red), Hx (green), and (0.2-1.0) keV X-rays (blue) as shown separatelilotver panel

(0.5-1.0) keV flux of a plasma with a temperatur&k®df= 0.2 eV and SMC abundance2 & 0.27,)
will be reduced to 54%, 23%, or 7% of the initial flux by passing ecdlumn density of 0.2, 0.5, or
1.0 x10%? cm?, respectively. Thus, if the plasma is highly absorbed, a detection with XWéMton
will be prevented completely, as the detector and cosmic backgroundmaieaid above 1 keV.

6.2.2. Spectroscopy

The results of the spectral analysis are presented in Figure 6.10. Foffieldst the fit-statistics
indicate a good description of the data by the model (Figure 6.10e). Thgxfglg}alues in the area of
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Figure 6.10. Distribution of parameters of theftlise emission as obtained from the spectral fits (Section 6.(3'2‘.)45em-
perature in keV(P) Unabsorbed surface luminosity in®aerg st arcsec?. (©) Detected surface brightness in-1derg
cmr2 s arcsec?. (9) Absorbing column density ;I* in 1072 cm 2. (¢) Reduced 2 . () Significance of the SMC emission
ino.

1E0102.2-7219 point to some residual emission in this region. The sigmiéazrthe SMC plasma
emission was estimated by dividing the normalisation by the lower-limitdnfidence interval (see
Figure 6.10f). Along the northern part of the baffdse X-ray emission of the SMC is evident. In the
outer parts of the bar and the wing of the SMC, low significances areedktitus one cannot verify
the presence of faint fiuse X-ray emission from the SMC here.

The spectral results confirm the scenario derived from the investigattitre morphology seen in
the mosaic image. The resulting detected flux is high at the north-westernthelodr (Figure 6.10c¢),
whereas the unabsorbed luminosity, as derived from the spectral figifgjjowing the bar of the
SMC (Figure 6.10b). In the bar, high values are found for the abspriatumn density R™* in
contrast to the north-western rim, where the derived absorption is |&wgrre 6.10d). The fits often
result in the maximal or minimal allowed value foBR, as it is poorly constrained by the spectra.
The two spectra, presented in Figure 6.7, give examples for a highB#(N 7.9 x 107 cm™) and a
moderately (N"* = 6.5 x 107° cm?) absorbed SMC plasma, both having a temperature around 0.2
keV. As can be seen, absorption has most influence at lowest enéngibglow 0.5 keV the emission
of the X-ray foreground is dominant.

Within the northern part of the bar, a relatively constant temperature iglfatounkTgme ~ 0.2
keV (Figure 6.10a). Around this region, the spectral analysis yieldsatidit of plasma with higher
temperature (0+41.1 keV) but low emission measure. Due to the low significance, the existence
of such a component is doubtful and needs further investigation. Ird=iglla, a histogram is
presented, where the luminosities of individual boxes for several teanperintervals are added.
With ROSAT, Sasaki et al. (2002) found regions with higher temperafupe® 0.8 keV), correlating
with some SNRs, especially in the southern bar. This might be caused by esithgat emission of
these SNRs. Such a temperature distribution is not found from the spacaigbis of the EPIC-pn
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Figure 6.11.@) Integrated unabsorbed luminosity as function of temperafB)ré\rea covered by the emission as function
of the surface brightness in the (85.0) keV band for boxes with significange3c- and 015 keV> kT > 0.3 keV.

data and also, we see no indication of spectral hardening in the mosaic isyageila be expected
for hotter plasma.

In Figure 6.11b, a histogram illustrates the area that is covered by thg &riting plasma with
temperature between 0.15 and 0.3 keV as function of the measured @tssubface brightness in
the (0.5-1.0) keV band. Typical values for the surface brightness ar&8:210 12 erg cnt? s™* deg?
with a few regions reaching values up t8 ¥ 1011 erg cnm? s~ deg?. Lower values often result in
an insignificant SMC contribution and the distribution will be incomplete here. Jd4nay background
in the same band accounts fe8.3 x 10712 erg cnT? s7! deg?, depending on SMC absorption.

By integrating over all boxes with a significance>8c, | obtain an unabsorbed and absorbed lu-
minosity of the SMC plasma in the (6:2.0) keV band of 35*055x 10°” erg s and 708595 x 10%°
erg s, respectively, where the errors denote statistical uncertainties. loygystematic uncertain-
ties will be higher, especially at lower energies, where absorption hasaffiest and the foreground
emission is dominating. In the (0-8.0) keV band, one can derive a better constrained absorbed lu-
minosity of 505533 x 10*® erg 1. The uncertainty of the measured X-ray fore- and background flux
will contribute most to the systematic uncertainty witt2.8 x 10> erg s'1.

Sasaki et al. (2002) derived a total unabsorbed luminositly ef 11737, x 10°” erg s in the
(0.1-2.4) keV band with ROSAT. For an apec plasma wiih= 0.2 andZ = 0.2Zp, this translates
to a luminosity ofL = 8.5 x 10% erg s in the (0.2-2.0) keV band and. = 4.2 x 10°¢ erg st in
the (0.5-1.0) keV band. The unabsorbed luminosity found with XM\dwtonis higher by a factor
of ~4.6 compared to the value derived with ROSAT, which might be caused byigherrabsorption

found with XMM-Newton

6.2.3. Origin of the diffuse X-ray emission

Diffuse X-ray emission can originate from the cumulative emission of weak s@fy Xources below
the detection threshold of the individual observations. From studies @akactic Ridge region such
a component was resolved up to 80% into CVs and active binaries with individminosities of
Lx < 10°2 erg st (see Sec. 2.4.2). The average spectral shape of such a composgpedsed
to be much flatter and extending to higher energies than the observed emigsiaharacteristic
temperature of 0.2 keV. E. g. Mineo et al. (2012b) used a power law witophndex ofl” = 2. Also
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6. The dffuse X-ray emission

Figure 6.12. Logarithmically scaledR-
band image from MCELS overlaid with
contours of the luminosity of the filuse
emission (white) and the XMMNewton
main field (black).

the observed spatial distribution is not compatible with such a component, istggpected to follow

the stellar population (Figure 6.12), but not th&uke Hr emission (see below). One would expect a
similar amount of dfuse emission in the outer south-western parts of the bar as in the northern ba
A CV/active binary component would be legbeated by absorption and contribute above 1 keV. This
is not seen in the mosaic images (Figure 6.8). Therefore, the obsefligzbdX-ray emission cannot

be produced by CVs and active binaries.

In contrast to this, the luminosity of theftlise SMC emission clearly correlates with SFR indicators
in the northern part of the bar, as shown in Figure 6.13. The X-ray emis$ionresolved and faint
young stellar objects cannot explain the observed temperature, sinaeooit expect a harder X-
ray spectrum with typical temperatures above 1 keV (Winston et al. 2007. observed 0.2 keV
temperature is typical for plasma in the hot phase of the ISM. The correlatistar formation is
caused by the mechanical energy input by shock waves from stellas aimiSN explosions.

The SFR in the SMC is estimated to values between 0.05 anig.¢r~* depending on dierent
indicators (Shtykovskiy & Gilfanov 2005, and references thereinjvérovalues are derived from UV,
Ha and FIR emission, whereas the higher values have been derivedtilhan isochrone fits and the
SNR population. This relates the observed luminosity in the{®.@) keV band to star formation
by a factor of 2- 14 x 10°” erg s* per Mg yr~. In other studies of nearby galaxies (e.g. Owen
& Warwick 2009; Mineo et al. 2012b), higher values fox/SFR have been derived in the range
of 0.25- 5 x 10°° erg s per Mg yr-t. However, UV and reprocessechtand FIR emission is
predominantly caused by the most massive stars with life times of sofng.18ince the life time of
early B starsl = 8 - 20Mp) is in the range of 1840 Myr (Bertelli et al. 2009), it takes longer for
diffuse X-ray emission to reach maximum luminosity by SN explosions of stars wittemdes/n to
8Mp (Mas-Hesse et al. 2008). For the SMC, the spatially resolved star-fiomi@story was derived
by Harris & Zaritsky (2004) from isochrone fits to a photometric catalogube SMC divided into
12 x 12 fields. | combined regions covered by the XMNewtonsurvey according to the derived
X-ray luminosity and SMC morphology to several larger fields as shown iar€i§.13d. The star-
formation history in these fields was derived by averaging the values cuthregions from Harris
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Figure 6.13. Same as Figure 6.10b but smoothed and overplotted ¥@icontours of the 24im SpitzefMIPS image at
0.1 MJysr (Gordon et al. 2011)(.b) Continuum subtracted ddcontours at 5< 1072 erg cnm? s from MCELS (Winkler

etal. 2005).(0) X-ray bright supernova remnants from Haberl et al. (2012a, dy@monds), high-mass X-ray binaries and
candidates from the XMMNewtoncatalogue (Section 4.3.3, green circles), andrdgions from Payne et al. (2004, blue

boxes).(d) Regions used for the calculation of star-formation history from Harrisaitgky (2004).
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Figure 6.14. Star-formation history in the individual regions shown in Figure 6.13d.
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& Zaritsky (2004) and adding the individual metallicity populations used bgdteithors. For each
field, the star-formation history is plotted in Figure 6.14 as function of time. Ffighd with high
X-ray luminosity (Inner Bar), a star-formation burst is found about 4¢r go. This is in good
agreement with the time needed for stars W$to evolve and explode in a SN. The total SFR in this
areawas (11+0.01Mg yr~t 40 Myr ago. For the inner bar, the unabsorhgd - okev/SFRuomyr ratio
can be estimated ta®208° x 10% erg s per Mg yr~* with this study. The high value of the most
recent star formation in the inner bar originates within only threéext22 subregions of Harris &
Zaritsky (2004) and unlikely causes the observetlide X-ray emission. In the regions with moderate
X-ray luminosity (Outer Bar, Wing Il) some indication of SF at 40 Myr is foasdwell. Regions with
low X-ray luminosity do not show SF at this time. Only in the SW region, star formaticeen 40
Mys ago, but originates from regions, werdéfdse X-ray emission might be absorbed completely. In
the “Wing I” region, a burst of star formation is evident0 Myr ago with 015*052Mq, yrt. Here

no strong difuse X-ray emission is found.

Using Equation 2.8, we can roughly estimate the shock wave velocity,te 400 km st. This
velocity is easily reached in stellar winds and SN explosions. The velocityeofidlated plasma is
expected to be.@5vsh ~ 300 km st (Equation 2.5). If this velocity exceeds the escape velocity, the
plasma might blow out into the halo. Also the X-ray luminosity might be high enoagbutflows.

By assuming anféiciency of 5% for the conversion of mechanical energy into X-ray emissien
mechanical luminosity 0£8 x 10°® erg s would be sifficient to cause a blow out in dwarf galaxies
with masses up to several Mg as derived with hydrodynamic simulations by Mac Low & Ferrara
(1999). Therefore, it is possible that we see outflows of the hot plasriee anorth-western edge
of the bar. For the distance of the SMC, 300 km sorresponds to°lper 40 Myr. As the X-ray
luminosity scales witn?, the expansion in the outer regions will prevent an detection at curegitin d
of the observations. Deeper X-ray observations with higher speesalution are needed to further
test this scenario.
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With the unprecedentedfective area of ESAs X-ray space observatory XMM-Newton, the main
body of the SMC is covered for the first time in the (812.0) keV band with imaging X-ray optics
down to fluxes of %1014 erg cnt? s~1. X-ray sources in the SMC are revealed down to luminosities
of ~10% erg s1. This allows to study HMXBs, SSSs, SNRs and théusie emission. In this thesis,

| analysed XMMNewtonobservations of the SMC from the large-programme XNildwtonsurvey,
performed between May 2009 and March 2010, and from archivaltd&en since September 2000.

| was focussing on the point-source population, new transient sodisesvered in the survey, other
individual interesting sources, and théfdse X-ray emission of the SMC.

To characterise the point-source population, | created the most compreheatalogue of X-ray
sources in the SMC, using 91 XMMewtonpointings covering the SMC bar and eastern wing with
an area of 5.6 dégand a total net exposure 62 Ms. Detection of sources in the EPIC images was
accomplished with sliding-box and maximum-likelihood techniques. The finalocpia contains
3053 unique X-ray point sources based on 5236 detections in the SMIC fieray sources are
characterised by fluxes in individual energy bands, hardness,rstiosce extent, as well as inter- and
intra-observational variability. For the brightest sources, spectraiameseries were extracted, as
well as finding charts were created for all sources. In collaborationaithVon Kim, | developed a
database system that is accessible by a web interface. This allows dyl@maitysis of the data and
provides access for the project collaboration members to the sourcegeegand individual source
products.

Due to the low distance of the SMC, point sources can be resolved aachtsghfrom regions with
diffuse emission to a higher completeness than in more distant galaxies. Hotlveviarge extent
on the sky leads to a relatively low surface brightness of tiffeisk emission compared to detector
and celestial X-ray background. For the analysis of tHBugé emission, a mosaic X-ray image of
the SMC was created. The subtraction of detector background allowedecton for telescope
vignetting and revealed structures with low surface brightness, like ndv¢aNdidates. In a second
version of the mosaic image, | excluded point and extended sourceslireythe structure of the
diffuse emission. To further investigate the spectral characteristics offftheedemission, | divided
the main body of the SMC in subregions18* x 0.15°) and developed a method for the spectral
analysis of these regions. Here, evidence for a contribution of thedlhenkground in the shielded
detector corners of EPIC-pn was found, in contrast to EPIC-MOS.

To analyse the point-source catalogue, the data set and its uncertaiattesaribed. The typical
uncertainty for coordinates is 1’310 confidence). Confusion of X-ray sources is only relevant near
the brightest sources. In a second step, | correlated our cataloguavaitable optical, infrared and
radio catalogues, as well as with previous X-ray catalogues. Hereawénd distinct counterparts
in the X-ray and radio band. In the optical and NIR, the selection of trueteoparts is challenging,
due to the high stellar density in the SMC field. Searching the literature, it vwasstpe to identify 49
HMXB, 4 SSSs in the SMC together with 34 foreground stars and 72 AGhMbdhe SMC. Based
on these sources, | developed a source classification scheme with theur@aseto discriminate
between sources in front of, within, and behind the SMC. This allowed &sifjacandidates for
foreground stars (128), SMC HMXBs (45), faint SSSs (8) as welA@hl (2105) and galaxy clusters
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7. Summary and conclusions

(13) behind the SMC. Finally, statistical properties of the individual sesemmples are discussed.

As part of the statistical investigation of the point-source catalogue, | sedluminosity func-
tions for the individual source classes. For BeXRBs, this is the mosispreteasurement of their
luminosity function from a homogeneous sample so far. The broken pewgrarametrisation of the
luminosity function confirms the turn over at9 x 10% erg s in the (2.0-12.0) keV band reported
by Shtykovskiy & Gilfanov (2005). The bright-end slope of the luminositgdiion of BeXRBs is
found to be significantly steeper than expected from the universal HMXBnosity function. This
is likely caused by a dlierent luminosity function of BeXRBs and SgXRBs. The relative contribu-
tions of BeXRBs and SgXRBs depend on the star formation history of theirdadaxy in the past
~40 Myr and influences the luminosity function of the HMXB population of this ggakand its hard
X-ray emission.

The majority of X-ray sources in our catalogue are background ssurekind the SMC. The
spectral properties and luminosity functions of unclassified sourceA@hdcandidates is consistent
with expectations from deep-field studies. The X-ray detected AGN in th€ 8&d will provide a
valuable sample of background sources. After further investigatioreséthources (determination of
unique counter parts and optical spectroscopy), they will provide taonastric reference frame for
investigations of proper motions of stars in the SMC and allow to study absogfierts by the ISM
of the SMC.

During the XMM-Newtonsurvey, we discovered four new hard X-ray transients in bright astbu
These sources could be clearly identified as BeXRBs, in contrast toittiélfd XB candidates found
in the point-source catalogue. One example has been presented in Sahd&&the X-ray source
was identified as a BeXRB pulsar in the SMC. Although the survey focusddeoSMC wing and
outer area of the bar, three of these new systems are located in the &M where the bulk of the
BeXRB population is located. This suggests that undiscovered systemgistithere. The four new
systems, as well as new candidates in the catalogue, further increaseriple ®f known HMXBs
in the SMC. An further enlargement of this homogeneous sample is highlyedefsir statistical
investigations, e. g. to characterise accretion processes and sugperpiosions.

The analysis of the catalogue revealed the first candidate foMdBesystem in the SMC with SSS
emission. This illustrated that XMMU J052016.0-692505 (Kahabka et 86Yid the LMC is not a
unique case. Recently, Li et al. (2012) reported the discovery adhanBg¢WD system in the wing of
the SMC. The system MAXI J0158-744 was found as bright SSS samdés associated with both a
nova explosion and an early-type Be star counterpart. Also an X-ridyimi of Cl Cam is suggested
to originate from a nova explosion in a Bé]D system (Filippova et al. 2011). With more and more
evidence, a new class of SSS might be recognised that is made up of §ysteyns of WDs accreting
from early-type emission-line stars.

New X-ray data of SMC 3 show that two scenarios can qualitatively explaisplectral evolution
and the shape of the light curve. The evolution of the X-ray spectra isrnipatible with varying
photoelectric absorption by neutral gas, but is consistent with enedgpéndent intensity variations
andor with temperature variations. As suggested before by Kahabka (2004)pton scattering in
a predominantly ionised stellar wind could lead to the observed intensity vagatitre stellar wind
density (mass loss rate) and the ionisation rate are high enough. Additionzr@ure changes in
the burning layer of the WD, which are caused by variable accretionfeziuce the required wind
densities. The understanding of absorption in SSS is important to see if tpeilagion can account
for the rate of type la SN (Hachisu et al. 2010).

The EPIC mosaic image revealdfdse emission in the north-western rim of the northern part of
the bar. The comparison with other wavelengths shows that these regieaigh H emission
from ionised gas but low Hemission from neutral gas, which would absorb X-rays. Here outflows
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might occur, but this needs further investigations. Nudie emission was found in most parts of
the wing and in the south-western part of the SMC bar. In the latter regienddtection of the
diffuse SMC component is probably prevented by absorption. To sepagaléfttse SMC emission
from background components, a spectral analysis was performedpEcetrum of the SMC emission
can be described with an optically-thin collisionally-ionized plasma model. Thetrspanalysis
allows to derive the luminosity distribution of the emitting plasma and also yields indisatar
strong absorption of the filuse X-ray emission. | obtain an absorbed and unabsorbed luminosity of
the SMC plasma in the (0-2.0) keV band with statistical uncertainties 008"53° x 10°¢ erg s*
and 3957092 x 10°" erg s, respectively. The total luminosity can only be estimated with high
uncertainties due to absorptiofffects that cannot be constrained well with the existing data. In
contrast to previous ROSAT studies, | find a relatively homogeneouslyeieryse aroundT = 0.2
keV. The spatial distribution of the fllise emission cannot be explained by unresolved point sources
like CVs and active binaries. The regions of high luminosity clearly corredatte star-formation
indicators and | show that this star-formation occurtd@® Myr ago. For the inner bar, an unabsorbed
Lo.2-2.0kev/ SFRiomyr ratio of 25*085x 10%8 erg st perMg yr is derived.

The results of the thesis yield deeper insights into the statistical and individopérties of X-
ray emitting sources in the SMC and help to improve the understanding of tlag Keint-source
population of the SMC and its interstellar medium. The source catalogue, thécritoage, and the
parametrisation of the fiuse emission will be publicly available and will provide complementary
information to future studies.
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8. Outlook

8.1. Further investigation of the XMM-Newton data

During the PhD thesis, the XMNRewtondata of the SMC have been used to investigate new transient
sources, the X-ray source population as a whole and fhigsdiemission. Similar studies will be done
for the currently ongoing LMC survey, an XMNMewton very-large programmeDue to the more
recent star formation in the LMC about 12 Myr ago (Harris & Zaritsky 20@comparison with the
SMC will yield a better understanding of the evolution of the HMXB populatiod #re hot ISM
dependent on star formation history.

The SMC survey data can be used for more detailed studies of the indigolurge classes: E. g.
the XMM-NewtonSMC catalogue lists 211 detections of 49 HMXBs. For 142 detections, theistatis
allows a spectral analysis. Additional systems have been observed ipnlbgEwvations. A homoge-
neous analysis of spectral and temporal behaviour of the SMC HMXBlatpn can yield further
insights to the HMXB population of the SMC. This study will be complementary to thyelsample
investigated with RXTE that is biased to bright outbursts and high pulsetidinac Additional 45
HMXB candidates need further investigation. With optical follow-up obatons of these systems
one can search forddemission. In X-raysSwiftmonitoring might help to find outbursts of BeXRBs
and trigger follow-up XMMNewtonobservations. Due to its largdfective area, XMMNewtonis
ideally suited to build up a large sample of observed BeXRBs. Becausetoditséent nature of these
systems, this can only by done step by step.

The XMM-NewtonSMC point-source catalogue revealed new candidates for faint S$Bsofe
has been investigated in detail so far (Sec. 5.2). The same holds/idBecandidates.

The XMM-Newtonsurvey of the SMC provides a complete census of the SNR population down
to an X-ray surface brightness of some¥erg cnt? s~ arcmirr?. This comprises 23 SNRs and
candidates (Haberl et al. 2012a). The EPIC mosaic image revealedhdwamndidates for large and
old SNRs, that will need deeper X-ray observations for further invatitig. A homogeneous analysis
of the XMM-Newtondata will allow to describe the population of the SMC. A first investigation has
been done as part of an internship by Joseph DeRose under myisigyerv

AGN behind the SMC are interesting objects for proper motion studies, ibbte®rrections and
investigation of the ISM of the SMC. The XMNllewtoncatalogue contains 2105 candidates for AGN
that ideally need to be confirmed by optical spectroscopy. For up to 16Y é€hdidates, an X-ray
spectral analysis is possible. Also the comparison with the recently publ&hieterSMC survey
will further affirm the background origin of these sources. From a comparison ofrderged radio-
continuum images (Wong et al. 2011, 2012) with the XMNédwtonpoint-source catalogue, Danica
DraSkovi€ found 96 associations. Most of these are background objects (8twimin preparation).

Also an extension of the survey in the eastern part of the wing towardsigieegiant shell SMC-
SGS 1 can lead to the discovery of additional BeXRBs, as e. g. SXPH#E®(It-Brunet et al. 2012;
Haberl et al. 2012b), and will allow the study of théfdse emission in this region.

After some time, an update of the XMMewtonpoint-source catalogue will be worth to consider.
This update can contain the following improvements: (i) A deeper sourcetibgteising combined
information of overlapping regions. At the time of the catalogue creation, @&8ion 10 did not
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8.2. The SMC in the forthcoming eROSITA all-sky survey

allow to handle a large number of images simultaneously. This is possible with-hie $AS version
11. (ii) Further improved astrometry by using additional identified sourgebsdresight correction
that will be available after investigation of good candidates in the curraatogme. (iii) A two-
dimensional PSF model is available in SAS 11 and will further improve the owated precision
and reduce the contribution of spurious detections. (iv) New obsengtperformed after the SMC
survey, can be included into a catalogue update.

8.2. The SMC in the forthcoming eROSITA all-sky survey

The extended ROentgen Survey with an Imaging Telescope Array (RO Fredehl et al. 2010;
Merloni et al. 2012) is currently developed at MPE and will be the primeunstnt on board the
Russian Spectrum-Roentgen-Gamma (SRG) satellite, planned for launch4n RQring the first 4
years, the satellite will perform an all-sky survey. This will yield 8 completeecages of the SMC,
separated by 6 months. The following consideration was part of a poatdrgtesented at thieirst
eROSITA International Conferenf@armisch-Partenkirchen, Germany, 2011 October 17-20).

Assuming a Sun-pointing scanning axis, the total exposure of the SMC wdtdaend 3450 s in
the bar and 3800 s in the wing. Simulated eROSITA spectra for one scgpatiogl (438 s exposure)
of the SSS SMC 3 and the BeXRB SXP 6.85 in bright state are presented ire Bidu The spectral
parameters were determined from XMNewtonobservations on 2009 October 3 and 2006 October
3. The simulated spectra allow to derive the SSS temperature and powehdd@npndex with a
statistical accuracy of 14% and 64%, respectively.

If we demand 15 counts for a detection with eROSITA, this simulation yields ali@shold for
source detection of.6 x 1014 erg cm™2 s and 52 x 10713 erg cm=2 s71 for a SSS and a HMXB,
respectively. Compared to the XMMewtonsurvey, this is higher by a factor 620, but allows
to detect systems already in moderate outbursts with luminosities If° erg s1. The repeated
coverage of the SMC during the eROSITA survey every six months enéblmonitor the BeXRB
population and will lead to the discovery of new BeXRBs and probably reé@#tBat were in fb-state
during the ROSAT all-sky survey. Their classification will be possible fapactral properties and
source variability. This will be especially interesting to probe the BeXRB [atjmn in the outer fields
of the SMC, which have not been monitored extensively so far and to standyterm light curves
over 4 years. Discoveries of bright outburst can be used to trigdglemtaip X-ray observations.
The feasibility of triggering an XMMNewtonobservation by the outburst of a BeXRB was e.g.
demonstrated by an XMNNewtonToO observation of IGR J05414-6858 (Sturm et al. 2012c).
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Figure 8.1. Simulated eROSITA spectra with an exposure of 439%:SMC 3 simulated with black-body emission.
(b) sxP 6.85 simulated with black-body and power-law emission.
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A. Acronyms

AGN
ARF
AOCS
BH
CCD
CCF
CIF
CIE
CIG
CTI
Cv
CXB
ECF
EPIC

ERM
ESA
FFT
FoV
FTS
FwWC
GTI
HMXB
IRSF
ICM
IR

ISM
LHB
LMC
MCPS

MIP
NIR
NLTE
NS
ODF

128

Active Galactic Nucleus OGLE
ancillary response file

Attitude & Orbit Control Subsystem OOT

black hole PSF
charge-coupled device QPB
current calibration file RMF
CCF index file RXTE
collisional ionisation equilibrium SAS
cluster of galaxies SFR
charge transfer iféciency SgXRB
cataclysmic variable SEXT
cosmic X-ray background SNR
energy conversion factor SMC
SPF

European Photon Imaging Camera
(on XMM-Newton) SSS

EPIC Radiation Monitor SWCX

European Space Agency ToO

fast Fourier transform uv
WD

field of view

Faulkes Telescope South
filter wheel closed

good time interval
high-mass X-ray binary
InfraRed Survey Facility
intracluster medium
Infrared

interstellar medium

local hot bubble

Large Magellanic Cloud

Magellanic Cloud Photometric
Survey

minimum ionising particle
near infrared

non-local thermal equilibrium
neutron star

observation data file

optical gravitational lensing
experiment

out of time

point spread function
quiescent particle background
redistribution matrix file

Rossi X-ray Timing Explorer
Science Analysis Software
star formation rate

supergiant X-ray binary
supergiant fast X-ray transient
supernova remnant

Small Magellanic Cloud

soft proton flare

super-soft X-ray source
solar-wind charge exchange
target of opportunity
ultraviolet
white dwarf



B. Tables

Table B.1. Results for the spectral fits of thefilise emission.

o O ®) @ (6) @) ®) ©) (109 QA1 (@12
ID RA Dec x2  dof KT EM L F Neme NS e
1-3 100 -73.40 133 170 .@% - - - 341 331
1-4 100 -73.25 111 128 .@9°2%  0092% 00229 094987 4.09%% 333 4.09
1-5 100 -73.10 1.01 183 .2603> 03301 00735 42505 09471 344 385
1-6 10.0 -7295 122 145 @892  0173% 00479% 18573 288952 353 350
1-7 100 -72.80 157 84 @092 00735 00295 06503 2189 359 218
1-8 100 -72.65 1.53 45 052% - - - 354 104
21 105 -73.70 1.13 66 .@2r2% - - - 325 329
2-2 105 -7355 1.49 138 .369%2 01199 002991 06392 5260X 327 5.26
23 105 -73.40 1.63 251 @9 - - - 337 528
24 105 -7325 1.44 250 .04'9%  0059% 00199 038932 5719Q 348 571
25 105 -73.10 139 277 .09 045T% 0099% 267940 4387 352 438
2-6 105 -72.95 1.20 200 .@O'5%0 046505 010°59F  3.0479%% 38370% 347 3.83
27 105 -72.80 1.34 285 @Y% - - - 344 240
2-8 105 -72.65 1.27 149 .8'%  0059% 00159 084793 1500 335 1.50
31 110 -73.70 0.90 59 @039 - - - 336 456
3-2 110 -7355 1.30 243 .34%%°  0139% 00399 06472 6060¥ 335 6.06
3-3 110 -73.40 114 424 891 01498 00399 109928 7.340% 340 7.42
34 110 -7325 111 439 @4 0299% 00799 16693 8607% 3.25 8.60
35 110 -73.10 1.22 272 @192  0220% 00599 19494 65309 333 6.53
3-6 11.0 -72.95 125 245 Z25% 04972 006992 192957 4290% 350 4.29
3-7 110 -72.80 1.30 210 @599  0.035% 001591 04093 28409 345 284
3-8 110 -7265 1.29 109 .75 0.075% 002991 112703 244099 353 244
4-1 115 -7370 1.28 132 .®602% 016942 00399 15403 485709 331 4.85
4-2 115 -7355 1.41 290 B0 05092 0079%2 2340 6170% 338 6.17
4-3 115 -7340 1.41 228 .82  024%% 00699 16672 8080¥ 322 8.08
4-4 115 -7325 127 392 84097  05390L 01299 547046 524178 325 944
4-5 115 -73.10 099 123 .92l 049918 01199 31407 895197 325 10.03
4-6 115 -7295 1.14 192 &4 0319 00798 33808 47529 329 6.82
4-7 115 -7280 1.17 269 .ZB0%2 082011 01199 754977 103791 3.34  4.80
4-8 115 -7265 1.35 418 2001 074021 00999 74293 0567755 3.50 3.13
4-9 115 -7250 1.22 298 .IBDY 092792 008302 34798 0017083 344 278
4-10 115 -7235 1.29 95 D723 228990 0.240% 714223 209400 342 294
4-11 115 -7220 0.91 88 D009 2360% 01209 26098 000958 3.15  2.09
4-12 115 -72.05 113 48 .@9® 046701 01092 6.651E 00075 319 1.05
4-13 115 -71.90 1.15 36 0029 022915 0059% 5293% 028957 3.00 0.95
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B. Tables

Table B.1. Continued.

ID RA Dec 42  dof KT EM L F Neme NS Ngme
5-1 120 -73.70 1.05 119 .35 02993 004591  19079:8 40403 324 4.04
5-2 120 -7355 1.45 282 .B0'5%2 03899 00599 53374 00078 343 545
5-3 120 -73.40 1.25 320 .68'5% 046017 01099 392041 6542 330 8.70
5-4 120 -73.25 116 337 .19'5%¢  046'91° 0109% 564932 394178 339 10.23
5-5 120 -73.10 2.00 45 .@0%% 055915 0119% 33519 4292% 332 1220
56 120 -72.95 1.00 132 .09*%22  030%9% 007992 1419 9039 327 9.70
5-7 120 -72.80 1.42 259 .P6*9%  0489% 00799 6369 00070 328 7.34
58 120 -72.65 1.06 318 .26*9%! 07199 01099 8899 0007922 3.61 3.87
59 120 -7250 1.15 431 .BI'592 0.63920 008755 60978 034793 351  4.26
5-10 120 -72.35 1.18 453 1602 174792 01893  3.030% 481709 340 481
5-11 12.0 -72.20 1.12 352 1903 066771 008738 340703 21699 321 216
5-12 120 -72.05 121 273 .223% 03091 00479% 25801 1.320% 326 1.32
5-13 120 -71.90 141 98 @32 - - - 324 087
6-1 125 -73.70 1.67 145 .m%i7  0199% 004991 20504 46809 322 4.68
6-2 125 -7355 1.17 367 @89  0309% 00799 441794 21019 332  6.46
6-3 125 -73.40 1.28 250 .P6*9%3  3.03%9%0 039:9% 80298 7.719X 322 7.71
6-4 125 -7325 110 216 491 1001938 01999 483942 8687 324 8.68
6-5 125 -73.10 1.06 308 .POS%> 150780 02158 418728 88671 3.36 10.66
6-6 125 -72.95 1.27 289 .4'5Y 050920 012907 478028 595282 329 10.54
6-7 125 -72.80 149 275 .1B9% 765980 08303 597088 94699 3.26  9.46
6-8 125 -72.65 1.26 387 BRSOt 17793 02309 170807 06572 3.67 3.93
6-9 125 -7250 1.10 497 .B65%Y 171920 023002 178607° 07872 358 351
6-10 125 -72.35 1.23 491 @03 25801 031792 11282% 32129 333 321
6-11 125 -72.20 1.25 417 .13 16191 019792  7.642%5 26409 340 264
6-12 125 -72.05 114 362 .2»%% 057912 0079% 43128 1701999 322 1.70
6-13 125 -71.90 1.27 132 .2p3% 0250 0039 20328 14829 323 148
6-14 125 -71.75 1.31 40 60537 01999 00599 409713 0907% 331  0.90
7-1 13.0 -73.70 135 277 .18 02899 006291 19723 6370% 324 637
7-2 130 -7355 1.23 397 .1B'5% 03098 00799 23792 7.089% 3.29 7.08
7-3 130 -73.40 1.08 385 B0 160920 0.239%  54070%¥ 83379 326 833
7-4 130 -73.25 140 316 .80%%7  0499% 011991 37693 75613 317  8.93
7-5 130 -73.10 1.24 262 .PO*3%2 23404 033992 80P 74609 326 7.46
7-6 130 -72.95 1.26 469 .10*5%! 89099 101998 125004 7.900% 332  7.90
7-7 130 -72.80 150 228 .P1*9%2 0487102 114009 1782082 7360 3.39 7.36
7-8 130 -72.65 1.45 231 .POS0T 551097 0.66'9% 13467982 59209 351  5.92
7-9 130 -7250 1.42 162 .P4'5%2 135711 018597 1019798 19870 348  3.69
7-10 130 -72.35 132 354 @YY 157038 021799 130208 155035 340 3.63
7-11 130 -72.20 111 254 .10 247087 02970% 82908 36495 336 4.60
712 130 -72.05 131 219 073 185017 02002  6.880%5 22809 345 228
7-13 130 -71.90 119 315 .mYYE 0429 00572 25003 20399 319 203
7-14 130 -71.75 126 227 @05  0020% 0019 0492% 12699 321 1.26
7-15 130 -71.60 117 251 @933  0039% 0019% 05428 09420 300 094
81 135 -73.70 152 213 .a0%%  014%% 00399 07892 45690 322 456
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Table B.1. Continued.

ID RA Dec 42  dof KT EM L F Neme NS Ngme
8-2 135 -7355 1.60 323 D92 01599 003591 131792 640703 3.28  6.40
8-3 135 -73.40 1.20 482 P850 121940 01759 333041 85970 3.15 859
84 135 -73.25 1.38 505 P90 169987 023997 377904 93790% 3.07 9.37
85 135 -73.10 1.16 499 D950 53704 059:9% 738031 7.42000 321 7.42
8-6 135 -72.95 124 546 4901 38503 05099 108878 6.9177% 334 6.91
87 135 -72.80 1.48 296 P00t 4.29%0%% 054995 86502 7.967% 336 7.96
8-8 135 -72.65 1.46 165 P99 43313 05501 10881 67379 341 6.73
8-9 135 -7250 1.30 267 499t 258928 03409 10439 50299 353 5.02
8-10 135 -72.35 1.39 351 .ZEQT 226792 03179% 217408 12502 331 342
8-11 135 -72.20 1.24 426 2B 1817022 02479% 105328 3.032% 332 3.28
8-12 135 -72.05 116 333 .0 116922 01479 630075 19822 325 1.98
8-13 135 -71.90 1.24 486 .ZBJYZ 0479 00693 40004 14829 329 148
8-14 135 -71.75 1.28 335 .ArY¥ 0200 00379 21003 15429 3.06 1.54
8-15 135 -71.60 1.29 276 .& 'L  00479% 0017% 0792 09728 296 097
8-16 135 -71.45 1.27 96 .pr:2% 03301 005992 39112 10699 297 1.06
9-1 140 -73.70 1.05 51 .@0%%% 035919 0079% 234218 35699 317  3.56
9-2 140 -7355 115 297 .Br910 03791 005992 21508 4049% 312  4.04
9-3 140 -73.40 1.23 329 .@51% 02159 005591 292046 3369% 312  4.30
9-4 140 -7325 1.32 347 B4 12693 016053 468932 53300 319 533
9-5 140 -73.10 1.34 461 .Brd%2 075921 010992 29970% 614709 318 6.14
9-6 140 -72.95 1.14 339 .P6'002 186048 025095 60373 6887 329 6.88
9-7 140 -72.80 1.18 361 @507  0379% 009991 516932 2371% 335 848
9-8 140 -7265 115 135 .PO*9%% 87623 10592 157613 7.320%Q 348  7.32
9-9 140 -7250 131 310 B892 35604 04799 8770 7470 342 747
9-10 140 -72.35 130 274 A%y 5019 0639% 1320708 61329 330 6.13
9-11 140 -72.20 110 335 B2 152077 021793 122170 19332 333 430
9-12 140 -72.05 113 260 2B 06871 009792 76802 03203 344 3.03
9-13 140 -71.90 1.38 460 .Z20%1  12170% 0167997 110203 1.13723% 3.03 293
9-14 140 -71.75 114 441 26793 0917915 01399 995038 0.86'9% 3.08 232
9-15 140 -71.60 112 236 .02 101792 01379% 6790 20799 3.03 2.07
9-16 140 -71.45 1.58 77 .099% 23348 012997 13508 167000 281  1.67
10-2 145 -7355 1.16 72 .09 0.289% 006992 19306 34200 316 3.42
10-3 145 -7340 130 243 42990 017995 00499 123032 36800 297 3.68
10-4 145 -7325 134 356 .T5'9%  0259% 00699 31005 4.0890% 316 4.08
10-5 145 -73.10 114 389 .35 08051 01290 4447073 523709 316 5.23
10-6 145 -72.95 126 446 .Dr'5%2 11527 01650 41508 67470 320 6.74
10-7 145 -72.80 1.34 289 .ZBYY 14593 021705 425070 83170% 314 831
10-8 145 -72.65 125 302 .50 505982 066'9% 1119708 81199 332 811
10-9 145 -7250 120 347 1591 93197 10699 103505 8637X 333 8.63
10-10 145 -72.35 1.32 280 .AD5%1 93713 113013 1596071 7.6109% 3.28  7.61
10-11 145 -7220 1.26 403 .1®9% 47509 05509 1352048 43303 323 529
10-12 145 -72.05 1.23 419 D%l 109924 01509 104892 115057 325 4.31
10-13 145 -71.90 1.33 337 .29%% 070921 0109% 8099 09194 313 357
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Table B.1. Continued.

ID RA Dec 42  dof KT EM L F Neme NS Ngme
10-14 145 -71.75 121 294 .Zy'5%2 03309 00599 48875 000793 3.05 2.95
10-15 145 -71.60 1.21 274 .ArJ% 030703 004799 450703 00092 2.86  2.19
10-16 145 -71.45 1.05 90 @30 - - - 278 228
10-17 145 -71.30 1.88 38 @03 012937 00392 2331% 18599 266 1.85
11-3 150 -7340 0.92 106 .09 03298 00798 43018 000798 297 316
11-4 150 -73.25 0.89 148 .29 018912 004992 323112 02815 312  4.30
11-5 150 -73.10 1.09 160 .Z0*9%2  2.749% 03290 86208 4590 318  4.59
11-6 150 -72.95 142 238 .I»9%1 41593 0469% 80798 580%% 318 5.80
11-7 150 -72.80 144 205 .ZB'503 194928 02650  7.69082 574703 3.07 574
11-8 150 -72.65 115 436 D502 331704 04300  8730% 7.2470% 316 7.24
119 150 -7250 1.08 288 .Z20% 47713l 06101 126008 641912 347  6.54
11-10 150 -72.35 1.34 418 .1®5% 947948 10909 198605 571799 318 571
11-11 150 -72.20 1.40 327 .ZBSY0 20592 02709 1938032 113728 3.01 4.28
11-12 150 -72.05 1.39 413 B9l 25601 035092 266505 0817912 312 351
11-13 150 -71.90 1.47 437 2891 25303 03400 20167 18873 3.06 3.93
11-14 150 -71.75 1.25 338 .2»%%2 07692 010%%  7.079¥® 105920 311 416
11-15 150 -71.60 1.34 337 .Br%%2 092951 013997 927971 110%¢ 290 371
11-16 15.0 -71.45 1.02 261 .A*5% 161703 02100 74208 35603 2.66 3.56
11-17 150 -71.30 1.08 29 @Y% 383182 01370% 1452 0000% 2.67 2.87
12-4 155 -73.25 153 152 &5 02699 006252 38007 26613% 333 4.22
12-5 155 -73.10 0.95 210 8051 025997 006992 344708 32114 290 4.64
12-6 155 -72.95 122 257 W59 036932 00898 481071 36978 294 557
12-7 155 -72.80 124 221 22992 24308 031020 93308 4807% 2.89 4.80
12-8 155 -72.65 128 273 28991 25703 033004 83503 581°0%Q 2586 581
12-9 155 -7250 1.18 433 .99 23992 03299 94692 5387% 327 538
12-10 155 -72.35 121 334 D% 38303 051700 1595984 497090 319 497
12-11 155 -72.20 1.37 763 .ZBSY 209513 0289002 216600 068715 295 4.72
12-12 155 -72.05 159 1173 .ABJY  2.8577% 03879 273770 1019% 3.00 4.76
12-13 155 -71.90 1.66 629 .ABJY 14697032 16809 2949708 544500 319 544
12-14 155 -71.75 1.40 470 .0®95%1 27103 0339% 75302 50479 316 5.04
12-15 155 -71.60 1.13 339 .A5%0 113021 014092 45204 37400 285 3.74
12-16 155 -71.45 1.18 330 .ZBS%S 095917 0139%2 5917078 31509 274 315
13-4 160 -73.25 126 109 .G4*9%% 015912 0039% 15812 34292 319 4.34
13-5 16.0 -73.10 120 220 85'9% 04191 00899 41075 48303 287 4.83
13-6 16.0 -72.95 105 259 .ZB'50S 091938 013700 428779 56373 2.83 563
13-7 16.0 -72.80 1.17 182 .31l 051759 011502 8327 00179% 281 514
13-8 16.0 -72.65 1.09 244 38512 066915 011502 42208 57709 291 577
139 16.0 -7250 1.13 381 22501 36193 046002 1288703 50709 3.07 5.07
13-10 16.0 -72.35 1.56 218 22501 347572 045007 13547080 4670 3.04  4.67
13-11 16.0 -72.20 1.87 718 .1®0%0 113793 132004 242805 5670 278  5.67
13-12 16.0 -72.05 3.03 95 200 1628181 20201 441211 5691990 304 569
13-13 16.0 -71.90 1.93 807 X590 1855937 1927004 221504 6137 3.07 6.13
13-14 16.0 -71.75 1.41 413 159 361702 04003 631950 54602 310 5.46
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Table B.1. Continued.

ID RA Dec 42  dof KT EM L F Neme NS Ngme
13-15 16.0 -71.60 1.16 324 22502 05479 00759 32794 28470 286 2.84
13-16 16.0 -71.45 0.98 336 .ZB'5% 02009 003791 289798 00075 271 270
14-4 165 -73.25 135 186 - a5 - - - 296 419
145 165 -73.10 156 389 .&'0%  0209% 00599 20503 53400 272 534
14-6 165 -72.95 1.09 345 2200 087941 01190 299708 51199 279 511
14-7 165 -72.80 122 236 .IB'9% 16893 0189% 33878 53200 290 532
14-8 165 -72.65 121 197 .@'%%  0379% 009992 47878 324131 288  6.02
14-9 165 -7250 122 270 20992 22103  027:005 72908 47100 3,01 471
14-10 165 -72.35 1.24 231 W50 372548 0450% 13527082 412909 294 412
14-11 165 -72.20 241 489 .0®5% 56203 06500 1330708 52209 289 5.22
14-12 165 -72.05 179 768 .A®J% 1431703 16799 26987035 631990 293  6.31
14-13 165 -71.90 1.79 690 .ZBSOl  10791% 014992 11347046 061793 3.02  6.56
14-14 165 -71.75 1.05 42 .2r5% 12831 01993 155828  0.82339 3.07  6.00
14-15 165 -71.60 1.54 83 .Z50% 060712 009792 84512 00098 287 3.25
15-4 17.0 -73.25 134 110 - .m% - - - 278 392
155 17.0 -73.10 111 258 B9 01191  002:9% 10803 4990% 271  4.99
15-6 17.0 -72.95 131 290 .&*%1°  0239% 00599 28304 43319 287 542
15-7 17.0 -72.80 135 252 .&'513 01459 003591 152030 52204 283  5.66
15-8 17.0 -72.65 125 214 D% 08293 011730 348937 5969 280 596
159 17.0 -7250 125 109 .IpSYT 218931 025003 74398 3790% 3.05 3.79
15-10 17.0 -72.35 1.25 308 .ZB'5% 055059 00899 59303 1481% 288 4.22
15-11 17.0 -72.20 1.47 253 .Zy*5% 0389 005992 22704 414709 293 414
15-12 17.0 -72.05 1.36 222 .aB5E  0129% 003991 154038 237278 303 550
15-13 17.0 -71.90 1.23 98 .14t 29309 0349 546'1% 62899 303 6.28
16-3 175 -73.40 106 139 .@6'93%  0.099% 00299 09298 3339 2.93  3.40
16-4 175 -73.25 135 357 22940 02099 00499 14373 48509 280 4.85
16-5 175 -73.10 120 245 7928 02991 007592 27007 60899 264 6.08
16-6 175 -7295 123 286 .A3'519  031:9% 007502 345079 324715 279 582
16-7 175 -72.80 122 408 .5 0200592 005991 21792 5069% 2.80 5.06
16-8 175 -72.65 125 350 20592 20693 02590 601932 521709 2580 5.21
16-9 175 -7250 120 221 .2B9% 106920 015992 674979 3967%X 2.87 3.96
16-10 17,5 -72.35 1.27 232 28592 138928 0189% 69508 3847X 296 3.84
16-11 175 -7220 1.42 254 - .o9% - - - 284 407
16-12 17,5 -72.05 1.34 248 .98%%  005%% 00199 03293 42879Q 3.07 4.28
16-13 175 -71.90 1.32 87 @Y% 234420% 063702 10795 42899 298 4.28
17-2 18.0 -7355 0.87 80 .G805;  0.140% 003292 13407 34490 3.08 3.44
17-3 18.0 -73.40 1.46 255 @51 011993 003057 14293 3817098 295 381
17-4 180 -73.25 145 264 .@9'5%  004'5% 001591 028725 5539 284 553
17-5 18.0 -73.10 1.13 432 .&3%%  0199% 00499 092928 5970 276  5.97
17-6 18.0 -72.95 1.02 284 g%l 01699 004991 228777 3311% 256 4.34
17-7 18.0 -72.80 126 201 @517 0189% 00499 1857047 4817009 276 4.81
17-8 18.0 -72.65 1.09 234 2899 057016 0089%2 3390 4419 292 441
17-9 180 -7250 1.38 334 .29%% 08891 012992 46303 38879 2589 3.88
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|
ID RA Dec 42  dof KT EM L F Neme NIH O Ngme
17-10 18.0 -72.35 1.26 149 .2»512 024519 0047591 17093 37390 279 373
17-11 180 -72.20 1.34 196 .BFI%¥ 041773 00599 19975 42599 315 4.25
18-2 185 -7355 0.80 46 P00 14103 01790 646112 36003 2.88  3.60

18-3 185 -73.40 128 272 @2  01470% 00399 172793 3901% 291 498
18-4 185 -73.25 141 314 .@3%  0130% 0039 05691 67199 253 671
18-5 185 -73.10 118 478 @Y  0150% 00399 15204 4067158 277 564
18-6 185 -72.95 105 380 2298 019017 002992 082953 39899 268 3.98

—0.06 —0.69
18-7 185 -72.80 1.03 226 27910 040947 00593 22418 4269% 284 4.63
18-8 185 -72.65 1.17 233 4757 022998 005501 215053 40299 292  4.02
18-9 185 -7250 1.08 182 .&b'5%2 01299 003591 148728 38303 286 3.83
18-10 185 -72.35 1.66 147 - .0mo%s - - - 283 343

18-11 185 -72.20 1.05 143 54759  03479% 0080% 296570 28571 280 3.98
19-1 190 -73.70 0.98 33 .2 04877 00603 46715 01332 318 376
19-2 190 -7355 113 78 .m*5%2 257052 0307035 887576 4300 293  4.30
19-3 190 -7340 136 88 .65 7.07°958 069709 1074'9% 52209 272 522
19-4 190 -7325 156 247 .19 340032 03709 64508 594020 267  6.14
19-5 190 -73.10 116 354 .@B9& 00375 00192 028932 59992 288  6.27
19-6  19.0 -7295 1.23 433 5% 012793 00339 11593 5400 276 540
20-1 195 -73.70 1.55 22 16700 5497%% 0487011 978328 3409% 311 3.40
20-2 195 -7355 1.19 71 .@@9% 02873 00623 588758 000793 299 354
20-3 195 -7340 1.21 158 WYY 04890% 01132 757975 23733 280 412
20-4 195 -7325 1.20 327 .aI9il 014795 00329 194543 1972% 283  4.65
20-5 195 -73.10 141 317 G894 0.12°9% 0032 096532 5237 275 5.23

206 195 -72.95 138 238 4799  0.200% 00599  141:9% 61999 278  6.19

—-0.69
212 200 -7355 143 61 .ZBO% 06708 00800 746176 01214 305 351
21-3 200 -73.40 122 189 @92l 020°0% 005092 201047 4380% 290  4.38
21-4 200 -7325 152 170 (1)) 1 - - - 286 407
215 200 -73.10 132 193 .9°9% 02209 (005002 193051 44500 283 445
223 205 -7340 119 149 @Y% 01009 00299 07694 32500 285 325
22-4 205 -73.25 154 169 - oY - - - 285 388

225 205 -73.10 129 113 @99 0119% 00298 070938 421799 280 421
233 210 -7340 082 29 B92 0380 00592 56037 00032 292 312
23-4 210 -73.25 202 41 .@03% 01799 00492 10992 410°% 292 410

-0.61 -157

Notes. (1) Region identification (cf. Figure 6.8§.2'3) J2000 coordinates of the box centf®) Reducedy? for the best fit.
®) Degrees of freedom for all spectra of this béR. Best-fit temperature in keV") Best-fit emission measure per area in
103 cm 3 arcsec?. (8) Unabsorbed luminosity of the SMC plasma in the (0.2—-2.0) keV band¥hetg s?. (9) Absorbed
flux from the SMC plasma component for the complete box in the (0.54&\0 band in 164 erg cnt? st. (10) Best-fit
absorbing column density for the SMC plasma if'1€m2 (1) Line-of-sight column density of Galactic foregroungi N
in 102° cm2. (12) Total line-of-sight column density of SMC,Nn 10* cmr2.
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Table B.2. XMM- Newtonobservations of the SMC.

(1) 2 (3) (4) (%) (6) (7) (8) 9) (10) (11) (12) (13) (14)
ID ObsID Target Date RA Dec ARA  ADec ExplD Time Filter Mode Exp Net Exp
(J2000) (J2000) "0 ) (um (s) (s)
S1 0601210101 SMC survey 1 2009 May 14 "BEr164 -71°2845" 1.42 0.85 M1S001 09:14:24 medium ff 29419 4280
M2S002 09:14:26 medium ff 29425 4284
PNS003 09:36:46 thin ff 27512 3551
S2 0601210201 SMC survey 2 2009 Sep. 25 "53V589  -71°4348”  -0.91 0.1 M1S001 00:15:42 medium ff 37420 37362
M2S002 00:15:42 medium ff 37425 37368
PNS003 00:38:05 thin ff 35834 35782
S3 0601210301 SMC survey 3 2009 May 18 "@@'018 -71°5642’ 0.53 -0.25 M1U002 10:29:15 medium ff 31614 27589
M2U002 10:29:34 medium ff 31603 27580
PNU002 10:47:01 thin ff 30304 26332
S4 0601210401 SMC survey 4 2009 Sep. 25 "0@TSFE3  -71°36417  -1.27 1.63 MI1S001 11:22:24 medium ff 37521 37464
M2S002 11:22:23 medium ff 37526 37469
PNS003 11:44:46 thin ff 35934 35882
S5 0601210501 SMC survey5 2009 Sep. 25 "5@0549 -71°4948"  0.47 -0.37 MI1S001 22:30:43 medium ff 50321 41464
M2S002 22:30:43 medium ff 50326 41469
PNS003 22:53:05 thin ff 48734 39923
S6 0601210601 SMC survey 6 2009 Sep. 27 "s@0202  -720142" -0.0 0.92 M1S001 00:10:53 medium ff 38520 34617
M2S002 00:10:53 medium ff 38525 34622
PNS003 00:33:16 thin ff 36933 34278
S7 0601210701 SMC survey 7 2009 Sep. 27 MEU2g&7 -721714" 0.78 0.82 M1S001 11:35:54 medium ff 38621 38616
M2S002 11:35:53 medium ff 38626 38621
PNS003 11:58:16 thin ff 37034 37034
S8 0601210801 SMC survey 8 2009 Oct. 9 MB@'155 -722155’ 1.16 -0.34 M1S001 18:33:30 medium ff 24620 24615
M2S002 18:33:31 medium ff 24625 24620
PNS003 18:55:52 thin ff 23034 23034
S9 0601210901 SMC survey 9 2009 Sep. 27 @089 -723739" 1.12 1.0 M1S001 23:02:34 medium ff 41138 34083
M2S002 23:02:33 medium ff 41148 34091
PNS003 23:24:56 thin ff 39685 32742
S10 0601211001 SMC survey 10 2009Nov.9 PN4RY567 -724438’ -1.2 -256 M1S001 21:16:08 medium ff 36520 26268
M2S002 21:16:06 medium ff 36525 26289
PNS003 21:38:29 thin ff 34934 24688
S11 0601211101 SMC survey 11 2009 Oct. 18 h4M¥295 -730227’ -0.1 -2.35 M1S001 22:47:09 medium ff 31619 27114
M2S002 22:47:09 medium ff 31624 27119
PNS003 23:09:31 thin ff 30034 25534
S12 0601211201 SMC survey 12 2009 Oct. 20 h4am252 -732011” 1.82 0.06 M1S001 22:51:09 medium ff 33119 29514
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Table B.2. Continued.

ID ObsID Target Date RA Dec ARA  ADec ExplD Time Filter Mode Exp Net Exp
M2S002 22:51:08 medium ff 33124 29519
PNS003  23:13:31 thin ff 31534 27931
S13 0601211301 SMC survey 13 2009 Oct. 3 "4EY2g7 -732425" -0.36 -0.72 M1S001 05:08:47 medium ff 32420 32363
M2S002 05:08:46 medium ff 32425 32368
PNS003  05:31:10 thin ff 30833 30779
S14 0601211401 SMC survey 14 2009Nov.4 "g®1g2 -73¥0903" 0.89 0.67 M1S001 21:38:31 medium ff 46520 32718
M2S002 21:38:30 medium ff 46525 32717
PNS003  22:00:51 thin ff 44290 31370
S15 0601211501 SMC survey 15 2009 Oct. 13 "5@¥255 -730258" 2.43  0.63 M1S001 00:02:01 medium ff 37620 36863
M2S002 00:02:00 medium ff 37625 36868
PNS003 00:24:22 thin ff 36034 35280
S16 0601211601 SMC survey 16 2009 Oct. 11 "5@¥215 -724827" 071 -2.54 M1S001 22:43:47 medium ff 43350 30443
M2S002 22:43:46 medium ff 43358 30443
PNS003  23:06:08 thin ff 41769 29100
S17 0601211701 SMC survey 17 2009 Oct. 16 "OPr231 -723523" 137 1.36 M1S001 01:05:21 medium ff 36738 20744
M2S002 01:05:17 medium ff 36785 20744
PNS003 01:57:40 thin ff 33664 17626
S18 0601211801 SMC survey 18 2009Nov. 13 "®@®T'0£7 -722252" 1.82 1.89 M1S001 20:59:56 medium ff 2535 0
M1U002 22:23:04 medium ff 31531 22358
M2S002 20:59:56 medium ff 2540 0
M2U002 22:23:11 medium ff 31531 22377
PNS003 21:22:19 thin ff 34934 21659
S19 0601211901 SMC survey 19 2009Nov.30 "GRI'332 -720954” 0.19 0.86 M1S001 14:46:19 medium ff 31619 31585
M2S002 14:46:19 medium ff 31624 31598
PNS003  15:08:40 thin ff 30034 30001
S20 0601212001 SMC survey 20 2009 Nov.27 "PI's64 -722238" 356 3.12 M1U002 22:39:06 medium ff 28231 28126
M2U002 22:39:09 medium ff 28234 28113
PNU002 23:04:04 thin ff 26490 26368
S21 0601212101 SMC survey 21 2009Nov.16 "ar3z3 -724331” 1.02 -0.54 M1S001 05:48:08 medium ff 34019 34014
M2S002 05:48:06 medium ff 34024 34019
PNS003 06:10:27 thin ff 32434 32434
S22 0601212201 SMC survey 22 2009Nov.19 "@'353 -7¥0105"  1.35 1.0 M1S001 20:45:30 medium ff 34521 22841
M2S002 20:45:31 medium ff 34523 22835
PNS003 21:07:51 thin ff 32934 22028
S23 0601212301 SMC survey 23 2009 Sep. 9 "107034 -730405" 2.14 -0.44 M1S001 09:13:53 medium ff 33421 33330
M2S002 09:13:53 medium ff 33426 33335
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Table B.2. Continued.

ID ObsID Target Date RA Dec ARA  ADec ExplD Time Filter Mode Exp Net Exp
PNS003  09:36:15 thin ff 31834 31743
S24 0601212401 SMC survey 24 2009 Jun 29 "20M476 -7¥1535" 213 2,05 M1S001 14:46:19 medium ff 36619 26962
M2S002 14:46:18 medium ff 36624 26967
PNS003 15:08:41 thin ff 35034 25372
S25 0601212501 SMC survey 25 2009 Sep. 9 "1Q13E5 -731824” 158 -0.12 M1S001 19:13:54 medium ff 33421 33416
M2S002 19:13:53 medium ff 33426 33421
PNS003  19:36:15 thin ff 31834 31831
S26 0601212601 SMC survey 26 2009 Jun 29 "08I331 -725446" 2.64 -0.38 M1S001 06:04:39 medium ff 28720 17760
M2S002 06:04:38 medium ff 28725 17770
PNS003 06:27:01 thin ff 27134 16803
S27 0601212701 SMC survey 27 2009 Dec. 26 "0UT548 -730925" 24 017 M1S001 07:25:22 medium ff 36622 36616
M2S002 07:25:20 medium ff 36624 36619
PNS003 07:47:42 thin ff 35034 35034
S28 0601212801 SMC survey 28 2009 Dec.7 "IT540 -730705" -0.14 1.26 M1U002 23:35:54 medium ff 21352 17646
M2U002 23:36:22 medium ff 21325 17620
PNU002 00:01:35 thin ff 19563 15863
S29 0601212901 SMC survey 29 2009 Sep. 13 "5@00048 -732023" -0.06 1.02 M1S001 13:29:26 medium ff 36120 34514
M2S002 13:29:24 medium ff 36125 34520
PNS003 13:51:46 thin ff 34534 32934
S30 0601213001 SMC survey 30 2009 Sep. 13 "5@0183 -733245" 117 -1.84 M1S001 01:11:03 medium ff 41720 40402
M2S002 01:11:03 medium ff 41725 40407
PNS003 01:33:26 thin ff 40134 38816
S31 0601213201 SMC survey 17 2010 Mar. 12 "aPr'231 -723523" -0.42 0.7 M1S001 00:56:15 medium ff 13619 10862
M2S002 00:56:15 medium ff 13624 10867
PNS003 01:18:37 thin ff 12034 9334
S32 0601213301 SMC survey 28 2010 Mar. 12 "@1's£0 -730705" -0.02 4.25 M1S001 05:26:15 medium ff 12621 8518
M2S002 05:26:15 medium ff 12626 8523
PNS003  05:48:37 thin ff 11034 8234
S33 0601213401 SMC survey 1 2010Mar. 16 "5BY164 -71°2845 -0.19  1.31 M1S001 10:05:12 medium ff 21521 15198
M2S002 10:05:14 medium ff 21526 15198
PNU002 11:27:06 thin ff 16224 12000
Cl1 0123110201 1ES0102-72 2000 Apr. 16 "@@'5CG:0 -720155 0.22 -1.41 M1S003 20:09:25 thin Iw 18800 17915
M2S005 20:09:26 thin Iw 18799 17914
PNS001 19:56:32 thin ff 19301 18418
C2 0123110301 1ES0102-72 2000 Apr. 17 "@@'5CG:0 -720155’ 0.44 -0.83 M1S004 04:43:37 medium Iw 17800 11725
M2S006 04:43:36 medium Iw 17799 11725
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Table B.2. Continued.

ID ObsID Target Date RA Dec ARA  ADec ExplD Time Filter Mode Exp Net Exp
PNS002 04:30:44 medium 18300 12229
C3 0135720601 1ES0102-72 2001 Apr. 14 "@@'50G:0 -720155 0.47 -0.68 M1S003 20:47:25 thin Iw 32900 13352
M2S005 20:47:25 thin Iw 32900 13352
PNS001 01:20:28 thin 16200 9393
PNS009 21:03:15 thin sw 12600 0
C4 0135720801 1ES0102-72 2001 Dec.25 "@TOG0 -720016” 2.35 -0.07 M1S003 18:44:37 thin Iw 32133 27568
M2S005 18:44:37 thin Iw 32133 27565
PNS001  19:00:33 thin sw 31317 26759
C5 0135720901 1ES0102-72 2002 Apr. 20 "@IOE7 -7201517 1.39 054 M1S003 22:28:33 thin ti 13026 10077
M2S005 22:28:22 thin Iw 13043 10085
PNS001 23:01:44 thin 13774 9134
C6 0135721001 1ES0102-72 2002 May 18 "®I'0E7 -7201517  0.02 1.61 M1S003 11:09:57 thin ti 13089 9393
M1S018 15:01:36 thin Iw 16691 7459
M2S005  10:39:47 thin Iw 14890 9385
M2S019 14:57:17 thin ti 16687 7467
PNS001 11:43:08 thin ff 12216 10516
PNS017 15:55:51 thin Iw 13000 4256
C7 0135721101 1ES0102-72 2002 Oct. 13 "0Br435 -720131”  0.17 2.07 M1S003 03:19:38 thin Iw 23676 23064
M2S005 03:19:38 thin Iw 23677 23066
PNS001 03:24:22 thin sw 10240 0
PNS017 06:53:28 thin Iw 10237 9837
C8 0135721301 1ES0102-72 2002 Dec. 14 "o®r564 -720028° 0.64 0.73 M1S003 03:53:55 thin Iw 28678 28372
M2S005 03:53:55 thin Iw 28677 28367
PNS001 03:58:40 thin sw 10940 0
PNS017 07:39:23 thin Iw 14538 14222
C9 0135721401 1ES0102-72 2003 Apr.20 "@I181 -720232° 143 0.81 M1S003 12:04:59 calc ff 9176 0
M1U002 15:03:09 thin Iw 34532 30351
M2S005 12:04:58 calc ff 9181 0
M2U002 15:03:14 thin Iw 34533 30365
PNS001 12:27:08 calc ff 7278 0
PNSO017 19:21:26 medium Iw 18741 18725
PNU0OO2 14:56:20 medium sw 13604 0
C10 0135721501 1ES0102-72 2003 Oct. 27 "0B'456 -720107”  0.09 122 M1S003 07:55:06 thin Iw 30177 24241
M2S005 07:55:06 thin Iw 30181 24249
PNS001 08:17:30 thick ff 28535 22597
Cl1 0135721701 1ES0102-72 2003Nov.16 "GB'456 -720107" 0.31 1.64 M1S003 06:12:02 thin Iw 27322 25158
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Table B.2. Continued.

ID ObsID Target Date RA Dec ARA  ADec ExplD Time Filter Mode Exp Net Exp
M2S005 06:12:03 thin Iw 27322 25170
PNS001 06:34:29 thick ff 31218 24492
Cl2 0135721901 1ES0102-72 2004 Apr. 28 "®I'17E3  -720238" 0.0 1.13 M1S003 07:09:57 thin Iw 33280 32977
M2S005 07:09:57 thin Iw 33285 32971
PNS001 07:29:42 thick Iw 31800 31484
C13 0135722401 1ES0102-72 2004 Oct. 14 "0Br456 -720107” 0.1 -0.46 M1S003 09:04:02 thick Iw 30878 30419
M2S005 09:04:02 thick Iw 30883 30406
PNS001  09:09:28 thick sw 30672 30191
Cl14 0135722001 1ES0102-72 2004 Oct. 26 "0ar036 -7201'44” 0.63 0.56 M1S003 06:56:39 thin Iw 31679 31599
M2S005 06:56:39 thin Iw 31683 31601
PNS001 07:25:23 thick Iw 29659 29578
C15 0135722101 1ES0102-72 2004Nov.7 "@A'596 -7201'44’ 0.37 1.89 M1S003 03:38:05 thin Iw 31577 24008
M1S019 22:38:09 calc ff 17441 0
M2S005 03:38:04 thin Iw 31583 23998
M2S020 22:38:08 calc ff 17444 0
PNS001 04:00:29 thin ff 29937 22638
PNS021  23:00:29 calc ff 15122 0
C16 0135722201 1ES0102-72 2004Nov.7 "®I'036 -7201'57" 0.64 1.01 MI1UOO2 13:09:50 thin Iw 22643 0
M1U003 21:15:30 thin Iw 2294 0
M2S005 13:06:24 thin Iw 22858 0
M2U002 21:18:05 thin Iw 2144 0
PNS001  13:28:49 thin2 ff 10565 0
PNUO14 16:36:13 thin ff 5383 0
PNUO27 18:15:48 thin2 ff 12781 0
C17 0135722301 1ES0102-72 2004Nov.7 "@B'596 -720157" -0.31 174 M1S003 22:35:47 thin Iw 31636 14035
M2U002 22:44:58 thin Iw 31094 14038
PNS001 22:58:12 thin ff 30000 13768
C18 0135722501 1ES0102-72 2005 Apr. 17 "®I"173 -720238° 0.25 1.64 M1S003 22:15:58 thin Iw 36878 23753
M2S005 22:15:58 thin Iw 36882 23769
PNS001 22:44:29 thin Iw 34872 21804
C19 0135722601 1ES0102-72 2005Nov.5 "@A"471 -720057" 0.14 1.07 M1S003 06:45:03 thin Iw 30207 28998
M2S005 06:45:04 thin Iw 30211 29009
PNS001 06:50:29 medium sw 30001 28796
C20 0135722701 1ES0102-72 2006 Apr.20 "®@M0L7 -720151” 0.02 2.32 M1S003 02:25:04 thin Iw 30207 30203
M2S005 02:25:03 thin Iw 30212 30208
PNS001 02:30:30 thin SwW 30001 30000
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Table B.2. Continued.

ID ObsID Target Date RA Dec ARA  ADec ExplD Time Filter Mode Exp Net Exp
C21 0412980101 1ES0102-72 2006 Nov.5 N@BIM471 -720057" 1.34 2.64 M1S002 00:55:20 thin Iw 32127 30986
M2S003  00:55:20 thin Iw 32131 31000
PNS001 01:00:46 medium sw 31971 30889
C22 0412980201 1ES0102-72 2007 Apr. 25 "®I0E7 -7201'51” 0.04 221 M1S002 12:36:26 thin Iw 36128 19571
M2S003 12:36:26 thin Iw 36133 19586
PNS001 12:41:52 thin Sw 35972 19435
C23 0412980301 1ES0102-72 2007 Oct. 26 "OB'471 -720057" 129  1.49 M1S002 09:49:09 thin Iw 36828 34966
M2S003  09:49:09 thin Iw 36833 34972
PNS001 09:54:35 medium sw 36671 34811
C24 0412980501 1ES0102-72 2008 Apr. 19 "®M0E7 -720151” -0.61 1.78 M1S002 09:22:50 thin Iw 29627 21997
M2S003  09:22:50 thin Iw 29633 22005
PNS001 09:28:17 thin SwW 29471 21738
C25 0412980701 1ES0102-72 2008 Nov.14 "@#rOL7 -720151” 1.97 254 M1S002 19:49:11 thin Iw 28628 28604
M2S003  19:49:11 thin Iw 28633 28607
PNS001 19:54:36 medium sw 28471 28438
C26 0412980801 1ES0102-72 2009 Apr. 13 "®M0E7 -720151” 1.09 1.31 M1S002 00:04:42 thin Iw 28628 6522
M2S003  00:04:42 thin Iw 28633 6527
PNS001 00:10:08 thin SwW 28471 6369
C27 0412980901 1ES0102-72 2009 Oct. 21 "Oarox7 -7201'51” 1.63 2.05 M1S002 09:03:03 thin Iw 28628 28624
M2S003  09:03:03 thin Iw 28633 28629
PNS001 09:08:28 medium sw 28471 28471
C28 0412981001 1ES0102-72 2010 Apr. 21 "®M0L7 -720151” -0.15 0.93 M1S002 01:36:37 thin Iw 30228 27254
M2S003  01:36:37 thin Iw 30233 27260
PNS001 01:42:03 thin SwW 30072 27101
C29 0412981301 1ES0102-72 2010 Oct. 18 "@T0LE7 -7201'51” - — M1S002 21:41:20 thin Iw 7223 0
M1U002 00:21:44 thin Iw 22103 20230
M2S003  21:41:20 thin Iw 7231 0
M2U002 00:21:51 thin Iw 22102 20237
PNS001 21:46:45 thin sw 31573 0
C30 0412981401 1ES0102-72 2011 Apr. 20 "®I'052 -720106” - - M1S002 23:41:18 thin Iw 34828 28770
M2S003 23:41:18 thin Iw 34833 28776
PNS001 23:46:44 thin sw 34671 28617
C31 0412981501 1ES0102-72 2011Nov.4 "®I'052 -720106" - - M1S002 09:18:39 thin Iw 29927 29924
M2S003  09:18:39 thin Iw 29933 29929
PNS001 09:37:48 thin ti 28936 0
C32 0412981601 1ES0102-72 2011Nov.4 "@M450 -71°5545" - - M1U002 18:40:27 calc ff 28717 28712
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ID ObsID Target Date RA Dec ARA  ADec ExplD Time Filter Mode Exp Net Exp
M2U002 18:40:30 medium ff 28720 28715
PNUOO2 19:00:13 thin ti 28936 0
Al 0112780201 RXJ0059.2-7138 2000 Sep. 19 "500130 -71°3850" -0.36 -4.78 M1S002 02:05:37 medium ti 4116 2425
M2S003 02:05:34 thin ti 4163 2428
PNS001 01:24:24 medium sw 8598 4900
A2 0110000101 |IKT5 2000 Oct. 15 DBEO"07O0 -731406” -0.64 -1.21 M1S003 15:18:28 medium ff 26897 25388

M2S004 15:18:22 medium ff 26897 25388
PNS005 16:24:25 medium ffe 23000 21599
A3 0110000201 IKT 18 2000 Oct. 17 @260 -721011” -0.07 1.87 M1S003 15:10:44 medium ff 19747 16656
M2S004 15:10:35 medium ff 19747 16656
PNS005 16:16:36 medium ffe 15850 13418
A4 0110000301 IKT 23 2000 Oct. 17 4520 -722310° 1.74 149 M1S003 21:45:54 medium ff 32630 11854
M2S004 21:45:53 medium ff 32659 11854
PNS005 22:51:56 medium ffe 30950 8148

A5 0112780601 RXJ0059.2-7138 2001 Apr.29 "B@#'130 -71°3850” 0.0 0.0 M1S002 21:07:59 medium ti 4966 52
M2S003 20:58:31 thin sw 5795 52
PNS001 21:14:.07 medium sw 5000 0
A6 0011450101 SMC X-1 2001 May31 W01 -732635° 0.77 -0.23 M1S001 02:20:10 thin i 59018 43157
M2S002 02:20:10 thin ff 59018 43157
PNS003 02:59:37 thin ff 56390 40790
A7 0084200801 SMC Pointing 8 2001 Oct. 17 "B@"3F7 -734056” -0.14 -0.13 M1S001 10:07:40 medium ff 21115 11491
M2S002 10:07:40 medium ff 21115 11491
PNS003 10:46:50 thin ff 18500 8866
A8 0011450201 SMC X-1 2001 Nov.16 'mrmo51 -732635" -0.41 0.21 M1S001 03:23:32 thin ti 40761 40035
M2S002 03:23:32 thin ti 40761 40027
PNS003 03:39:16 thin sw 40218 0
A9 0018540101 HD 5980 2001 Nov.20 '®@"268 -720955" 0.67 0.84 M1S001 23:42:37 medium ff 27025 1469
M2S003 23:42:37 medium ff 27025 1471
PNS002 00:21:48 medium ff 24410 1347
Al10 0084200101 SMC Painting 1 2002 Mar.30 hBE"417 -722024"  0.62 0.18 M1S001 13:48:28 medium ff 21279 9197
M2S002 13:48:29 medium ff 21279 9197
PNS003 14:21:45 thin ff 18999 7927
All 0142660801 RXJ0059.4-7118 2003 Nov.17 "5W'264 -71°1848" 0.04 -0.78 M1S001 03:55:54 thin i 12397 7338
M2S002 03:55:56 thin ff 12345 7337
PNS003 04:18:12 thin i 11785 5996

Al2 0157960201 XTE JO055-727 2003 Dec. 18 "8W'2Z0 -724200" 2.37 0.79 M1S004 14:32:45 medium Iw 3198 0
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Table B.2. Continued.

ID ObsID Target Date RA Dec ARA  ADec ExplD Time Filter Mode Exp Net Exp
M1U002 15:45:40 medium ff 14760 14346
M2S005 14:32:54 medium ff 18673 14309
PNS003 14:52:23 medium Iw 17198 14017
Al13 0164560401 XTE J0051-727 2004 Apr.28 "BO"150 -724424" 0.0 0.0 M1S001 22:07:38 medium ff 739 0
M2S002 22:07:38 medium ff 791 0
PNS003 22:27:43 medium Iw 777
Al4 0212282601 HD 5980 2005 Mar.27 "B9"268 -720954’ 0.94 0.8 M1S001 16:20:35 medium ff 26406 4495
M2S002 16:20:35 medium ff 26398 4501
PNS003 16:42:56 closed ff 34402 0
Al5 0304250401 HD 5980 2005Nov.27 "B9"268 -720954’ 0.65 1.36 MI1S009 06:22:46 medium ff 17571 17503
M2S010 06:22:48 medium ff 17574 17511
PNS011 06:45:04 medium ff 15937 15866
Al6 0304250501 HD 5980 2005Nov.29 "B9"268 -720954’ 2.29 -0.08 M1S001 05:11:36 medium ff 16570 16565
M2S002 05:11:33 medium ff 16575 16570
PNS003 05:33:52 medium ff 14937 14933
Al7 0304250601 HD 5980 2005Dec.11 "BO"268 -720954” 0.8 -0.03 M1S001 12:48:45 medium ff 16669 16664
M2S002 12:48:42 medium ff 16674 16669
PNU002 14:25:31 medium ff 10566 10566
Al18 0311590601 Nova SMC 2005 2006 Mar. 13 "D4"599 -732536"  2.41 1.98 M1S002 15:17:13 thin ff 11370 6765
M2S003 15:17:13 thin ff 11375 6770
PNS001 15:39:31 thin i 9737 5126
A19 0301170501 SMC Field-5 2006 Mar.19 ha@m234 -734100" 0.0 0.0 M1S001 14:23:19 medium ff 13198 621
M1U002 19:38:30 medium ff 2155 0
M2S002 14:23:17 medium ff 13198 621
M2U002 19:38:36 medium ff 2153 0
PNS003 14:45:35 medium ff 19437 0
A20 0301170101 SMC Field-1 2006 Mar.22 h08"064 -725223" -0.24 1.81 MI1S001 21:39:54 medium ff 23172 17960
M2S002 21:39:54 medium ff 23174 17961
PNS003 22:02:14 medium ff 21537 17107
A21 0301170201 SMC Field-2 2006 Mar.23 heam121 -720142’  0.49 3.01 M1S001 04:48:17 medium ff 23569 18364
M2S002 04:48:18 medium ff 23574 18369
PNS003 05:10:34 medium ff 21937 16737
A22 0301170601 SMC Field-6 2006 Mar.27 haom238 -724650" -0.95 0.29 M1S001 12:21:01 thin i 24872 14035
M2S002 12:20:59 thin ff 24875 14038
PNS003 12:43:17 thin ff 23238 12677
A23 0301170301 SMC Field-3 2006 Apr.6 @@M466 -733538° -0.51 -0.51 M1S001 04:32:35 medium fF 21570 17065
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Table B.2. Continued.

ID ObsID Target Date RA Dec ARA  ADec ExplD Time Filter Mode Exp Net Exp
M2S002 04:32:32 medium ff 21575 17070
PNS003 04:54:50 medium ff 19937 15437
A24 0402000101 RXJ0103.8-7254 2006 Oct. 3 "@BI'5Z2 -725428’ 1.35 -2.35 M1S001 00:09:09 thin ff 21619 20288
M2S002 00:09:11 thin ff 21625 20291
PNS003  00:31:26 thin ff 20037 18705
A25 0404680101 SMC Pointingd 2006 Oct. 5 0M7"360 -730824” 0.21 -2.78 M1S001 00:22:33 medium ff 23099 9294
M2S002 00:22:36 medium ff 23101 9296
PNS003 00:44:52 thin ff 21514 7714
A26 0404680201 SMC Pointing® 2006Nov.1  0062"264 -725212" 1.61 0.26 M1S001 00:56:29 medium ff 32318 32282
M2S002 00:56:29 medium ff 32324 32290
PNS003 01:18:46 thin ff 30737 30703
A27 0403970301 SMCO1: N19 2007 Mar. 12 "@@g"3¢4 -725931”7 -0.02 156 M1S001 20:02:20 thin ff 38826 24662
M2S002 20:02:18 thin ff 38834 24674
PNS003 21:02:54 thin i) 34949 20927
A28 0404680301 SMC Pointing3 2007 Apr. 11 061M0G:7 -732417” 0.38 -1.15 M1S001 19:38:25 medium ff 23606 17618
M2S002 19:38:25 medium ff 23613 17626
PNS003  20:00:45 thin ff 22024 16039
A29 0404680501 SMC Pointing5 2007 Apr. 12 0107423 -723011” 0.29 1.37 M1S001 03:07:23 medium ff 23621 23216
M2S002 03:07:22 medium ff 23626 23221
PNS003 03:29:42 thin ff 22037 21637
A30 0501470101 RXJ0059.6-7138 2007 Jun 4 590418 -71°3815’ 1.76 1.41 M1S001 08:59:50 thin ff 33405 10560
M2S002 08:59:50 thin ff 33410 10565
PNS003  09:22:09 thin ff 31822 10318
A31 0500980201 SMC Pointing® 2007 Jun 6 0DO"0CG0 -722700” 272 157 M1S001 08:52:16 medium ff 28621 12905
M2S002 08:52:11 medium ff 28626 12913
PNS003  09:14:30 thin ff 27038 11421
A32 0500980101 SMC Pointing® 2007 Jun 23 (®B3"0Z4 -722617" 4.25 0.9 M1S001 05:51:39 medium ff 25673 24164
M2S002 05:51:39 medium ff 25678 24169
PNS003  06:13:58 thin ff 24088 22688
A33 0503000201 SMC Field-5 2007 Oct. 28 "@@"234 -734100° 155 -0.29 M1S001 05:49:58 medium ff 21531 20301
M2S002 05:49:58 medium ff 21536 20301
PNS003 06:11:55 medium ff 19969 19164
A34 0503000301 SMC Field-6 2008 Mar. 16 "@Q0"238 -724650" -2.35 0.98 M1S001 15:25:16 thin ff 9129 5353
M1U002 18:39:00 thin ff 14711 0
M2S002 15:25:15 thin ff 9147 5353
M2U002 18:39:04 thin ff 14703 0
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Table B.2. Continued.

ID ObsID Target Date RA Dec ARA  ADec ExplD Time Filter Mode Exp Net Exp
PNS003 15:47:13 thin ff 28865 0
A35 0656780101 RX J0049.0-725 2010 Mar. 24 "4@'059 -725055’ 1.22  0.33 M1S001 01:24:49 medium Iw 6959 6955
M2S002 01:24:47 medium Iw 6963 6960
PNS003 01:53:20 medium Iw 5000 5000
A36 0656780201 RX J0049.0-725 2010 Mar.27 "4@'059 -725055° 0.37 0.44 M1S001 12:20:41 medium Iw 12528 8719
M2S002 12:20:42 medium Iw 12533 8724
PNS003 12:49:15 medium Iw 10569 6969
A37 0656780301 RXJ0049.0-725 2010 Mar. 30 "4@'059 -725055’ 0.48 2.15 MI1S001 08:49:55 medium Iw 6959 6955
M2S002 08:49:55 medium Iw 6964 6961
PNS003 09:18:28 medium Iw 5000 5000
A38 0677980301 SXP175 2011 Apr.8 "OI"S57  -722426" - — M1S002 09:22:42 medium ff 18120 5372
M2S006 09:22:42 medium ff 18125 5377
PNS001 09:45:05 medium ff 16533 5134
Ol1 0112880901 CF Tuc 2000Nov.30 "8@"0£8 -743907" 15 173 M1S001 12:12:57 medium ff 40548 39542
M2S002 12:12:54 medium ff 40547 39542
PNS003 12:54:23 medium ff 38150 37150
02 0142661001 RXJ0050.5-7455  2003Nov.16 "S0351 -745544’ -1.57 -2.42 M1U002 16:55:51 thin ff 15119 12106
M2U002 16:55:54 thin ff 15122 12109
PNU0O02 17:19:00 thin ff 13437 10429
03 0142660401 RXJ0059.1-7505  2003Nov.16 "S®1G7 -750523’  0.45 -0.9 M1S001 21:50:00 thin ff 18671 16445
M2S002  21:50:02 thin ff 18676 16471
PNS003 22:12:21 thin ff 17036 14806
04 0301150101 F00521-7054 2006 Mar. 22 "5BY561 -70°3804’ -1.26 2.1 M1U002 17:50:55 thin ff 10460 8270
M2U002 18:05:32 thin ff 9589 8228
PNU002 18:08:59 thin ff 9081 7778
O5 0301151601 F00521-7054 2006 Apr. 22 "BEP561  -70°38047  1.11  1.48 M1S001 00:55:16 thin ff 13970 12165
M2S002 00:55:14 thin ff 13975 12170
PNS003 01:17:32 thin ff 12338 10538
06 0602520401 NGC 602 2010 Mar.25 "@@"235  -733020" - — M1S001 12:23:09 medium ff 66220 63494
M2S002 12:23:09 medium ff 66225 63494
PNS003 12:45:30 medium ff 64635 62164
O7 0602520201 NGC 602 2010 Mar.31 "@@"235 -733020" - — M1S001 12:04:11 medium ff 110967 85028
M1U002 20:17:30 medium ff 4129 0
M2S002 12:04:11 medium ff 110982 85041
M2U002 20:17:25 medium ff 4139 0
PNS003  12:26:33 medium ff 116883 85083
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Table B.2. Continued.

SYT

ID ObsID Target Date RA Dec ARA  ADec ExplD Time Filter Mode Exp Net Exp
08 0602520301 NGC 602 2010 Apr.2 "@gm235 -733020" - - M1S001 19:58:02 medium ff 82902 52094
M2S002 19:58:05 medium ff 82933 52099
PNS003 20:20:25 medium ff 91076 50820
09 0602520501 NGC 602 2010 Apr. 12 "@em235 -733020" - - M1S001 10:58:23 medium ff 9560 0
M1U002 14:34:32 medium ff 43652 39701
M2S002 10:58:23 medium ff 9620 0
M2U002 14:40:43 medium ff 43290 39678
PNS003 11:20:46 medium ff 55034 40363
010 0164570701 GRB 050326 2005Mar. 26 "DO'3£L  -71°2234" - — M1UO002 18:43:46 medium ff 44432 11172
M2U002 18:43:58 thin ff 44424 11160
PNUO02 19:34:25 thin ff 41100 10206

Notes. () ID of the observation, where S,A,C, and O denote observations frentate-programme SMC survey, archival data, calibration obsemgand outer fields.
(2) XMM- Newtonobservation 1d.3) Name of the observation targe(ﬁ) Date of the beginning of the observatiof¥:5) Pointing direction.(7-8) Boresight correction. Only
available for observations that were used for the point-source ca&al()c@lExposure 1d.10) Start time of the exposuré?l) Instrument filter.12) Instrument mode (see Table
2.2). (13) Total exposure time14) Exposure time after standard GTI screening, not considering thernmstital death time.



C. EPIC images
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Figure C.1. Combined EPIC images of the individual observations. Colourgdredrblue) represent logarithmically
scaled intensities in the (0.2-1/@).0-2.0)(2.0—4.5) keV bands. Detections, which were used for the pointsaata-
logue, are marked with’ x 1’ boxes and labelled with the source-catalogue number. Continued opagext
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C. EPIC images
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Figure C.1. Continued from previous page.
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Figure C.1. Continued from previous page.
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C. EPIC images

45:00.0
“71:50:00.0
55:00.0
8-72:00:00.0
3
S
<3
o
4
a
05:00.0

10:00.0

15:00.0

08:00.0 07:00.0 06:000

45:00.0
71:50:00.0
55:00.0
S172:00:000
3
<
2
o
3
o
05:00.0

10:00.0

15:00.0

08:00.0 07:000 06:00.0

71:50:00.0
55:00.0

72:00:00.0

Dec (32000)

05:00.0

10:00.0

15:00.0

07:000 06:00.0

150

05:000

05:000

05:00.0 1:04:00.0
RA (32000)

104000
A (32000)

1:04:00.0
RA (J2000)

0135722001

03:000 02:00.0 01:00.0

0135722301

03:00.0 02:000 01:00.0

0135722501

03:00.0 02:000 01:00.0

45:00.0

71:50:00.0

55:00.0

286 240
248

feale

72:00:00.0

&

Dec (32000)

. 227

05:00.0
10:00.0

15:00.0

0135722101

08:00.0 07:00.0 06:00.0 05:00.0 1:04:00.0

RA (J2000)

03:00.0 02:00.0 01:000

45:00.0

71:50:00.0

55:00.0

-72:00:00.0

Dec (42000)

05:00.0

10:00.0

15000

0135722401

07:000 06:00.0 05:00.0 1:04:00.0

RA (32000)

03:00.0 02:00.0 01:000

45:00.0

71:50:00.0

55:00.0

72:00:00.0

Dec (32000)

05:00.0

10:00.0
19255

M

15:00.0

0135722601

07:000 06:00.0 05:00.0 1:04:00.0

RA (J2000)

03:00.0 02:000 01:000

Figure C.1. Continued from previous page.



71:50:00.0

Dec (32000)

Dec (J2000)

55:00.0

72:00:00.0

7

05:00.0

10:00.0

15:00.0

05:00.0

10:00.0

15:00.0

20:00.0

25:000

30:000

35:00.0

30:00.0

35:00.0

72:40:00.0

Dec (32000)

45:00.0

50:00.0

55:00.0

07:000

03:00.0

59:00.0

06:00.0

02:00.0

58:00.0

19255

05:00.0

01:000

57:000

74:50:00.0

55:00.0

1339 1282

W@

D IZED
L

1331 1335
75:00:000

1331 1285 1312

] e 1?1”{*5 1270 [1]
0 @ MUD‘ND

=)
3 1297 1266 132390 1288
S osmo0 | 194306 1264
5 1276 D 1
o 1310
2 e, () el
15000
0135722701 20:00.0 0142660401
RA (J2000) RA (J2000)

74:40:00.0

45:00.0

50:00.0

55:00.0

Dec (42000)

1397 1389

]
1369 1381
1363 1395
L] ] @T o PRy,
139: ®

1391

7 O

1361 !

-75:00:00.0

05:00.0

0142660801 10:000 0142661001

1:00:000 59:00.0 58:00.0 0:57:000 SS000 S0 SX000 52000 SLODO 050000 49000 48000 47:000
RA (32000) RA (32000)

71:55:00.0

72:00:00.0

05:00.0

8 10000
8
s
Y
2
a
15:000
35789 354 20:00.0
25:00.0
0157960201 0212282601
56:00.0 0:55:00.0 54:00.0 53:00.0 52:00.0 02:00.0 01:00.0 1:00:00.0 59:00.0 58:00.0 57:00.0 0:56:00.0
RA (J2000) RA (J2000)

Figure C.1. Continued from previous page.

151



C. EPIC images
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C. EPIC images
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C. EPIC images
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C. EPIC images
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C. EPIC images
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Figure C.2. Combined EPIC mosaic image of thein field Red, green, and
blue represent logarithmically scaled intensities in the{0.0), (1.6-2.0), and
(2.0-4.5) keV bands. Super-soft X-ray sources appear in red, Galstetis

in red or orange, AGN in green, blue or white, high-mass X-ray binanes
blue or white. Extended red or orange sources are identified as SNRs. C
appear as extended green sources. Large-scale red structgmesterfrom dif-
fuse X-ray emission. Detector background is subtracted and interithlfiigh
background were carefully removed. EPIC-MOS CCDsaimomalous state
were removed. Artefacts, like single reflections of photons from SMEC X-
have been excluded. The image is corrected for exposure and vignatith
was smoothed adaptively. For more details, see Section 3.3.14.
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