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Die verschiedenen Komponenten deénfgenstrahlung der Starburstgalaxie
NGC 253

Die Starburstgalaxie NGC 253 wurde mit XMM-Newton inbfrgenlicht beobachtet. Die
Analyse der wiederkehrenden ultraleuchfkigen Fontgenquelle NGC 253 ULX1 kann
durch einen anisotropisch abstrahlenden massearigéhdoppelstern mit einem schwar-
zen Loch erkart werden. Die ausgedehnte Emission in NGC 253 kann dunfes&as
(1.1-9.2<10% K) beschrieben werden. Scheibenregionen, in denen Statsielen, zeigen
hartere Spektren als Regionen mit niedriger Sternentstednatey Die Emission im Halo
zeigt rAumliche und spektrale Unterschiede. Erstmalig werdemdudfgebste FRontgen-
spektren @ir verschiedene Regionen des KernausfluRasgmtiert und Temperaturen des
haupt&chlich stolZionisierten Plasmas abgeleitet. Das O Vlligsmanslinenbild der Kern-
region zeigt zum ersten Mal direkt das heif3e Windfluid.

X-ray Emission Components of the Starburst Galaxy NGC 253

Different emission components of the nearby starbursixgaGC 253 were studied in X-
rays, based on fouXMM-Newton observations between 2000 and 2003. We find the ultra-
luminous X-ray source NGC 253 ULX1 as a reccurent and ampatally emitting stellar
mass black hole low mass X-ray binary. Prominent emissiomfhot gas is characterised
by temperatures of 1.1-9<20° K in the disc and 1.1-3>410° K in the halo. Regions in
the disc that cover star forming regions, show harder spegbtin regions with lower star
forming activity. The halo emission is neither spatially spectrally uniform. We present
the first spatially resolved high-resolution X-ray spestapy of the nuclear outflow and
derive temperatures for the predominantly collisionallyised plasma. The O VIII emission
line image of the nuclear region for the first time shows thiewind fluid directly.






Contents

1 Introduction
1.1 X-ray emission from starburstgalaxies . . . . . ... ... . ........

1.1.1 DiSCrete SOUrCeS . . . . . v v v v et e e 2
1.1.2 Diffuseemission . . . . ... .. ... ... 6
1.1.3 Foreground and background sources in fields of galaxie . . . . 9

1.2 Thestarburstgalaxy NGC253 . . . ... ... ... ... ... ..... 13
121 Thenucleus . . .. . . . . . . . .. . 14
122 ThedisC. . . . . . . . . . e 15
1.23 Thesuperwind . . .. ... .. . ... .. ... 16
124 Thehalo . ... ... . . . . .. 18

2 The XMM-Newton observatory, observations and data reduction 21

2.1 The X-ray observatory XMM-Newton . . . ... ... ... ....... 21
2.1.1 X-raytelescopes . . . . . . ... 21
2.1.2 European PhotonImagingCamera . . . . . . ... ... ...... 22
2.1.3 Reflection Grating Spectrometer . . . . . .. ... ... .. ... 23
2.1.4 OpticalMonitor. . . . . . ... .. . . e 23

2.2 Observations . . . .. .. . . . . ... 24

2.3 Basicdatareduction. . . . . . . . ... 5 2
2.3.1 Pipelineproducts . . . . . . ... . ... 26
2.3.2 Screening for high background . . . . . ... ... ... ..... 26

3 The recurrent ultra-luminous X-ray transient NGC 253 ULX1 29

3.1 Search for the source in XMM-Newton, Chandra and ROSAiees . . . 29

3.2 Detailed analysis of XMM-Newton observation 011090D10. . . . . . . 30

3.3 Analysis of ROSAT observation 601111h . ... .. ... ... ...... 33

3.4 DISCUSSION . . . . . o 33



4 The diffuse emission in the disc and the halo of NGC 253 37
4.1 EPICdatareduction. . . . . . . . . . . . . . ... 7 3
4.1.1 Pointsourceremoval . . . .. ... ... L Lo 38
412 Images . . . . . . .. e 41
4.1.3 Hardnessratiomapsandspectra . . . ... ........... 41
4.2 Results. . . . . . . e 42
4.2.1 Discdiffuseemission . . . . . . . ... 42
4.2.2 Halodiffuseemission . .. ... ... .. ... ... .. .. ... 46
4.3 DISCUSSION . . . . . v e e e 52
4.3.1 The extent of the diffuse emissionof NGC 253 . ... .. ..... 52
4.3.2 Is the diffuse emission in the disc really from hotistellar gas? 52
4.3.3 Spectral fits and variationsinthehalo . . . . ... ... ...... 54
4.3.4 Temperatures, abundances and column densities 54
435 X-rayversus UV morphology . . .. .. ... ... .. ...... 56
5 High resolution X-ray spectroscopy and imaging of the nuaar outflow 61
5.1 Datareduction. . . . . . . . . . . . 62
51.1 RGSspectra . ... ... . . . e 63
5.1.2 RGSIMages . . .. . . . . . . 65
5.1.3 RGS cross-dispersionprofiles . . . ... ... ... .. ...... 7 6
514 EPIC-PNImages . . . . . . . . . ittt 67
5.1.5 EPIC-PN brightness profiles . . . . ... ... ... ........ 68
52 Results. . . . . . 68
521 RGSspectra . ... ... . . . e 68
5.2.2 RGS cross-dispersionprofiles . . . . ... ... ... ... .. 5 7
523 RGSIMages . .. . . . . . . e 76
524 EPIC-PNimages . . . . .. . . . . . e 77
5.2.5 EPIC-PN brightnessprofiles . . . . ... ... ... ........ 78
5.3 DISCUSSION . . . . . . . o e e 78
5.3.1 Lineratios andtemperatures . . . . .. .. ... ... ... ... 78
5.3.2 The morphology of the outflow . . . .. .. ... ......... 82
6 Conclusions and Outlook 85
6.1 Conclusions . . . . . . .. 85
6.2 Outlook . . . . . . . e 87
Appendix 89



A The soft diffuse X-ray background - An analysis of two Suzakuobservations
A.l Introduction . . . . . . . . ..

A.2 Observations . . . . . . . . . e

A.3 Oxygenlineintensities . . . . . . . .. ... . .. ... ... .. ...
A.4 SolarWind Charge Exchange . . . . . . . .. . ... .. ... .....
A5 Conclusions . . . . .. e

B Combined EPIC PN and MOS images

C Vignetting corrected and background subtracted EPIC PN imayes
D Background correction for faint extended emission

E RGS images of emission line regions

List of Figures

List of Tables

List of Abbreviations

Bibliography

103

105

111

115

121

123

125






Chapter 1
Introduction

Nearby galaxies provide excellent laboratories for stagynany types of astrophysical phe-
nomena, at a relatively well-known distance. Especiallgafaxies with strong star forming
activity (so-called starburst galaxies), the large scefask emission can be quite prominent.
One of the closest starburst galaxies, NGC 253, has beemnvelds@ X-rays many times.
However, only the newest X-ray observatories provide tmsisigity and resolution to sep-
arate the diffuse emission from the point source populatiorthis work, we characterised
the X-ray emission of NGC 253, as observed with the X-ray nladery XMM-Newton.

After an introduction of typical X-ray sources in starbugataxies in this chapter, we de-
scribe the X-ray observatoXMM-Newton, the observations and the basic data reduction. In
Chapter 3, we present our analysis of one selected pointesaherecurrent ultra luminous
X-ray source NGC 253 ULX1 (Bauer & Pietsch 2005). The diffusession in the disc and
halo of NGC 253 is described in Chapter 4 (Bauer et al. 20074pwied by the study of
the nuclear outflow in Chapter 5 (Bauer et al. 2007b). The cemuhs and an outlook into
future work are summarised at the end.

1.1 X-ray emission from starburst galaxies

Starburst galaxies show an exceptionally high rate of stan&tion, compared to most galax-
ies. These bursts of star formation are often triggered irgmg and interacting pairs of

galaxies. In general, to start star formation, it is neagstsehave a massive cloud of molec-
ular gas. Once the mass exceeds the Jeans mass, the graaltatiessure exceeds the
thermal pressure inside the cloud and it contracts and fea¢sn The further collapse of the
fragments leads to the formation of stars. Massive statatkdormed in this process have a
lifetime of just a few million years, before they have burtleeir nuclear fuel and explode as
supernovae. Supernovae produce shock waves, which tmggesr star formation, leading

1



Chapter 1. Introduction

to a chain reaction until the available fuel is used up, amdstiarburst stops. The typical
time-scale for such a star formation event is abidityr (see e.g. King & Rowan-Robinson
2004).

In X-rays, starburst galaxies show a multitude of sourcegeneral, point-like sources
in nearby galaxies are only observable with luminositiesvati0** erg s! in the Magel-
lanic clouds (with a distance 50 kpc). This limit increases for larger distances, and is
~10%% erg s'! for NGC 253. For fainter sources, the sensitivity of presémay telescopes
is insufficient. Especially numerous among the resolvedtpmurces in starburst galaxies
are young sources, which result from the strong star foonafif hese are high mass X-ray
binaries (HMXBS), supernova remnants (SNRs), and possildgluminous X-ray sources
(ULXs). Besides point-like sources, large scale diffusession can be quite prominent in
starburst galaxies. In the following we will describe th#etient types of X-ray sources.

1.1.1 Discrete sources
1.1.1.1 X-ray binaries

X-ray binaries consist of either a white dwarf (these systéren are also called Cataclysmic
Variables, CVs), a neutron star, or a black hole plus a congpastiar. WWhen the compact
object accretes material from the companion star, graémtat energy is transformed into
heat and emitted in the form of electromagnetic radiatiohictv we then can observe in
X-rays.

X-ray binaries are divided into two main classes, dependmthe mass of the compan-
ion star:

Low mass X-ray binaries (LMXB) contain late type stars of type A or later, with a mass
of less than 1 My. The companion star fills its Roche lobe, and mass is trasfehrough
the inner Lagrangian point (Roche lobe overflow). Due to theseovation of angular mo-
mentum, the transferred gas spirals around the compaattaje forms an accretion disc.
Through instabilities in the disc, angular momentum iss&thuted, causing the material to
spiral inwards towards the compact object. LMXB have a tgplifetime of ~10%~? yr with
luminosities<2x 10% erg s'! (Fabbiano 2006).

High mass X-ray binaries (HMXB) contain young O or B star with masses10 M.
HMXB are short-lived with a lifetime of-105~" yr (Fabbiano 2006) and show luminosities
between~3x10% erg s and10*° erg s (Shtykovskiy & Gilfanov 2005; Grimm et al.
2003). There are two main groups of HMXBs: supergiant and th&XBay binaries. In
the supergiant systems, the compact object accretes neassfradially outflowing stellar
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Chapter 1. Introduction

wind. Be/X-ray binaries accrete directly from a circumstellisc surrounding the Be star.
The orbit of the Be star and the compact object, presumablytiorestar, is generally wide
and excentric. X-ray outbursts are normally associatel thie passage of the neutron star
through the circumstellar disc, where matter is accretéd thre compact object. As a result,
the supergiant systems are persistent sources of X-rayke #&/X-ray binaries are very
variable.

1.1.1.2 Supersoft sources

Supersoft sources (SSS) are X-ray point sources which sleoyw soft spectra (typically
with blackbody temperatures 6f" < 100 eV). They have luminosities in the rangel®f®—
10% erg s''. The favoured model (van den Heuvel et al. 1992) for thesecssuis that
they are close binary system, with one of the componentgyleeinhite dwarf (CVs). The
soft X-ray emission is produced by nuclear burning of hyérogccreted onto the white
dwarf. Depending on the accretion rate, we either obserteaalg nuclear burning on the
white dwarf surface X/ ~ 1 — 4 x 1077 Mq yr'), or we observe an irregular burning
(M <1078 M yr—'), which results in outbursts as seen in novae or cataclyganiables.

Up to now, several SSS have been optically identified witselinary systems (Greiner
2000). Recently, Pietsch et al. (2005, 2006) reported 21y)coanterparts for optical novae
in M31, where most of them were identified as supersoft saurtieese findings support the
model described above.

1.1.1.3 Ultra luminous X-ray sources

Ultra-luminous X-ray sources (ULXs) are extra-nuclear pawct X-ray sources with lumi-
nosities considerably exceeding the Eddington lumindsitystellar mass X-ray binaries of
~ 2x10% erg s! (Makishima et al. 2000). There are currently four prefemeatels to
explain the luminosities of these objects. The first is theXblare intermediate mass black
holes (IMBHs: Msy ~ 102 — 10°M,,). However, it is unclear how IMBHs are formed. The
alternatives are stellar-mass black hole X-ray binariesreleither photon bubble instabil-
ities allow super-Eddington luminosities (Begelman 20@R)isotropically emitting X-ray
binaries (King et al. 2001), or that ULXs are micro-quashet aire observed down the beam
of their relativistic jet (e.g. Reynolds et al. 1997).

ULXs are preferentially found in star forming galaxies (é=gbbiano et al. 2001; Roberts
et al. 2002; Gao et al. 2003). If they are linked to ongoing &tamation, they must be
relatively short-lived. King (2004) pointed out that if & ULXs were all IMBHs then
the amount of accretable gas would not suffice to fuel alleH®BHs to maintain X-ray
luminosities abovel03° erg s''. Hence the majority of ULXs in star formation regions
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Chapter 1. Introduction

cannot be powered by IMBHSs.

Anisotropically emitting HMXBs are good candidates to explthe ULX population
in star forming regions, since these sources are relatstedyt-lived. Further support for
HMXBs comes from the optical identification of the stellar nterparts, which tend to match
the characteristics of young massive stars that are ablestdife ULXs (e.g. Roberts et al.
2001; Liu et al. 2004; Kuntz et al. 2005).

It is important to increase the sample of ULXs to find arguraehat favour or exclude
the above models. One attempt was the search for ULXs in 3®pgalaxies fronROSAT
HRI observations by Liu & Bregman (2005, hereafter LB2005). #yéd of this search was
the starburst galaxy NGC 253 where they found 21 X-ray seubzé only one of them
matched their criteria for an ULX (NGC 253 ULX1). In Chaptem& report on a detailed
analysis of NGC 253 ULX1 includinBOSAT, XMM-Newton andChandra data, and specif-
ically on the detection of a second outburst in one ofXMM-Newton observations.

1.1.1.4 Supernovae

A supernova (SN) is a stellar explosion. Within a few days $Ble reach luminosities of
10° L, a considerable fraction of the total luminosity of a galakythe explosion, a star
is disrupted and most of its matter is ejected into the itéles medium (ISM), enriching it
with metals that were produced in the star’s evolution oh@m$N explosion.

According to spectral properties, SNe were classified iateral types. SNe of type | do
not show Balmer lines of hydrogen in their spectrum in cont@a$SNe of type II. A further
subdivision of type | SNe is based on the emission lines froth G\ = 6150 A). SNe la
show strong Sill lines, while they are absent in the spedt&i\e Ib and Ic.

The current understanding of this phenomenon differs flamdassification. SNe Il and
Ib,c are linked to a young stellar population, while SNe lawan older stellar populations.

SN Il and Ib,c are the final stages in the evolution of massiv@ Kl.) stars. Inside
these stars heavy elements are created by fusion. Oncesdilyttrogen fuel is used up,
helium is burned to carbon and oxygen, which will then burewen heavier elements like
neon, magnesium, silicon, sulphur and finally to iron. Ferrtfusion to heavier elements
than iron is not possible, since iron has the highest bindmgrgy per nucleon. Once the
last fusion step in this chain has used up its fuel, no moreggrne=an be produced and the
pressure, counteracting gravity can no longer be mairdaifbe core of the star collapses,
compressing the innermost region to a density of about timress the density of an atomic
nucleus. At this point the so-called rebounce occurs, wheskkockwave travels outwards,
heating up the infalling material. The neutrinos that apiced in the collapse additionally
power the explosion via neutrino heating and the neutrimeed baryonic wind (Kitaura
et al. 2006). In the centre a compact object remains (a negtar or a black hole). The
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Chapter 1. Introduction

typical energy output of this explosion is a feM® erg s!. The largest fraction (about
99%) is carried away by neutrinos, the ejected shell carriesiab%, and only~0.01% is
converted into photons. The explosion also enriches thewgNheavy elements, that were
produced in the nuclear burning of the star.

SNe la are most likely the explosions of white dwarfs. Thes@mmgact stars form the
final evolutionary stages of less massive stars. White dvaaefstabilised by the degenerate
electron pressure up to the Chandrasekhar mass (14¢ ®nce the mass of a white dwarf
exceeds about 1.3 for example by accretion in a binary system, carbon burignges in
its interior. This will lead to the explosion of the star. Téxact mechanism that leads to the
runaway reaction is still unclear (e.g. Dursi & Timmes 2008) contrast to core-collapse
SNe (SN Il and Ib,c) models predict that in SNe la the starssuited completely, and no
compact object is left behind.

X-ray emission is expected from the following phases of a $plasion (see e.g. Imm-
ler & Lewin 2003). There should be a short burst of high enetgywys from core-collapse
SNe in addition to a black-body continuum~©0.02 keV as a result of the high-temperature
flash associated with the break out of the shock through éhllasssurface. Weeks or months
later, when the expanding ejecta have become opticallytthirays, high-energy X-rays
may be detected, produced by compton scattering of mongetiegamma-rays from the
radioactive decay’Ni—*°Co—"°Fe (e.g. Sunyaev et al. 1987; Itoh et al. 1987b). Addition-
ally, X-rays may be observed when the ejecta plow into cisteftar matter supplied by
the stellar wind in previous phases of mass loss of the prtayef@.g. I1toh et al. 1987a).
The circumstellar shock that is formed in this interactiam tiave a very high temperature
(T > 10° K).

1.1.1.5 Supernova remnants

Supernova remnants (SNRs) form after a supernova has explaggcted mass from the su-
pernova explosion expands rapidly into the surroundingiomegdwith velocities of5 000 —
10000 km s™1. During the expansion of this shell, gas that has been edeélliring the
star’s life, is swept up and shock-heated 66—10° K. Most of the observed X-ray emission
is thermal emission which is produced in the forward andnsshocks, with typical lumi-
nosities ofLx =10%-3" erg s'!. This results in a ring-like limb brightened appearancdwit
several hot spots in the interaction regions. Additionallg may observe synchrotron radi-
ation from electrons that are accelerated in the magnetdsfieAs the remnant cools on a
time scale of about0°® years and disperses into the local medium, it decreasegjintbess
until it blends into the surrounding ISM. Typical sizes of BNare< 100 pc before they
dissolve.
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1.1.2 Diffuse emission
1.1.2.1 Disc emission

Diffuse X-ray emission can originate from hot gas that isatidely cooling. It will show
a thermal bremsstrahlung spectrum, superimposed withiatame transitions. The origin
of this gas are massive stars with strong stellar winds wésich the surrounding medium
with heavy elements. Also supernovae produce hot gas inéixplosion, which enriches
the interstellar medium (ISM). Combined, the stellar windd ¢he supernovae can create
a bubble around them in the ISM that expands due to the higlesspre inside (Chevalier
& Clegg 1985). On the surface of this expanding shell the nater shocked and heated
up to temperatures o£10® K. Expansion of this bubble is preferred in the directionhwit
the least resistance, which is perpendicular to the dissoAte point the bubble breaks out
of the disc, and metal enriched, hot gas is fuelled into tHe bathe galaxy, forming so
called galactic fountains (Shapiro & Field 1976; Bregman@9®epending on the kinetic
energy of the outflow, the gas can either escape the galamnimal well and escape into
the intergalactic medium, or it can rain down again onto tise.d

Alternatively to the truly diffuse emission from a hot indegllar gas component in the
disc, also the cumulative emission of an unresolved largeljadion of weak stellar-type X-
ray sources can appear as unresolved emission. This wadisecetered in the Milky Way's
ridge X-ray emission (e.g. Revnivtsev et al. 2006), wherdawe was found that the bulk of
the Galactic ridge X-ray emission is composed of weak X-i@yrses, mostly cataclysmic
variables and coronally active stars in binary systemd) wituminosity of most of these
sources of less that03! erg s''. Also in other galaxies, Revnivtsev et al. (2007) found
evidence that the apparently diffuse emission may partlgdiesistent with the emission
from an old stellar population.

Therefore, caution is necessary in the interpretation ofgwarently diffuse emission
in a galactic disc, since it can be both due to a hot inteestglas component and/or an
unresolved old stellar population.

1.1.2.2 Superwinds

An extreme case of galactic outflows can be caused by a ssanbucleus. Here the star
formation is more powerful than in the spiral arms, and theloimed pressure of10°

supernovae and stellar winds may lead to a spectaculangimgefe.g. in M82, see Fig. 1.1
and Stevens et al. 2003). The gas in superwinds is seen tovieéaties between 200
and 1000 km s! (Heckman et al. 2000). Hydrodynamical simulations by 8tand &

Stevens (2000) showed that the superwind can contain gawitearange of densities and
temperatures. The majority of the superwind volume is filMth hot metal-enriched gas
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Figure 1.1: A multi colour image of the starburst galaxy M82. Perpenldicto the
galactic disc (in green) a hot outflow extends into the gdtakglo (red and blue). X-
ray are represented in blu€landra), Optical light in green and orange (HST), and
Infrared light in red (Spitzer). Credit: X-ray: NASA/CXC/JHD/Strickland; Optical:
NASA/ESA/STSclI/AURA/The Hubble Heritage Team; IR: NASA/JRaltech/Univ.
of AZ/C. Engelbracht

covering temperatures betwe#if-> and107-5 K. Velocities of this component can range up
to ~3000 km s (Chevalier & Clegg 1985). A typical superwind may inject® M, of
metals andl0°® erg s'! into the intergalactic medium over its estimated lifetinfel@” yr
(Heckman et al. 1990). The superwind may also sweep up clofidsld gas from the
galactic disc and transport them out into the halo. This gag be shock-heated to several
10° K and become an additional source of thermal X-ray emisgso thermal conduction
or turbulent mixing between cool dense gas and surroundihgelgions can produce X-ray
emission in the interface regions (Weaver et al. 1977). Tipewind itself is thought to be
too thin and too hot to be observed in X-rays directly (Steckl et al. 2000). In Chapter 5
we will show that this assumption may actually not be correct
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Figure 1.2: A multi colour image of the starburst galaxy NGC 3079. Matkejected
from the starburst nucleus expands into the halo, enrictingth hot gas, metals and
energy. X-rays are in blueCpandra), and optical light in red and green (HST). Credit:
NASA/CXC/STScl/U.North Carolina/G.Cecil

1.1.2.3 Halo emission

Starburst galaxies with a superwind also show spectacalardmission in X-rays. Espe-
cially galaxies which we see edge-on, like NGC 253, M82, a@N\B079 are suited for an
analysis of the diffuse halo emission. In these cases these&mnifrom the disc and the halo
can be separated easily. An analysis of a sample of severcedgiarburst galaxies with
ROSAT and ASCA by Dahlem et al. (1998) showed that all galaxies of the saingle hot
gas in their halos. Spectral fits to tROSAT PSPC andASCA spectra indicate the presence
of two gas phases with temperatures of 0.2—0.4 keV and 0.8%e¥ with abundances be-
tween 10% and 40% solar. The origin of the X-ray emission entthlo can be shocked or
mass-loaded superwind material, a volume filling halo mmedioat was swept up and shock

8
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heated by the superwind, or halo clouds (either preexistirdyagged up from the disc) that
interact with the wind.

1.1.3 Foreground and background sources in fields of galaxies
1.1.3.1 Stars

X-ray emission has been detected from many late-type, dsasdfom hot OB stars (see
review by Schmitt 2000). Hence, X-ray observations of ngaj@laxies also reveal a sig-
nificant fraction of Galactic stars, seen as relatively ¥afay sources homogeneously dis-
tributed across the field of view. With typical luminositieg <103! erg s}, single stars in
other galaxies are too faint to be detected with presemumsnts. Concentrations of stars
can however be detected, but not resolved.

X-ray emission from late-type (spectral types F, G, K, andshdys is interpreted as coro-
nal activity, similar to that observed in the sun, but on a mlacger scale in some stars. For
example, many M-type stars show significant coronal agtaitd strong flares. In addition,
the fraction of the observed X-ray emission in late-typessis found to be correlated with
the rotational period (Schmitt 2000). There is also a stromgelation between relatively
strong X-ray and k4 emission, which is also an indicator of strong coronal agtifFleming
et al. 1989). According to the current understanding, theyemission in the stellar coro-
nae is produced by plasma heated by the interaction of theective layers with magnetic
fields in the star’s outer convection zone (e.g. Haisch t981).

Relatively soft X-ray emission is also observed from hotss{&tarnden et al. 1979),
which do not have an outer convection zone. It has been stgghst X-ray emission from
hot OB stars is produced by heating due to hydrodynamic shoaksed by instabilities in
strong stellar winds emerging from such stars (Feldmeiat. d1997).

X-ray emission has been detected from A-type stars as vithlguagh it is not clear which
mechanism is responsible for producing it, since A-typesstib not have strong stellar
winds. In some cases, X-ray emission from A stars is due toltdte-type companions (e.g.
Stelzer & Burwitz 2003).

1.1.3.2 Diffuse emission in the solar system

In the ROSAT all-sky survey data, Snowden et al. (1994) rejbthe existence of myste-
rious X-ray contamination episodes (long-term enhancésneéiEs). During these times
the X-ray counting rate in the lower energy bands as much abléd on a time scale of
1-2 days. However, they could not find any correlation witlheobbservational parameters,
such as the spacecraft position or look direction. New g LTES was obtained from the
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Figure 1.3: A soft X-ray image of the moon, obtained wiRDSAT. From Schmitt et al.
(1991).

discovery of X-ray emission of comet Hyakutake (Lisse ei@B6) and many more comets
(e.g. Dennerl et al. 1997; Cravens 2002). The emission mérhas now well understood

as being charge exchange of solar wind heavy ions with cagnatutrals (Cravens 1997;
Bodewits et al. 2007). Then, Cox (1998) and Cravens (2000) stegehat solar wind

charge exchange (SWCX) with neutrals in the geocorona andeiméliosphere accounts
for a part of soft X-ray background below 1 keV (also see Fajmret al. 2007). Spectral
information on geocoronal SWCX was first obtained during a Cheaddrk moon observa-
tion (Wargelin et al. 2004, also see Fig. 1.3). The X-ray phetdetected in the direction of
the dark moon are most likely from this source. The emisspatsum could be described
by a sum of CVI, OVIIl, and O VIl K lines, although the statistiand energy resolu-
tion were limited. More recently, Snowden et al. (2004) mégad a time variation of the soft
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X-ray intensity during theXMM-Newton Hubble deep field north observation. The enhance-
ment was correlated with solar wind proton flux variationdey detected CVI , OVII ,

O VIl , NelX , and Mg XI emission lines in the enhancement andrfd this spectrum to
be consistent with that expected from SWCX emission of the@ena or helioshpere.

1.1.3.3 Diffuse emission in the Milky Way

Additional to the line emission from SWCX, we observe diffuseay emission from hot
(~10% K) thin thermal plasma in the Milky Way. One component is eamed within a hot
bubble (Paresce 1984) in the disk of the Galaxy which sudstime Sun (but was not created
by the Sun) and extends from50 pc to 200 pc in different directions (this region is known
as the Local Hot Bubble, LHB). And second, there is an extertiatebution of this plasma
in the halo of our Galaxy (Burrows & Mendenhall 1991; Snowdeal €1991).

As can be seen in Fig. 1.4, the distribution of the diffusea}-emission on the sky
is not homogeneous. In Appendix A, we present results fraenatimalysis of two Suzaku
observations at high galactic latitudes, where we triechtestigate the spatial distribution
of the diffuse emission components.

1.1.3.4 Active Galactic Nuclei

A significant fraction of the X-ray sources detected in fiadfleearby galaxies does not be-
long to the host galaxy, but has clear extragalactic origis.shown by the recent deepest
available surveys of the X-ray background, the majorityhafsies extragalactic sources be-
long to a class of active galactic nuclei (AGN, Mushotzky leR800; Hasinger et al. 2001;
Brandt & Hasinger 2005).

AGN are highly luminous sources, with their luminositiesarating from a small spa-
tially unresolved galactic core, sometimes exceediitferg s'!. This small emitting region
is implied by the X-ray flux variability on time scales as st several minutes (to years),
observed in many AGN. Based on optical line widths (Ostebd®98) and absorption val-
ues, AGN are divided into two basic types: type-1 AGN (unabesd sources showing broad
emission lines) and type-2 AGN (absorbed sources with maemission lines). According
to the unification scheme proposed by Antonucci (1993) elte AGN types are intrinsi-
cally similar, with their observed differences being dughe different viewing directions.
AGNs host supermassive black holes {0° — 10° M,,), in their cores which accrete galac-
tic matter through an accretion disc. According to the statddAGN model, the disc is
surrounded by an extensive dusty molecular torus and a agropulated by hot electrons.
These corona electrons are believed to transfer energypwease compton scattering to UV
photons emerging from the disc, producing the observed Xasey continuum in AGN.

11
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Figure 1.4: Maps of theROSAT (a) R12, (b) R45, and (c) R67 band data after point
sources have been removed. The projection is an Aitoff-Hanegual area centred on
the Galactic centre with Galactic longitude increasinghte left. The values next to
the colour bars indicate the intensity and the unitslaré counts s! arcmin 2. From
Snowden et al. (1997).
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AGN typically show a power law spectrum with a photon indetgen 1.5 and 2.0 (e.g.
Mushotzky 1984). Additional spectral components like teekE; line at~6.4—6.7 keV, soft
excess, etc, are believed to be due to reflection and resiogesf the power law emission
in the optically thick accretion disc.

1.2 The starburst galaxy NGC 253

NGC 253 is a starburst galaxy in the Sculptor Group (an olkticage is shown in Fig. 1.5).
Its general properties are summarised in Table 1.2. The im@perties that make NGC 253
special for the following analysis are the proximity (it iseoof the closest starburst galaxies),
the high inclination angle, which allows a clear separatibdisc and halo emission, and the
low foreground absorption, which enables us to observe N&EZamost unabsorbed also
at low X-ray energies.

NGC 253 has been observed in X-rays many times. There arevalis@s withEinstein
(e.g. Fabbiano & Trinchieri 1984ROSAT (e.g. Pietsch 1992; Read et al. 1997; Dahlem et al.
1998; Vogler & Pietsch 1999; Pietsch et al. 2008%CA (e.g. Ptak et al. 1997BeppoSAX

Figure 1.5: Optical image of NGC 253 showing the spiral arm structurehm disc
(courtesy of www.cappella-observatory.com).
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Table 1.1: Properties of NGC 253.

Ref.

Type Sc Tully (1988)
Assumed distance 2.58 Mpc Puche et al. (1991)
Systemic velocity 236 kms Pence (1981)
Position of centre Q000 = 0P47™ 333, Forbes et al. (2000)

2000 = —25°17'18"
Dos 254 Tully (1988)
CorrectedD-s 188 Tully (1988)
Axial ratio 0.23 Tully (1988)
Position angle 52 de Vaucouleurs et al. (1991)
Inclination 78.8 Pence (1980)
Galactic foregroundvy ~ 1.3x10%° cm—2 Dickey & Lockman (1990)

(e.g. Cappi et al. 1999XMM-Newton (e.g. Pietsch et al. 2001), athandra (e.g. Weaver
et al. 2002; Strickland et al. 2002, 2004a,b). The X-ray siois that we observe from
NGC 253 is quite complex and shows a multitude of differemhponents. While some
instruments were not able to separate point sources frdasdiEmission, other instruments,
especiallyROSAT, XMM-Newton, andChandra, have a narrow enough point spread function
to do so. In the following we will take a closer look at the midual emission components.

1.2.1 The nucleus

NGC 253 is at a relatively early stage in its starburst, atgat about 20-30 million years
(Engelbracht et al. 1998). So far, it is not clear what caukedstarburst in the centre of
this galaxy. Starbursts can be ignited by collisions betwgaaxies, but for NGC 253 no
collision partner is known. From infrared observations Keiet al. (1988) find a supernova
rate of~0.1 per year in the central 50 pc and a similar rate in the sadimg regions. A
total mass of more thar)® M, is required for the starburst of this galaxy.

The interstellar medium in the nucleus is frequently ergechvith energy and metals
by the ejected material from supernovae and from hot starshair stellar winds. In X-
rays, the spectrum of this hot plasma shows many emissi@s firom N, O, Ne, Mg,
Si, and Fe. Pietsch et al. (2001) were able to modelkid/1-Newton EPIC spectrum of
the nucleus with an absorbed three temperature pladma: (0.34,1.78,13.2x 10?2 cm™2,
kT = 0.56,0.92,6.3 keV).

There have also been claims that NGC 253 hosts a weak AGNT{gger & Ho 1985;
Mohan et al. 2002; Weaver et al. 2002). However, the sigeatftan AGN, a highly absorbed
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non-thermal component was not required in the spectral ftibisch et al. (2001). The issue
whether NGC 253 does host an AGN is still under discussion.

1.2.2 Thedisc

The disc of NGC 253 shows a large population of point sourBgght X-ray point sources
were found by Fabbiano & Trinchieri (1984) with ti@nstein observatory. Since then the
number of detected point sources increased dramaticadjyVegler & Pietsch 1999; Strick-
land et al. 2002; Trinchieri et al. in preparation) to selatmdred sources. The sample de-
tected withROSAT and analysed by Vogler & Pietsch (1999) was explained mbst-ray
binaries, supernovae, and supernova remnants. A detaifdysss of the source population
as found withXMM-Newton andChandra is ongoing (Trinchieri et al. in preparation).

Liu & Bregman (2005) reported a list of ULXs in 313 nearby gésdromROSAT HRI
observations. One of these sources happens to be in NGC 258smshowed up in one
XMM-Newton observation. The analysis of NGC 253 ULX1 will be presente@hapter 3.

Besides the point sources, Fabbiano & Trinchieri (1984) ditected diffuse emission
in the disc. Pietsch et al. (2000) reported that this emisisiabsorbed and follows the spiral

far X-ray
halo hemisphere

| - g_a\ﬁxY_ ?’51}\'\{3

shadowed region

|3
\ 11.5°

observer

near X-ray
halo hemisphere

5 kpe

Figure 1.6: Sketch of NGC 253 observing geometry and X-ray halo comptsnen
(Pietsch et al. 2000).
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structure. It is thought to result from hot gas produced lpesnovae and hot stars that, like
in the starburst nucleus but in a smaller scale, producerlBupkles and galactic fountains
which inject hot gas into the interstellar medium. Based onaBebimages, Sofue et al.
(1994) proposed a boiling disc model. They found dark lamesfdaments in the disc and
into the halo and interpreted these as three-dimensian@ltstes where gas is spreading out
from the disc into the halo.

From an absorption band in the northwestern part of the glaldisc, the orientation of
the disc in 3D space could be derived. Here emission fromandwestern halo behind the
disc is absorbed, resulting in a lower surface brightneksa¢nergies £1 keV). Therefore,
we see the side of the disc that is facing southeast, i.e.dhtewestern part of the disc is
closer to us than the southeastern part (see also Fig. 1.6).

Pietsch et al. (2001) presented a spectral analysis of tyworre in the disc. The spectrum
of the diffuse emission in these regions could be fit with asoaed two temperature model
(kT=0.13 and 0.5 keV) and solar abundances. A later analysi€béadra spectrum of the
entire disc diffuse emission by Strickland et al. (2002)eggrwith these result&{=0.17
and 0.56 keV). However, in the model that was applied toGhandra spectrum, highly
subsolar abundances had to be assumed. This would not besgnagnt with the model that
the interstellar medium in the disc is enriched with metglsipernovae and stellar winds.

A more detailed analysis of the diffuse emission in the disolbserved withXMM-
Newton will be presented in Chapter 4.

1.2.3 The superwind

Emanating from the nucleus of NGC 253 a superwind is fordsgvay out of the disc into
the halo. First evidence for this was found in optical obagons by Demoulin & Burbidge
(1970), who reported an approach velocity of up to 120 krh selative to the systemic
velocity, and interpreted it as an outflow from the centre.pidgcted, this results in an
outflow velocity of about 600 kms. Possible maximum velocities are even higher with up
to a few10® km s™! (Chevalier & Clegg 1985).

In X-rays, the southeastern outflow was first discovered tiitistein (Fabbiano & Trin-
chieri 1984). The northwestern counterpart was later dms@al withROSAT (e.g. Pietsch
et al. 2000). The northwestern outflow appears harder inys-tlaan the emission from the
southeastern outflow. This is due to absorption of the diduchvobscures the receding
northwestern outflow. Temperatures of the best-fit, thimrtta¢ plasma models are in the
range 0.15-0.94 keV froMM-Newton EPIC (Pietsch et al. 2001) and 0.46-0.66 keV from
Chandra (Strickland et al. 2000).

The southeastern outflow has the shape of a hollow cone witpaning angle of 32
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Figure 1.7: Smoothed three-colour composi@andra X-ray image of the central
1'75 x 2’ region of NGC 253. Red, yellow, and blue indicate the X-rayldces’ of
0.2-1.5 keV (soft), 1.5-4.5 keV (medium), and 4.5-8 keV dharespectively. The
cross marks the position of the radio core (Turner & Ho 1985)om Weaver et al.
(2002).

(Pietsch et al. 2000) and a projected extent of 1300 pc aleagninor axis (Pietsch et al.
2001). A high spatial resolutioBhandra image of the nuclear and outflow regions is shown
in Fig. 1.7. The outflow showed limb brightening between 0n6 8.9 keV, but not at
lower energies. The limb brightening confirmed the modelt ¥ray emission is produced
through shocks at the interface between the superwind anouswling interstellar material.
However, the hot wind fluid itself was considered to be toqg &ntl to have a too low density
to be directly observed in X-rays (Strickland et al. 2000hisTpicture, however, disregards
the possibility that the wind may be mass-loaded, entrgimimbient interstellar medium
(ISM), as well as infalling material. If turbulent mixing @reeds on a time scale that is
larger than the flow time within a given region, such as theslzdghe outflow, we expect
some clumpiness in the outflow, imprinted on an overall lessd wind. As we demonstrate
in Chapter 5, this can be confirmed by our analysis, which stibafse.g. emission in the
O VIl line is not limb-brightened.
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NGCDs%

ROSAT PSPC

5 arcmin

Figure 1.8: ROSAT PSPC three-colour composite image of NGC 253 constructed fr
the image of the soft band.( — 0.4 keV) in red, hard1 band)(5 — 0.9 keV) in green,
and hard2 bandl (0 — 2.0 keV) in blue. The optical size of NGC 253 is indicated by the
inclination corrected),; ellipse. Sources from the point source list are given as $©oxe
and crosses. From Pietsch et al. (2000).

1.2.4 The halo

As many other starburst galaxies, NGC 253 also shows a Xaty fihe northwestern halo
was first detected with thEinstein observatory by Fabbiano (1988). Its southeastern halo
has a softer X-ray spectrum and was first reported WIBAT (e.g. Pietsch et al. 2000).
The halo can be traced to projected distances from the diabait 9 kpc to the northwest
and the southeast. A filamentary structure is suggesteidcdhaot be fully resolved due to
the limitations of theROSAT PSPC point spread function (Pietsch et al. 2000). The gknera
shape resembles a horn-like structure, with two horns in balo hemispheres (see Fig. 1.8).
Strickland et al. (2002) reported on the analysis of the Katay emission using€handra

observations. They fitted the northwestern halo emissidh awimulti-temperature model
with two temperatures 0.24 and0.71 keV (the latter with quite large errors) and with
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a foreground absorption @f3 x 10?° cm~2. Sub-solar abundances had to be assumed to
achieve a good fit. However, one would expect that the matiaa is transported by the
superwind is mass loaded by chemically enriched mateiah fthe starburst region. This
would predict high rather than low metallicities. Pietsthle(2000) achieved an acceptable
fit to ROSAT data of the northwestern halo, assuming a foreground abddirt3 x 102° cm~2,
fixed) two-temperature thermal model with temperatures.©3 and 0.62 keV and solar
abundances. The question of the abundances in the halo mésigtill an open question,
and will be addressed in Chapter 4.

A power law (photon indeX’ = 3.3) plus a thin thermal plasm&T = 0.24 keV)
gave a similarly good fit to th€handra spectrum. Already in earlier publications, such
an ambiguity has been found in the spectral fits between arputgtemperature thermal
plasma model and a combination of thermal plasmas plus amlawecomponent (e.g.
Dahlem et al. 2000; Strickland et al. 2002). Origins of tha4tleermal component could
be point sources, which have not been removed completebyrarhrotron emission from
cosmic ray electrons that are advected with the superwiradeoaccelerated locally in wind
shocks. Also this issue will be addressed in Chapter 4.

Strickland et al. (2002) also compare the X-ray morpholagyid images. They find that
the X-shaped soft X-ray morphology of the superwind is medichy very similar X-shaped
Ha emission, extending to at least 8 kpc above the plane of tlaxgaAlso, the reported
total0.3—2.0 keV energy band X-ray luminosity of the northern halg (~ 5 x10%® erg s'*)
was very similar to the halo ddluminosity (Ly, ~ 4 x10%® erg s!).

In Chapter 4, we will present the results of our analysis of XMiM-Newton data of
the diffuse halo emission. Multiwavelength informatiomgluding the correlations with ¢d
images, will be used to obtain insights into the structurthefextraplanar gas.
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Chapter 2

The XMM-Newton observatory,
observations and data reduction

2.1 The X-ray observatory XMM-Newton

XMM-Newton (Jansen et al. 2001) is an European X-ray observatory odlzosatellite that
was launched on Dec 1) 1999 by the European Space Agency (ESA). In total there are
4 telescopes onboard. Three Wolter type-1 X-ray telescopés different X-ray detectors
in their foci, and a 30 cm optical/UV telescope. The sateiton a highly elliptical orbit
around earth, with an apogee of abaut 000 km and a perigee of abo6t000 km. The
excentricity of the orbit is 0.60 and one orbit takes 47.9reoBecause of the radiation belt
around earth, X-ray observations are only carried out whersatellite elevation is above
46 000 km. Below this elevation the radiation background is too tighkarry out measure-
ments with an acceptable signal-to-noise ratio (S/N). @fexen at higher elevations, the
radiation background can be high. These times have to berssdeout from the observation
data (see Sec. 2.3.2).

2.1.1 X-ray telescopes

XMM-Newton carries three co-aligned X-ray telescopes. Each of thedefges consists
of 58 Wolter-type grazing-incidence mirror shells, i.ee th-rays are reflected first on a
paraboloidal and secondly on a hyperboloidal shaped miffbe single mirror shells are
nested to obtain a large collecting area. A sketch of thetelges is shown in Fig. 2.1.
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Figure 2.1: The light path through one of the three X-ray telescopes artbdMM-
Newton (not to scale). From Ehle et al. (2007).

2.1.2 European Photon Imaging Camera

The European Photon Imaging Camera (EPIC) consists of three @@IBras with a field
of view (FOV) of about 30 arcmin diameter.

EPIC-MOS Two of the EPIC cameras are Metal Oxide Semi-conductor (MOSD ar-
rays (Turner et al. 2001). They share two of the three X-rgstmpes with the Reflection
Grating Spectrometers (RGS, see Sec. 2.1.3). The incidenvph are focused by the mir-
rors and then pass through the grating where about half ofeflescope incident flux is
diverted to the RGS detectors (see Fig. 2.2). Taking thetsiraicobscuration into account,
about 40% of the incoming photons reach the MOS detectors M@S detectors itself are
composed of 7 separate front-side illuminated CCDs, where 6 <Cfibround the CCD in
the centre. Each of the 7 CCDs has 60600 pixels and one pixel (40 micron square) cov-
ers 1.1x 1.1 arcsec of the FOV. The intrinsic energy resolution offR¢C-MOS camera is
~70 eV at 1 keV. Its maximum time resolution is 1.75 ms in Timimgde.

In Chapter 3 we will make use of the EPIC-MOS in the spectralyamalof NGC 253
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ULX1. Additionally in Chapter 4, the EPIC-MOS is used to defsmint sources in NGC 253.

EPIC-PN The PN detector (Sider et al. 2001) is in the focal plane of the third X-ray
telescope. It is a back-side illuminated CCD and consists o€ECD chips on a single
Silicon wafer that are aligned in two rows. One of the CCDs hds 2®4 pixels, where
each pixel (150 micron square) covers 4M.1 arcsec. The intrinsic energy resolution of
the EPIC-PN camera is80 eV at 1 keV. Its maximum time resolution i$:8 in Burst mode.
Compared to MOS, the PN is characterised by a higher semgitivenergies<1 keV and
25 keV.

The EPIC-PN will be used for imaging of NGC 253 in Chapters 4 grah8 for spectral
analysis in Chapters 3 and 4.

2.1.3 Reflection Grating Spectrometer

Each of the two co-aligned Reflection Grating Spectromef@&S, den Herder et al. 2001)
consists of an array of reflection gratings located behiedtnay telescopes which diffracts
the X-rays onto an array of 9 CCD detectors. The telescopeharedwith the EPIC MOS
detectors (see Fig. 2.2) and about 58% of the incident fluxescepted by the gratings. The
RGS resolving power is 150 to 800 over a range from 5 t4$8.33 to 2.5 keV] (in the first
spectral order), and each CCD contains 162884 pixels with a pixel size of 27 micron
square. The RGS does not have an entrance slit, thus the wéldleffiview is mapped onto
the detector plane. The field of view in the cross-dispersioection is determined by the
width of the CCDs (9, and the spatial resolution in this direction is largelyedmined by
the imaging properties of the mirrors. In the dispersioection, the aperture of RGS covers
the entire FOV of the mirrors, although the effective areeréases significantly for off-axis
sources.

We will make use of the RGS in the analysis of the nuclear outhdWMGC 253 in
Chapter 5.

2.1.4 Optical Monitor

The Optical Monitor (OM) is an optical/UV telescope for wéamgths between 180 and
600 nm, co-aligned with the X-ray telescopes. The diametés dCassegrain telescope is
30 cm and it covers a field of view of 1With an angular resolution of1”. It can detect
sources down to a magnitude of 20.7 with a time resolution.®fs0 The OM can be used
with different filters (V, B, U, UVW1, UVM2, and UVW?2) for imagingr one of two grisms
to obtain low-resolution optical or UV spectra. In the feliog analyses, the OM was not
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High Dispersion Reflection Grating Plate CCD strip at Secondary
X diffi d o
-ra racte
Gold Reflecting Surface to cg[, strip
at secondary
focus

" 40% Dispersed X-rays

50% Non Dispersed X—rays [Lu

Grating Stack CCD Camera At
130010 MR Prime Focus

Focal Length 7500 MM

Figure 2.2: X-ray path through the X-ray mirror shells and gratings ahtoEPIC MOS
detector at the primary focus and the RGS camera at the sagdondas (not to scale).
From Ehle et al. (2007).

used. NGC 253 ULX1 was outside of the FOV, and for detectiffgsk emission in the halo
the OM images were not deep enough.

2.2 Observations

The startburst galaxy NGC 253 was observed WithM-Newton during three orbits in June
and December 2000 and in June 2003 using all of the EPIC mstits and the two co-
aligned RGS spectrometers, RGS1 and RGS2, for a total of ab6Wk21The observation
identification, revolution number, observing date, paigs and orientation of the satellite
(P.A.), and the total exposure time.([) are shown in Table 2.1.
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Table 2.1: XMM-Newton NGC 253 observation log.

Observation number 1 2 3 4
Revolution number 89 89 186 646

Obs. id. 0125960101 0125960201 0110900101 0152020101
Obs. dates 2000-06-03 2000-06-04 2000-12-14 2003-06-19

Pointing direction (J2000)

RA 00:47:36.74 00:47:36.57 00:47:36.57 00:47:36.89
Dec -25:17:49.2 -25:17:48.7 -25:15:53.2 -25:17:57.3
P. A. (deg) 56.9 57.0 233.8 53.8
Filter
PN Medium Thin Thin Thin
MOS1 Medium Medium Medium Medium
MOS2 Thin Thin Medium Medium
RGS - - - -
Texp (ks) 60.8 17.5 24.4 113.0
Texp, clean (EPICY  (ks) 39.2 14.2 29.6 110.5
Texp, clean (EPICY  (ks) 24.3 3.1 4.4 47.9
Texp, clean (RGS) (ks) 45.1 7.0 (not used) 75.9

2.3 Basic data reduction

The Science Analysis Syster$AS)® was used for the analysis of the data frotM-
Newton. It provides software tools to extract the basic data prtsllike event files and
exposure information, and to produce more sophisticatedyats like images, spectra, light
curves, etc. The in the following presented data was andlysieg the current version of the
SAS together with the most recent calibration files availabléhattime of the analysis. Ad-
ditionally, we used existing software likks9 (Joye & Mandel 2003); t ool s* (Blackburn
1995), as well as perl and shell scripts, and sophisticategrams in idl and FORTRAN
that were developed by ourselves.

Shttp://xmm.vilspa.esa.es/sas/
“http://heasarc.gsfc.nasa.gov/ftools/
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2.3.1 Pipeline products

After downloading the Observation Data Files (ODF) from #éinehive, the files have to be
processed with the latest version of tBAS tasks and calibration before they can be used
to extract scientific products. This processing was cawigidvia the metataskspchai n
andenthai n for the EPIC PN and MOS data, respectively. For the RGS datasee tne
metatask gspr oc.

The products of the pipeline processing are event filedaibdes with entries for each de-
tected photon. This table contains the detection time oéteat, the CCD pixel where it was
detected, the energy of the photon after correction for gashcharge transfer inefficiency
(CTI), and several diagnostic values. Also, via the attitudermation of the spacecratft, the
sky position for each event s calculated. An example fodilagnostic values are the pattern
of the detection, i.e. if a photon was detected only in one, tivee, four or more pixels and
the arrangement of these pixels.

2.3.2 Screening for high background

The radiation background is variable around XMM-Newton operational orbit, depending
on the satellite’s location with respect to Earth’'s magsph®re. For useflMM-Newton
science observations to be conducted, the minimum satellé@vation is46 000 km. To
remove additional times with high background due to softgrdlares, we produced light
curves in the energy range above 10 keV (cf. Fig. 2.3). Ingh&rgy range no source counts
are expected due to the very low effective area of the tefesc®eriods with count rates
above a certain threshold were excluded from the data sets.

After screening for times with high particle backgrounde thbservations showed no
obvious additional times with solar wind charge exchandackiwwould result in times with
high background at energies below 1 keV, so no further eiartusf exposure time was
necessary.

The diffuse emission in the halo is a faint source of X-rayisergfore a careful screening
for periods with high background was essential (Chapterm}hé case of the bright point
source NGC 253 ULX1 (Chapter 3), a less stringent screenirsgn@eessary. The exposure
times after screening for high background,{T ci.n) are shown in Table 2.1.

For the RGS, we extracted light curves from the backgrountmegn CCD 9 to de-
termine the threshold count rate, which we then used to fiftereventfiles. This chip is
closest to the optical axis of the telescope, and thus mfesitatl by background flares. The
thresholds were 0.25 ct'sfor observations 0125960101 and 0125960201, and 0.20'ct s
for observation 0152020101, where the count rate was mal#estiuring the non-flaring
time intervals.
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Figure 2.3: High energy £10 keV) EPIC PN light curve of observation 4, binned to
100 s. The times with high count rates, caused by high partiatkground exceed the
guiescent count rates by almost a factor of 100.
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Chapter 3

The recurrent ultra-luminous X-ray
transient NGC 253 ULX1

Liu & Bregman (2005) searched for ULXs in 313 nearby galaxiesifROSAT HRI obser-
vations. One target of this search was the starburst gal&§ R53 where they found 21
X-ray sources but only one of them matched their criteriaaiortULX (NGC 253 ULX1).
This source is located within, but close to the north-easindary of theD,; ellipse of
NGC 253.

We here report on a more detailed analysis of NGC 253 ULX1uohiolg ROSAT, XMM-
Newton and Chandra data, and specifically on the detection of a second outburshé of
the XMM-Newton observations.

3.1 Search for the source in XMM-Newton, Chandra and
ROSAT archives

We searched thROSAT, Chandra andXMM-Newton archive for observations of NGC 253.
The results are listed in Table 3.1. Except for t®bandra observations the position of
NGC 253 ULX1 was always in the field of view (FOV). Besides thstfitetection irROSAT
observation 601111h (Liu & Bregman 2005), NGC 253 ULX1 wasyonsible in XMM-
Newton observation 0110900101. TheX&IM-Newton and ROSAT HRI data are further
discussed in Sect. 3 and 4, respectively.

For the remaining observations we determigedupper limits for the count rate. From
that we obtained upper limit for fluxes and luminosities (a@ble 3.1). We used WebPIMMS
(v3.6c) with the spectral model we got from the analysis odesbation 0110900101 to
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determine energy conversion factors. The long term lighteof NGC 253 ULX1 is shown
in Fig. 3.1.

3.2 Detailed analysis of XMM-Newton observation 011090-
0101

NGC 253 ULX1 was detected for the second time on 2000 Decefbeith XMM-Newton.
The position of the source was within the FOV of both of the M&d the PN cameras.
We applied the source detection taghksoxdet ect andem det ect only on the data
from the PN detector, as the source was positioned far fraogical axis and close to
the edge of the FOV on the MOS detectors. The obtained positas then corrected using
optical reference coordinates from the USNO B1 cataloguen@let al. 2003) of three
AGN, identified by Vogler & Pietsch (1999, sources X4, X228¥5The corrected position
in J2000 coordinates is = 00h48m20.11s) = —25°10'10”4 with an error in position of

Table 3.1: Individual observations of NGC 253 ULX1.

Date Instrument Observation ID Duration Ffux Lx2

(ks) (ergem?s7) (10 ergs!)
1991-12-08  ROSAT 600088h-0 31 <1.1x1071 < 0.08
1991-12-25  ROSAT 600087p-0 116 <22x10714 < 0.02
1992-06-03  ROSAT 600087p-1 11.2 <44 x10714 < 0.03
1992-06-05 ROSAT 600088h-1 257 <44 x10714 < 0.03
1995-01-03  ROSAT 600714h 11.0 <52 x 10714 < 0.04
1995-06-13  ROSAT 600714h-1 19.8 <2.0x 10714 < 0.02
1997-12-20  ROSAT 601111h 175 1.8 x10°'2 1.4
1998-07-01 ROSAT 601113h 20 <28x10713 < 0.2
1999-12-16 Chandra 969 not in FOV
1999-12-27 Chandra 790 not in FOV
2000-06-03 XMM-Newton 0125960101 39.2 <43 x10714 < 0.03
2000-06-04 XMM-Newton 0125960201 142 <1.8x 10714 < 0.01
2000-08-16  Chandra 383 2.16 <88x1071° < 0.007
2000-12-14 XMM-Newton 0110900101 29.6 6.3x10713 0.5
2003-06-19 XMM-Newton 0152020101 110.5 < 3.6 x 101 < 0.003
2003-09-19  Chandra 3931 83.6 <4.4x1071 < 0.003

80.3 — 10keV luminosity assuming a distance of 2.58 Mpc and a brewsising model (KE 2.24 keV,
Ng = 1.74x10%° cm~2)
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Figure 3.1: Light curve of NGC 253 ULX1. Upper panel: solid symbols regmet
detections, open symbolsr upper limits of NGC 253 ULX1. Different instruments
are represented by different symboROSAT (squares)XMM-Newton (diamonds) and
Chandra (triangles). Lower panel: SinglROSAT HRI exposures with errorbars from
observation 601111h where the source was detected. Thitlehgach observation is
indicated by the x-errorbar. In contrast to the upper pamelawer panel plot is linear
in luminosity.

0’3. The derived position is well within the positional errgigen by Liu & Bregman (2005)
for NGC 253 ULX1.

A foreground star with a B magnitude of 13 (Monet et al. 2003) is located close
(15.5') to the obtained position (Fig. 3.3). We can rule out thatdbt&ial detection of
NGC 253 ULX1 in observation 0110900101 was caused by this as$aits proper motion
of -9.2mas/yr in RAcos(Dec) and -3.6 mas/yr in Dec (Zacharias et al. 2004) is too small
to match the detected position of NGC 253 ULX1 with that of gar within the period
of observations. Additionally there was no detection of sbherce in otheiXMM-Newton
observations using the same filter.

We extracted energy spectra for NGC 253 ULX1 for all EPIC dietes. For the PN chip
we included source counts from an elliptical region with anagnd minor axes of 27/Gand
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Chapter 3. The recurrent ultra-luminous X-ray transient NGC 253 ULX1

12.3' respectively. The background region was a circular sotrexe+egion with a radius
of 48’ on the same CCD close to the source. For MOS the source extraeticon was an
ellipse with major (minor) axes of 28.9%11.3') for MOS1 and 31.35(15.15") for MOS2,
respectively. The background regions were circles withi @db8” and 80 for MOS1 and
MOS2, respectively. After subtracting the background thecsra for each instrument were
rebinned to a significance level 8.

For the spectral analysis XSPEC 11.3.1 was used. The bestréineters from different
models provided within XSPEC are listed in Table 3.2. Using PN and MOS spectra
simultaneously the source spectrum was best fitted withrm$stahlung model (Fig. 3.2).
The fit of the multicolour disk blackbody model (diskpn) wdallso be acceptable. However,
we favour the bremsstrahlung model since it is less compiedgaves a betteg?.,. Except
for the bremsstrahlung model the foreground absorptidn)(had to be fixed to the Galactic
foreground absorption as a lower limit (1.300%° cm~2, Dickey & Lockman 1990). If the
parameter was free to adjust it converged to unreasonablydéues.

From the best fitting spectral model we calculated the soflugeand, assuming a dis-
tance of 2.58 Mpc (Puche et al. 1991) we derived an unabsdubgdosity of 5.0<10%® erg
s !inthe 0.3-10.0 keV band.

In order to study the temporal behaviour of the source a brackgl corrected light curve
was created using the taskgsel ect andl ccorr. The source count rate was constant at
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Figure 3.2: Comparison of the PN and MOS spectra of NGC 253 ULX1 with thé-bes
bremsstrahlung model. In the lower panel the residualsr(its wf o) between data and
model are shown.
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Table 3.2: Models for the source spectrum of NGC 253 ULX1

ModeP NyP Model parameter 2,
(102° cm~2)

po 1.30 '=1.94 + 0.05 1.663

bremss  1.741007  kT=2.24"037keV  0.961

mekal 1.30 KT=3.17+0.19keV  2.042

diskbb 1.30 kT=.62 £ 0.04keV 1.671

diskpn 1.30 kT=0.69130kev ~ 1.366

— 7
R=5.34751 Rg

apo: power law, bremss: thermal bremsstrahlung, mekal: Mislegimal plasma, diskbb: multiple black-

body disk, diskpn: accretion disk around a black hole
ball models are modified by foreground absorption (XSPEC rhoees).

about 0.8 ct s! within the errors of about 15% during observation 011090010

3.3 Analysis of ROSAT observation 601111h

The first detection of NGC 253 ULX1 was ROSAT observation 601111h (Liu & Bregman
2005). The observation (total exposure time 17.5 ks) issgpower ten observing intervals,
with different exposure and waiting time for the individwaservations. The source was
bright enough to determine luminosities for each of thesepkation intervals.

We calculated count rates using the EXSAS source dete@gkuet ect / sour ces.
To reduce noise we only analysed HRI channel 2-15. We used \MAB® (v3.6¢) and the
spectral model retrieved from tb@&1M-Newton observation (bremsstrahlung, ¥12.24 keV,
Ny = 1.74x10%° cm~?2) to determine energy conversion factors to obtain the spording
fluxes and luminosities (see lower panel of Fig. 3.1). Theihasity averaged over the
whole observation (1.4310% erg s!) is indicated by the dashed line.

During the observation the source showed significant vaitiaby at least a factor of 2.

3.4 Discussion

We detected the recurrence of NGC 253 ULX1 in ¥XMM-Newton observation from 2000
December 14. This was the first detection after the outbnrs®97, reported frolROSAT

HRI observations by Liu & Bregman (2005). In all other obseprs of NGC 253 the
luminosity of the source was below the detection limit. Tiniplies brightness variability
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I\

Figure 3.3: R-Band optical image taken with the Wide Field Imager on the MES®D
2.2m Telescope. The source is located close to0 83 mag star. The R magnitude is
24.2.

Figure 3.4: Near UV image taken with GALEX. The NUV magnitude is 22.
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by at least a factor of 500. Its fastest change in lumindsitiax/L mipy) exceeds a factor of
71in 120 days.

The improved position (errors of’®4 compared to’4 10) of the source determined
in Sect. 3 allowed us to search for optical counterparts. Méeked images taken with the
Wide Field Imager (WFI) on the MPG-ESO 2.2m Telescope at La 8ilthe R- (Fig. 3.3),
I- and B-band (limiting magnitudes 24.2, 22.9 and 24.3, retypaly) and images taken with
the Galaxy Evolution Explorer (GALEX, a space telescopanffdASA observing in the
ultraviolet) in the NUV (Fig. 3.4) and FUV (limiting magnities 22 and 23, respectively),
but no counterpart could be detected.

With the data discussed in Sect. 3 and 4 we can exclude that 283@JLX1 is either
a foreground object or a background AGN based on three angism@) We estimated the
log(fx/fopt) = log fx + (mv/2.5) + 5.37 > 3.2 using the flux of theROSAT detection
and a lower limit formy of 24.2 (averaging the limiting magnitudes of the R- and the B-
WFI images, see above). Following Maccacaro et al. (1988Mdlue exceeds that expected
for galactic sources<4.6 to —0.6) as well as AGNs{1.2 to +1.2). (ii) The variability
of NGC 253 ULX1 is by a large factor higher than the typicalusabbserved for AGNs
(~ 10 — 60). (iii) NGC 253 ULX1 shows a bremsstrahlung spectrum, whemgzectra of
AGNs above2 keV are typically fitted by a power law. The recurrent outbsiedso exclude
that the source is the luminous remnant of a recent superfikgae.g. SN1993J in M81
(Zimmermann & Aschenbach 2003).

The X-ray spectrum may indicate that NGC 253 ULX1 is a low m&s®y binary
(LMXB). The X-ray emission in these objects is created in thgaally thin boundary layer
between the disk and the neutron star and comptonizationdmaynate the spectral emis-
sion (White et al. 1988), leading to a spectrum that can bedfitgh a bremsstrahlung
model. However th&OSAT HRI peak luminosity of 1.4310% erg s* is very high for typ-
ical LMXBs. Other systems that show bremsstrahlung speotralack hole X-ray binaries,
e.g. Cyg X-1 (Sunyaev & Truemper 1979), LMC X-3 and X1755-33 (et al. 1988).
These systems may contain a high or low mass companion.

An additional argument for a low mass companion comes froenlabk of an optical
counterpart (see above). High mass X-ray binaries (HMXBeukhbe detectable at about
22 to 24 mag, extrapolating V magnitudes from HMXBs in the Migéc Clouds (Liu et al.
2000). We would have detected an object of this brightnetseWFI data.

The luminosity of a compact object radiating at the Eddindtmit is given asL gy =
1.5 x 10%¥(M /M) erg s'!, when electron scattering dominates the opacity. Lumfigssi
higher than 210 erg s ! (corresponding to a.4M, object, commonly assumed as the
maximum mass of a neutron star) suggests that the compact abg black hole. According
to NGC 253 ULX1's maximum luminosity of 1.4310%° erg s'! the lower limit for the mass
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of the black hole is 11 M. Therefore NGC 253 ULX1 is not required to be an IMBH.

Another argument against an IMBH is the temperature of NGCL2581. Miller et al.
(2004a) compared intermediate mass black hole candidaXes dhd stellar mass black holes
with respect to luminosity and temperature. If we assumantb#ticolour disk blackbody
model then NGC 253 ULX1'’s position in the luminosity-diskitperature diagram (Fig. 2 in
Miller et al. 2004a) indicates that NGC 253 ULX1 is not an IMB®#it a stellar mass black
hole.

Recently another object was found that, like NGC 253 ULX1,vatb also a brems-
strahlung spectrum: X-44 in the Antennae Galaxies (NGC AIE®) (Miller et al. 2004b).
The temperature of X-44 5.7 + 0.5keV and its luminosity i5.07 ;3 x 10%° erg s'. This
temperature is about a factor of 1.5 higher than in NGC 253 UL2hd the luminosity
exceeds the luminosity of NGC 253 ULX1 by a factor of 15 conegato the outburst in
1997.

Another interesting ULX to compare NGC 253 ULX1 with is M101LX+-1 (Kong et al.
2005). It was the first ULX that like NGC 253 ULX1 has been oledrduring more than
one ultra-luminous outburst. Like many other ULXs the speatof M101 ULX-1 is best
described with an absorbed blackbody model, but the terperaf~ 50 — 160 eV is rather
low. M101 ULX-1 has a peak luminosity of abold*! erg s (0.3 — 7 keV), and the hard-
ness of its spectrum changed between different obsergatde do not know whether the
spectrum of NGC 253 ULX1 changed in the two observationd)@&MM-Newton data pro-
vided the very first spectrum of the source. During 12 yeaobstrvations NGC 253 ULX1
showed two outbursts with an interval of three years. In MUQX-1 the two outbursts are
only separated by half a year. On shorter time scales NGC 253 $dhowed only one drop
in luminosity by a factor of- 2 during theROSAT observation, and in th&MM-Newton ob-
servation (exposure time2 h) no variability could be detected. M101 ULX-1 on the other
hand does show short-time-scale variability. Its lumityoshanged by a factor gt 10 on a
time scale of hours. The lack of short time variability of NG&3 ULX1 argues against the
relativistic beaming model, since this would require a \&aple jet (Reynolds et al. 1997).
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Chapter 4

The diffuse emission in the disc and the
halo of NGC 253

The diffuse X-ray emission of starburst galaxies can beequridbminent. Especially in galax-
ies that we see edge-on, we can find very complex emissiongedactic halos. One famous
example is the starburst galaxy NGC 253 in the Sculptor Griugpclose enough (2.58 Mpc,
1'=750 pc, Puche et al. 1991) to resolve structures in the diddalo, and to separate the
detected point sources from the diffuse emission. Alscs gden almost edge-on (78.5
Pence 1980), so an unobscured analysis of the halo emisspassible. NGC 253 has been
observed in X-rays many times. There are observationskittstein (e.g. Fabbiano & Trin-
chieri 1984),ROSAT (e.g. Pietsch 1992; Read et al. 1997; Dahlem et al. 1998; V&gle
Pietsch 1999; Pietsch et al. 200B85CA (e.g. Ptak et al. 1997ReppoSAX (e.g. Cappi et al.
1999),XMM-Newton (e.g. Pietsch et al. 2001; Bauer et al. 2007b), @hahdra (e.g. Weaver
et al. 2002; Strickland et al. 2002, 2004a,b). While with senstruments one was not able
to separate emission from point sources and diffuse emisstber instruments, especially
ROSAT, XMM-Newton, andChandra, do have a narrow enough point spread function to do
so. We here report on the first extensive analysis of the slifiemission in NGC 253 with
XMM-Newton.

4.1 EPIC data reduction

Throughout the following analysis, we used the MOS d=#illy to detect and remove point
sources. We were especially interested in low-surfacehbregs diffuse emission at ener-
gies below 1 keV, where the MOS detectors have a lower seitgitihan the EPIC PN. By

not utilising the MOS data for the analysis of the diffuse &sion, we avoided a higher
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background noise level.

After screening for times with high particle background ffee resulting exposure times
see Table 2.1), the observations showed no obvious adalitimmes with solar wind charge
exchange (e.g. Snowden et al. 2004), which would resultmediwith high background at
energies below 1 keV, so no further exclusion of exposure tiras necessary. The exposure
times after screening for high background.{T cican) are shown in Table 2.1. Summing up
over the final good time intervals, we ended up with 80 ks ofosxppe time in total. This
means only about 37% of the original exposure time could bd e the analysis presented
in this chapter. This number is quite small, compared tocipexposure time fractions
of usable times after screening of 60-70%\ext, we screened for bad pixels that were
not detected by the pipeline. In order to be able to merge @sdater on, we calculated
sky coordinatesX,Y) for the events in all observations with respect to the eergference
POSItioN ciagne=00"47"333, da900=-25°17'18". For the following analysis we split the data
set into five energy bands: 0.2-0.5 keV, 0.5-1.0 keV, 1.0k&\) 2.0-4.5 keV and 4.5-
12 keV as bands 1 to 5.

4.1.1 Point source removal

In this chapter we focus on the diffuse emission in the hatbtha disc of the galaxy. To do
so, we had to remove contributions from point sources. leotaol run the source detection
algorithm of theSAS-software package, we created images for the PN, seleatilygsingle
events (PATTERN=0) in energy band 1, and single and doublete({@ATTERN<4) for
the other bands. For MOS we used single to quadruple eveRII BHRN<12) in all bands.
To avoid differences in the background over the PN detewaterpmitted the energy range
between 7.2 keV and 9.2 keV, where the detector backgrouomissktrong spatially vari-
able fluorescence lines (Freyberg et al. 2004). We creatadeasn) background images and
exposure maps, and masked them to an acceptable detee@of heebinning for all images
is 2.

We searched for point sources in the field of view (FOV), stanstously in the 5 energy
bands and three detectors. First, we searched in each absarseparately, to correct for
inaccuracies in the pointing positions. The resulting selists were correlated to catalogues
from USNO (Monet et al. 2003), SIMBAD andChandra (Strickland et al. 2002). Offsets
were determined and applied to each observation. With tegipio corrected event files, we
again created images on which we executed the final pointsalatection. We searched

lsee the XMM-Newton EPIC Background Working Group webpage

http://lwww.star.le.ac.uk/amr30/BG/BGTable.html
2http://simbad.u-strasbg.fr/simbad/
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Figure 4.1: Adaptively smoothed EPIC PN images with contours in the fofvenergy
bands: (top-left) 0.2-0.5 keV, (top-right) 0.5-1.0 ke\wtitom-left) 1.0-2.0 keV, and
(bottom-right) 2.0-4.5 keV. Contours are at (0.35, 0.5000186, 2.5, 6.0, 20, 100}
1075 ct s7! pix—!. Additionally we show the inclination corrected optida; ellipse in
black.
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Figure 4.2: (left): Adaptively smoothed EPIC PN image with contours in the hsghe
different energy band (4.5-12 keV). Contour levels are tineesas in Fig. 4.1(right):
The vignetting corrected exposure map of the merged fougrebtons. The outer con-
tour indicates 0 ks and the exposure increases linearlyrttsnthe centre by one seventh
of the maximum (80 ks) per gray-scale level (0-11.4 ks, 1224-ks, 22.9-34.3 ks,
34.3-45.7 ks, 45.7-57.1 ks, 57.1-68.6 ks, 68.6—80.0 keexor a few pixels, all the
detector gaps are covered by at least 4.4 ks in the centiahteg

in the merged images from observations 1, 2, and 4, and depjanma the images from
observation 3. The reason for merging only observationsdnd 4 is that observation 3
has a pointing offset~6') into the northwestern halo and therefore we would havefit
point spread functions on the same sky coordinates.

Additionally, we created a point source catalogue for@mandra observations. Point
sources inChandra ObsID 3931 were identified using the Wavelet-Based detectign-
rithm (wavdet ect in theci ao software, version 3.4, Freeman et al. 2002), in the 0.5—
5.0 keV energy band using scales 6f 27, 4”, 8’, and 18. For ObsID 969 and ObsID 790
we adopted the published source list from Strickland et2l0R). The combineMM-
Newton and Chandra source list will be published and further discussed in ahfmyming
publication (Trinchieri et al. in preparation).

The combined source list was used to remove the point sofnam@sthe data sets. The
SAS-taskr egi on was used to produce elliptical regions that approximatethet spread
function (PSF) with an analytical model at a given detectifion and flux value (0.5 times
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the background flux at this position). Sources that were ptgéaled in theXMM-Newton
data sets, but are known fro@handra observations, were excluded with a circular region
with a diameter of 8 One might argue that these sources contribute only ldttee overall
emission. However, we took up a conservative position asd ekcluded these sources to
keep any unwanted interference at a minimum. An extendectspmost likely a galaxy
cluster candidate in the background was additionally ndskiéh a circular region of 1/5
diameter.

4.1.2 Images

We used all 4 observations of NGC 253 to produce images. Theresitions have differ-
ent pointing directions and position angles, so we obtaimedjes where almost all the CCD
gaps are filled. The single images, from the energy bands,mere corrected for the detec-
tor background (electronic noise, high energy particlggubtracting the surface brightness
of the detector corners, that are outside of the field of viele images were exposure and
vignetting corrected, and adaptively smoothed with a Gandeernel, with sizes between
10" and 47 (Fig. 4.1 and 4.2). For a detailed description of this metked App. C. A
false-colour image was produced by combining the three dbweergy bands 1, 2, and 3,
as channels red, green, and blue, respectively (Fig. 4139.iage, after the point source
removal is shown in Fig. 4.4.

4.1.3 Hardness ratio maps and spectra

As a big advantage, compared to the observatiorR®SAT andChandra, the higher count
rates inXMM-Newton allowed us to extract spectra with reasonable statistars fsmaller
regions in the disc and the halo. For the hardness ratios pectra we again restricted
ourselves to the EPIC PN data. We did not use observationsl Zdar hardness ratios
and spectra, because after good time interval screeninglitid exposure was left (cf.
Table 2.1).

Energy spectra of several regions (cf. Fig. 4.4) were et¢thfrom the event files af-
ter removal of the point sources. To calculate the area dfetliegions, we used the task
backscal e. We produced background spectra using a region at the sestam border
of the FOV, together with observations where the filter whea$ closed. A detailed de-
scription of this procedure, which also handles the binmhthe spectra, can be found in
Appendix D. The final, background subtracted source spachon each region has a signif-
icance of at least 3 in each data bin.

Since the emission is mostly confined to energies betweemi@22.0 keV, we only
calculated the hardness ratios HR1 and HR2, where HR1B(F/(B,+B,), and HR2= (B-
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B,)/(Bs+B,). By, B, and B are the count rates in the energy bands 1 to 3, i.e. 0.2-0.5 keV
0.5-1.0 keV, and 1.0-2.0 keV, respectively. They were akethby summing up the back-
ground subtracted counts in the spectra in the energy bartdskeservations.

In order to fit the spectra with physical models, we created gfoper response and
anxiliary response files for extended sources for eachipactn XSPEC 11.3.2, we linked
the model parameters between the two observations andlettla global renormalisation
factor to account for differences between the observatmfisthe spectra from observations
1 and 4 simultaneously.

4.2 Results

To characterise the diffuse emission in the disc and the had@nalysed images in different
energy bands, and hardness ratios and spectra from sesgi@hs. In the disc the regions
were chosen in a way that they follow the spiral arm structurehe halo, we chose plane-
parallel regions above the galactic disc. The projectegttgiof the halo regions are 2 kpc,
with exception of the region furthest to the northwest (@egl), which has a projected
height of 3 kpc. The regions are overplotted on top the fatdeur X-ray image in Fig. 4.4.
The hardness ratios in the different regions are given ineldld and shown graphically in
Fig. 4.5.

4.2.1 Disc diffuse emission

The disc shows diffuse emission in energies up-ttD keV, where the harder emission is
located close to the centre of NGC 253. The soft emissidnkeV) shows the largest extent
along the major axis. From the nucleus, it reack@s0 kpc to the northwest and6.4 kpc
to the southeast.

A prominent feature in the disc is the lack of very soft entasnorthwest of the major
axis. This is already known frofrROSAT observations (e.g. Pietsch et al. 2000) and can be
explained by the geometry of the system: The galaxy’s disziented so that we see the
underside of the disc. The emission from the northwestelmthehind the disc is therefore
absorbed by the intervening disc material.

The spectral properties in different regions of the discsaramarised in Table 4.1. An
example of a disc spectrum (region 14) is shown in Fig. 4.6e Visible lines are from
O VII (~0.57 keV), O VIII (0.65 keV), Fe XVII (0.73—-0.83 keV), Ne IX(0.91 keV), Ne X
(1.0 keV), Mg X1 (~1.3 keV), and Si X1l 1.9 keV).

To fit the spectra, we tried several different models, whiticantain an absorption
model (tbabs, Wilms et al. 2000) for the Galactic foregrodadof 1.3 x 10?° cm~2 (Dickey
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5 arcmin

Figure 4.3: Adaptively smoothed EPIC PN image of NGC 253. The colourssspond
to the energy bands (0.2-0.5 keV, red), (0.5-1.0 keV, greanyl (1.0-2.0 keV, blue).
Overplotted in white is the inclination corrected opti¢al; ellipse of NGC 253. Scale
and orientation are indicated.
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5 arcmin

Figure 4.4: Adaptively smoothed EPIC PN image of the diffuse emissioNGIC 253.
Point sources have been removed. Overplotted in green amegions that were used
for extracting hardness ratios and spectra. The inclinatarected opticaD,s ellipse
Is shown in white.
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& Lockman 1990). Also the abundances were fixed to solar ga(see also Sec. 4.3.4) from
Wilms et al. (2000). A simple one-temperature thin thernbasma model (apec, Smith et al.
2001) did not result in a good fit (i.e2 < 1.4) in any case. Similarly, a power law model
did not give good fits. At least three components were necgfsamost of the regions: two
thin thermal plasmas plus a power law component. The powewks needed to account for
the emission above 1l keV and probably results from point sources below the pspotrce
detection limit, or incomplete source removal due to toolsexdraction radii.

The obtained temperatures are quite uniform throughoutibe and vary from 0.1 to
0.3 keV and from 0.3 to 0.8 keV for the soft and the hard compgnespectively. The
intrinsic luminosity (corrected for Galactic absorptiarf) the diffuse emission within the
inclination corrected opticaD,; ellipse is 2.4 10% erg s* (0.2-10.0 keV), or 8.510% erg
s ! (2.0-10 keV). Both values were corrected for the area of atipoint sources.

The spectra decrease in hardness from the northwest to ttieesst parallel to the mi-
nor axis, which can easily be seen in the hardness ratio nkagsA(5). This is not an effect
caused by different temperatures, but by the increasieggtin of the soft spectral compo-
nent towards the southeast (compared to the hard compoasrit)e optical depth through
the halo on the near side of the disc increases.

The regions along the northwestern outflow (regions 9 & 16yelsas the region north-
east to that (region 13) allow a lower limit estimate of theaiption through the disc. Here
an additional absorption component was required to aclaig®d spectral fit. The required
column densities range betwee.5x 10?2 cm~2 and~0.9x 10*2 cm2,

In a few cases, the two thermal plasma plus a power law conmponedel did not give
the best fit. The southern region on the northeastern ene adlisie (region 12) did not require
a power law component. It does not cover a spiral arm of NGG #&8 the contribution
from point sources below the detection limit may not be digant. The region furthest to
the south in the disc (region 21) was well fit with one thermlabma and a power law. A
second thermal plasma was not required.

We found that spectra are harder in regions which coverlspiras. The northeastern
regions of the disc (regions 11 & 12) are the best exampléhier The region which covers
the spiral arm (region 11) shows temperatures.08 0 0: and0.580 13 keV, whereas the
region adjacent to the spiral arm (region 12) is significactholer with temperatures of
0.07 + 0.01 and0.25"5:53 keV. The latter spectrum is actually more similar to the ¢gpi
halo spectrum (see next section).
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Figure 4.5: Hardness ratio maps: The map was binned to the same regionsigs4.4.
The higher the index, the harder the spectrum. The backdroolour corresponds to an
artificially set value. We also show the inclination corestoptical D, ellipse. (left):
HR1=(B,-B,)/(B,+B;), where B and B, are the count rates in the energy bands 0.2—
0.5 keV and 0.5-1.0 keV, respectivelfright): HR2=(B;-B,)/(B3;+B-), where B and

B3 are the count rates in the energy bands 0.5-1.0 keV and 0.Re¥, respectively.

4.2.2 Halo diffuse emission

The halo shows emission only belowl keV. Its projected maximum extent4s9.0 kpc to
the northwest, and-6.3 kpc to the southeast, perpendicular to the major axis. giémeral
shape resembles a horn structure. This was already seerR@BAT (e.g. Pietsch et al.
2000), andChandra (e.g. Strickland et al. 2002). In the northwestern halo, ER¢C PN
images only show the eastern horn. In the southeasternidwtothe eastern and the western
horn are visible in the energies between 0.2 and 0.5 keV.gktdrienergies, the western horn
is not visible.

On smaller scales the halo emission seems not to be unifadistgibuted. It shows
a filamentary structure, as was seen before inRBDSAT data. One notable feature is a
brighter knot, which coincides with the nuclear outflow aixighe northwestern halo at a
height of about 3.5 kpc above the disc. It is bright in enex¢petween 0.2 and 1.0 keV and
appears yellow in the false-colour image (Fig. 4.3). We kbdavhether any of the detected
structures coincide with chip gaps of the detector, anddcctherefore be artificial, but no
correlation was found.
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Figure 4.6: Representative spectra of a region in the disp, (region 14) and of a region
in the halo pottom, region 7). The red and the black data points and model fitt@ame
observations 1 and 4, respectively (see Table 2.1). Therlpamel shows the residuals
of the fits.
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The spectral properties in different regions in the halosamamarised in Table 4.1. To
fit the spectra, we applied the same approach as for the digainAsimple models cannot
describe the spectra. A model with two thin thermal plasnaa®& @ good fit in all regions
in the halo. Unlike in the disc, no power law component wasessary in addition to the
thermal components.

The southeastern halo is softer than the northwesternwhloh results in redder colours
in the southeastern halo in the EPIC PN false-colour imagg @3), and also in lower
values in HR1. A fit to the spectrum of the whole northwesterio lgmve temperatures
of 0.10 4 0.01 and0.337097 keV. The spectrum in the southeastern halo is similar, with
temperatures 06.09 4 0.02 and0.297553 keV. The difference in hardness is because the
two plasma components contribute different amounts. Coetpty the normalisation of
the hotter plasma, the normalisation of the cooler plasnadait 1.5 times stronger in the
southeastern halo, with respect to the northwestern halo.

The good statistics of the EPIC PN data allowed a further isigidn of the halo into
smaller regions. A representative example (region 7) ofaditieese halo spectra is shown in
Fig. 4.6. The oxygen lines at 0.57 keV (O VII) and 0.65 keV (QlYare prominent. Also
visible is the iron line at-0.8 keV (Fe XVII).

The halo is not uniform in its spectral properties on smaltedes. The northwestern halo
is softer in the east than in the west, while the southeast@mis softer further away from
the disc (see HR1 map in Fig. 4.5). Additionally the emissiandens along the direction
of the northwestern outflow (regions 3 & 6). However, the Bigance of this difference is
only 1.9¢.

The total intrinsic luminosity for the diffuse emission,roected for the area of the re-
moved point sources, in the northwestern halo is<8#® erg s'! (0.2-1.5 keV), compared
to 2.1x10%® erg s'! in the southeastern halo. To calculate electron densitiegsssumed a
volume for the emitting region. We modeled the northwesteto with a cylinder with a
radius of 4.3 kpc and a height of 4.2 kpc, plus a cylindricghsent with a height of 4.2 kpc,
a radius of 4.3 kpc and a width in the southeast-northwesttian of 3.0 kpc (to model
region 1). This gives a volume of 298 kpar 8.7 x 10 cm?. For the southeastern halo we
assumed a cylinder with a radius of 3.5 kpc and a height of2cQdus a cylindrical segment
with a height of 2.0 kpc, a radius of 3.5 kpc and a width in thetlseast-northwest direction
of 3.0 kpc (region 25), resulting in a volume of 113 kmr 3.3 x 10% cm?®. To calculate
densities and the total mass in the emission regions, weaterd the volumes for the cut-out
point sources. Using the emission measure of the fit (cf. tlicenchentation of the apec model
in XSPEC), the resulting densities &e 7 %°x 1073 cm~2 and4.7 n=%5x 1072 cm~3 for the
northwestern and southeastern halo, respectiyaythe volume filling factor/ < 1). With
solar abundances from Wilms et al. (2000), this impliesl toi@sses 08.3 7> x 10" M,
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and1.877%? x 10" M, for the northwestern and southeastern halo, respectively.
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Table 4.1: Spectral fits (multi-temperature thermal plasma, plus pda® component in the disc) and hardness ratios in the

extraction regions.

Region X2 KT norm Nu KT norm r norm HR1 HR2
(x2/v) (keV) (107%) (1022 cm2) (kev) 10-5) (10-5)
1 1.0 (21.1/21.0)  0.1070:02  19.4783 0.357058 56718 0.03+£0.04 —0.45+0.03
2 0.8(14.6/18.0)  0.1070:95  g.37%2 0.3275:5¢  3.078:9 —0.024+0.04 —0.4440.04
3 0.9(35.3/39.0)  0.0970:0)  11.67%0 0.3470-05 46759 0.1240.03 —0.57 £ 0.02
4 0.7 (16.5/25.0)  0.1179:92  5.7%33 0.337057  3.3709 0.15+0.04 —0.49 +0.03
5 0.8(31.1/41.0)  0.1073:92  11.5731 0.30755%  3.4705 —0.0240.03 —0.57 4 0.02
6 0.9(825/90.0)  0.10700} 154757 0321005 6.0%03 0.05+£0.02 —0.6140.03
+0.02 +3.7 +0.03 +0.9
7 0.9 (52.0/59.0)  0.117592 82737 0.3170:0% 50799 0.134+0.03 —0.57 %+ 0.02
8 0.38+£0.04 —0.24+0.04
+0.08 +1.2 +0.391 +0.08 +4.7 +0.54 +0.4
9 0.8(36.4/47.0)  0.17739%  1at52 04967030 0327008 9274 1127097 0970% 0444004 —0.30+0.03
10 0.554+0.06 —0.15 4 0.04
+0.05 +1.4 +0.16 +0.8 +0.53 +0.8
11 0.6 (47.0/78.0)  0.18705%  3.4713 0587016 19708 2547058 12708 0144003 —0.5240.02
12 1.4(43.3/32.0) 0.077581  17.27320 . 0.257562 27708 . . —0.05+0.04 —0.52+0.03
0.07 0.7 +1.095 0.91 4.8 0.78 +0.7
13 0.8 (41.1/53.0) 0'3018'82 1.9%8 0.89215903 0'7738‘33 4.2%? 0.67;8'% 0’718'3 0.46 £0.04 —0.22 4 0.04
14 0.5 (149.0/275.0) 0.20705%  4.37}0 0597006 sl 2127028 22%0% 0274002 —0.5740.02
15 0.7(80.2/116.0) 0.2070%%  2.879-9 . 0597513 16799 3.137031  1.075% 0.03+£0.02 —0.65+0.02
16 (N\W outflow) 0.8 (126.1/150.0) 0.257098 18721 054275238 059701 91+37 1387019 20701 0.43+£0.02 —0.24 +0.02
17 (Centre) 0.8 (187.1/249.0) 0247005 2.6718 0.5870 0% 28717 1737018 33102 0.26 £0.02 —0.43 +0.02
18 (SE outflow) 0.5(82.1/152.0) 0.247551 29712 0.667559 12709 2287020 18703 0.14+£0.02 —0.53 +0.02
+0.05 +0.8 0.10 0.8 +0.55 +0.5
19 0.7 (84.5/114.0) 0'19186’? 2.7;%.? 059;8‘%3; 24;8"2 1'0918'33 1’1;8? 0.34£0.03  —0.51 % 0.02
20 1.0(73.7/77.0) 021799 3.0t 0577038 17798 1517038 22707 0274003  —0.4240.03
21 0.8(32.3/39.0) 0.2070%57  1.7797 .. . 1.39708% 21758 0.19+0.04 —0.48 +0.02
22 0.9(45.3/48.0) 0.10755 89737 0.32755¢  1.970-2 —0.05+0.04 —0.53+0.03
+0.02 +3.4 +0.04 +0.8
23 0.9 (54.0/62.0)  0.09795% 135732 0.30755% 31708 —0.07+0.03 —0.53 %+ 0.03
24 —0.06+£0.05 —0.30 +0.04
23+24 1.1(82.5/75.0) 0.077581  46.77325 0.26755%  6.2710 —0.07+£0.03  —0.45 + 0.02
25 0.4(8.5/20.0)  0.097005 85753 0.247008  1.3772 —0.19+0.05 —0.37+0.04
1...7(NWhalo)  0.8(209.4/261.0) 0.10700] 9757155 0.337007  34.773% 0.04£0.01 —0.55£0.01
22...25(SEhalo) 1.1(82.4/76.0) 0.09700>  34.97%2 0.20%05% 75739 —0.08£0.02  —0.46 £ 0.02
2.4 1.0(97.8/99.0)  0.107951  26.6758 0.33758% 111718 0.09£0.02 —0.51+0.02
5.7 0.9 (157.8/168.0) 0.1010 01  36.875] 0.327002  14.8717 0.06£0.02  —0.59 £0.01
22...24 1.1(91.1/81.0)  0.0970952  29.0%57 - 0297003 6747 . —0.06£0.02 —0.48 + 0.02

£G2 DON 4O O[ey 8y} pue ISIP U} Ul UOISSIWS SNYIp YL "t Jaideyd

NOTE: All errors are 90% confidence for a number of interespiagameters equal to the number of free parameters in the mode 3%, 7, or 9 free parameters depending on the model). Thimtie
plasma models are apec, absorbtion models are thabs. All malelsatixed foreground absorptionB x 1029 cm~—2. For region 8, 10 and 24 no spectral fit was attempted due totitistics. The
hardness ratios in these regions do give meaningfull vahamsyh.
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Table 4.2: Spectral fits in the halo extraction regions with a thin tharplasma plus
power law component, as opposed to a multi-temperaturendgdgrlasma model in Ta-

ble 4.1.
Region X2 KT norm r norm

(x*/v) (kev)  (107°) (107°)
1 1.1(22.3/21.0) 0.19%02)  1.3*29 190708 5.6*18
2 0.7 (12.5/18.0) 0.24*008 2.015 248798 15409
3 1.1 (41.2/39.0) 0.32799% 3.8t11 3.09%03 0.9793
4 1.0 (24.4/25.0)  0.297005  3.1t13 2877056 7108
5
6
7

0.8 (32.9/41.0) 0217904 2512 96pt043 1 5406
0.8 (74.9/90.0) 0257903 42F14 9414030 9 6+06
0.7 (41.7/59.0)  0.227904 9.9Fl8 g 74+047 3 5411

22 0.9 (44.0/48.0) 0.16799 1.8%13 2407064 1 4104
23 0.9 (52.8/62.0) 0.2475:53  2.7F10 3257035 (.8103
25 0.5(10.4/20.0) 0.18%3% 1.9%20 380106 (.3+02
23+24 1.3(98.6/75.0) 0.227097  0.9T4T  2.49t028 3 5403

1...7 (NW halo) 0.8 (201.6/261.0)0.267051 29.1739 2.847916 102713
22...25(SE halo) 1.1(81.2/76.0) 0.2179%4 ¢.2726 303037 2.7+08

2...4 1.0 (101.6/99.0) 0.28709% 7.5729 246702 45711
5...7 0.9 (151.8/168.0)0.2579:92 12472 2651023 4 8+10
22...24 1.2(93.9/81.0) 0.23%3%% 5720 3147032 1.9706

NOTE: All errors are 90% confidence for a number of intergsparameters equal to the
number of free parameters in the model. Thin thermal plasiwdefs are apec. All models
have a fixed foreground absorptionio$ x 10%*° cm2.
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4.3 Discussion

4.3.1 The extent of the diffuse emission of NGC 253

Extended emission from the soft northwestern halo was &sbnted fromEinstein obser-
vations (Fabbiano 1988). Later, observations VIRBPSAT also discovered the southeastern
halo in X-rays (e.g. Pietsch et al. 2000). TR®SAT images in the soft band trace the emis-
sion in the outer halo to projected distances of up to 9 kpth bothe northwest and the
southeast direction. WitKMM-Newton, the emission is detected out to 9.0 kpc to the north-
west and 6.3 kpc to the southeast. This difference in thénsastern halo can be explained
by the highROSAT sensitivity extending down to 0.1 keV. The useKNMM-Newton EPIC
PN range is limited to 0.2 keV. This makes a big differencehase are many strong lines
from O 1V, Ne VI, Mg IX, Mg X, SilX, and SiX in the energy banddiween 0.1 and
0.2 keV. For a thermal plasma at a temperature-0f1 keV, these lines are even stronger
than the O VII and O VIII lines, and about 60% of the total fluxie energy band from 0.1
to 2.0 keV originates from lines below 0.2 keV. The southerashalo shows softer emission
than the northwestern halo, therefore, the effect is seshigp the southeastern halo.

Also in the disc the extent of the emission is different. TR@SAT images trace the
soft emission~6.8 kpc towards the northeast and.3 kpc towards the southwest. With
XMM-Newton, the disc emission has an extent~o7.2 kpc and~6.3 kpc to the northeast
and southwest, respectively. The disc spectra are haradeitiie halo spectra, and therefore
the higherXMM-Newton sensitivity at energies-0.4 keV comes into play.

4.3.2 Is the diffuse emission in the disc really from hot intersteir gas?

The cumulative emission of a large population of weak stéyipe X-ray sources can mimic
the characteristics of a hot interstellar gas componeris Was first discovered in the Milky
Way's ridge X-ray emission (e.g. Revnivtsev et al. 2006), Wund evidence that the bulk of
the Galactic ridge X-ray emission is composed of weak X-@yses, mostly cataclysmic
variables and coronally active stars in binary systemd) wituminosity of most of these
sources of less tharb3! erg s'!. Also in other galaxies, Revnivtsev et al. (2007) found that
the apparently diffuse emission is consistent with the simisfrom an old stellar population
like in the Milky Way.

Can this also explain the extended X-ray emission in the diBi&C 253? Following the
method by Revnivtsev et al. (2007), we used K-band obsengtio infer the emissivity of
the diffuse X-ray component per unit stellar mass. We ddrithe near-infrared luminosity
and stellar mass of NGC 253, using the total K-band magniv@i@e772 (Jarrett et al. 2003),
the distance modulus of 27.06, corrected for interstehtinetion of 0.007 (Schlegel et al.
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Figure 4.7: Comparison between the K-band (left, 2MASS, Jarrett et &32@nd X-
ray (right) morphology. The white contours overplotted ba K-ray image represent
the K-band brightness levels. Both images are on a lineaucsltale, and on the same
spatial scale as indicated in the K-band image.

1998), and the colour-dependent K-band mass-to-light fatim (Bell & de Jong 2001,
log(M./Lx) = —0.692 + 0.652 x (B — V)), with (B — V) = —0.16 (Comebn et al.
2003). This yielded a total K-band luminosify; = 1.6 x 10'* L. and a total stellar mass
M, = 2.6 x 10" M. With a X-ray luminosity of NGC 253 of 2010 ergs! (0.5—
10 keV), the emissivity of the diffuse X-ray component peit stellar mass then resulted
in

L0.5-10 ke
P = T610E (£2.3) x 107 erg 5T MG

The errors are statistical errors on the measured X-ray Adxitionally, we assumed an
uncertainty 0of~30% (given in parentheses), which might be associated Wwéli.t to M,
conversion (Bell et al. 2003). The emissivity of NGC 253 shklaarly be considered a lower
limit. We cut out a quite large region in the centre of NGC 258 aorrected for this by
filling the hole with the average flux of the disc. Therefohes bbtained X-ray luminosity as
well as the emissivity are probably too small.

From the luminosity and other properties of the Galactigeid-ray emission (e.qg.
Revnivtsev et al. 2006) and from direct measurements of tiélosity function of sources
in the solar neighbourhood (Sazonov et al. 2006), the coeabh5-10 keV emissivity of
cataclysmic variables and coronally active stars has b&t@naed ad.x /M, ~ 1.2+0.3 x
10% erg s=1 M'. The value derived for NGC 253 is larger than the value forNtiky
Way, indicating the presence of a hot gaseous component.
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An even stronger argument is the following: if the diffusea§+ emission is produced
by an old stellar population, then their morphologies stidag similar. A comparison of
the X-ray emission with the 2MASS K-band image (Jarrett e2@03) is shown in Fig. 4.7.
We found that the X-ray morphology does not match the K-bandphmlogy, therefore the
diffuse emission is indeed not simply due to an old stellgytation, but has to have a truly
diffuse component.

4.3.3 Spectral fits and variations in the halo

As it was mentioned already in earlier publications, theran ambiguity in the spectral
fits between a pure multi-temperature thermal plasma modkbacombination of thermal
plasmas plus a power law component (e.g. Dahlem et al. 2Q€6kI&nd et al. 2002). This
ambiguity in the halo emission still exists with tK&M-Newton data. Fits to the halo spectra
with a thermal plasma plus a power law model (see Table 4s2)tel in similary?, as for

a multi-temperature thermal plasma model. A power law camepb from point sources
could be excluded, since we were careful to remove any poinice contribution. Another
source for non-thermal emission could be synchrotron eamssom cosmic ray electrons
that are advected with the superwind or are acceleratedljjananternal wind shocks. A
comparison of the X-ray emission to the 330 MHz and 1.4 GHmorarhission (Carilli et al.
1992) showed that the radio emission is more extended, agslrdui show the horn structure
that we see in X-rays. Because of this inequality, we prefemtiulti-temperature thermal
plasma model for the X-ray halo emission at the moment. Aeruly ongoing analysis
with non-equilibrium models (e.g. Breitschwerdt & Schmatz1999) might also be able to
explain the observations.

The northwestern halo shows significant hardness vargimiR1, as opposed to the
findings by Strickland et al. (2002). We checked if this carchesed by a different energy
band selection, but the result is independent whether wéhedeands from Strickland et al.
(2002) (0.3-0.6 keV and 0.6-1.0 keV) or our own. These haslmariations might also be
a sign of non-equilibrium ionisation (NEI) X-ray emission.

4.3.4 Temperatures, abundances and column densities

The X-ray emission from NGC 253 has been observed beforesgitbral other X-ray ob-
servatories. Especially the early observatories did notvalo separate the point sources
from the diffuse emission since the point spread functios waite large. Hence, only a
combined fit of the emission from the halo, the disc, and theeau region was possible.
Temperatures of multi-temperature models ranged betwdean@ 0.3 keV for the low, and
between 0.6 and 0.7 keV for the high temperature componeatiléin et al. 1998; Weaver
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et al. 2000; Dahlem et al. 2000). Reported abundances werdynmighly subsolar and
therefore unphysical for a supposedly metal enriched ststigalaxy plasma.

Only the X-ray observatories likEMM-Newton, Chandra, and to some degrd@OSAT
allow us to separate the halo from the disc emission and t@vemontribution by point
sources via a spatial selection. Frd®@SAT data, Pietsch et al. (2000) inferred a fore-
ground absorbed two-temperature thermal model with teatpess of 0.13 and 0.62 keV
for the northwestern halo emission. No highly subsolar danoes were required. The disc
emission could be explained by a 0.7 keV thermal plasma aradiditional thermal plasma
(kT=0.2 keV) in front of the disc coming from a coronal compah

The firstXMM-Newton results by Pietsch et al. (2001) required a two-componeimtaino
for the disc emission with temperatures of 0.13 and 0.4 keM pésidual harder emission,
possibly from unresolved point sources. For the nucleaiorethree temperatures were
needed (0.6, 0.9, and 6 keV). Both models used solar aburglaNceanalysis of the halo
emission was presented in their paper.

The best spatial resolution is provided by tBleandra observatory. Results on the dif-
fuse disc and halo emission were first published by Strieklainal. (2002). For the halo
emission they needed a multi-temperature model (apec) atitbast two temperatures of
0.24 and 0.71 keV (the latter with quite large errors) andhwitforeground absorption of
5.3 x 10 cm2. A power law " = 3.3) plus a thermal plasma (kT=0.24 keV) gave a
similarly good fit. A combination of other thermal models a8 or non-equilibrium mod-
els (vnei) did not result in better fits. The diffuse emisdiam the disc was fitted with the
same models, however, the temperatures were lower thaa hratb, with 0.17 and 0.56 keV,
respectively. The foreground absorption yields x 10** cm™2. In all cases unphysically
sub-solar abundances had to be assumed.

The temperature values for the halo emission, as found byoaiysis, are lower than
the ones from previous observations. Our soft componeriasitad.10 keV, which is still
compatible with theROSAT results. However, the hard component is orl§.32 keV for
the northwestern halo and0.29 keV for the southeastern halo. A higher temperature was
not necessary in any of our fits. A possible explanation cbeldhe way the spectra were
background subtracted. We used a sophisticated methodA(geeD) that uses the local
background at the border of the field of view, where no emmsfiom NGC 253 is expected,
while other authors used e.g. blank-sky observationsof@amd et al. 2002). Using a back-
ground from different times and different fields on the sky ¢@ad to systematic effects
in the background substraction. A background region witgadr contribution of the lo-
cal bubble could, for example, lead to an over-correcti@peeially at very soft energies
(<0.5 keV).

In the disc we found temperatures between 0.1 and 0.3 keVetmgebn 0.3 and 0.8 keV,
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for the soft and the hard component, respectively. Thismsisbent with earlier results.

We also tried to constrain the metal abundances in our fitsveder the errors on the
obtained values are so large, that we are not able to givecaeditrained abundances (north-
western haloZ = 0.3%;7 Z, southeastern haldZ = 0.4%5% Z, disc: Z = 1.0752 Z..).
Since we do not expect highly subsolar abundances in aroemaent which is enriched with
metals from the starburst via the superwind and galactiotiios, we fixed the abundances
in our analysis to solar. This is very well consistent with H#bove values. A reason for the
low abundances, found with different instruments, coulthla¢ due to a lower spatial resolu-
tion and or/and sensitivity more point sources contribatiaé final spectrum, increasing the
continuum flux. The ratio of line emission to continuum fluxherefore decreased, which
mimics the spectral shape of a plasma with low metal aburetang similar effect can be
achieved when a NEI spectrum is fitted with CIE models. Alsogesimplistic model could
be the reason, combining regions with different tempeestur

In the disc, three of the regions required an extra absormionponent in the spectral
model. The additional column densities range betweer 0% cm~2 and 0.9<10%2 cm~2.
Direct radio measurements of the H | column density showegilwvalues than we derived
from the X-ray data. An interpolation of the H | maps by Puchale(1991) and Koribalski
et al. (1995) resulted in2.4, 3.9, and 3.410%! cm~2 for regions 9, 13, and 16, respectively.
However, the H1 value for the region including the nucleusN&C 253 (region 16) is
affected by H I absorption, so the resulting column denség only be considered as a
lower limit. Additional absorption is expected from molémuhydrogen. Mauersberger
et al. (1995) derived the Hcolumn density in the direction of the nucleus of NGC 253
to 3.7x10%* cm2. Taking this value as an upper limit for the column densityhia disc
regions around the nucleus, the column densities deriwed ¥-ray spectra are within the
limits from radio observations.

4.3.5 X-ray versus UV morphology

Fig. 4.8 shows the X-ray contours from the energy band 022ké&V overplotted on a two-
colour UV image, taken with the GALEX observatory (Galaxyokxion Explorer, a UV
space telescope) on 2003 October 13. For the northwestkrthieae is quite a good agree-
ment between the FUV and X-ray emission regions. The FUV siondraces the western
horn to a distance of7.5 kpc above the disc, as well as the broad base emissioritin so
X-rays quite well. In the southeastern halo, again, the U tae soft X-ray emission show
the western horn structure, where the UV horn extends totab&pc away from the disc.
However, the FUV horn is slightly offset by 700 pc to the northeast with respect to the X-
ray horn. Images obtained with the Optical Monitor onbaéktM-Newton are not sensitive
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5

o
5 arcmin @

% O

Figure 4.8: Two-colour UV image of NGC 253 with NUV (175-280 nm) in yelland
FUV (135-175 nm) in blue. The intensity was rescaled to emigkahe faint, diffuse
emission. Overplotted are the 0.2—-0.5 keV X-ray contours.
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enough to show the extraplanar UV emission.

Hoopes et al. (2005) proposed the following model for thgiarof the UV emission:
Since the UV luminosities are too high to to be produced bytinanom and line emission
from photoionized or shock-heated gas, the UV emissiondcbalexplained by dust in the
outflow that scatters the stellar continuum from the stastaato our line of sight. They also
found that the UV halo emission, as seen with GALEX, coredawith the Hv emission,
which could originate from gas that is photoionized by UV fms from the starburst. The
UV and Hx emission would originate in the same cold regions in the.halo

How does the warm gas that is responsible for theddd UV emission get out into the
halo? There are two possibilities: either it has alreadylibere from the beginning in the
form of a cold and maybe clumpy halo component, or it was frarted by the superwind
and galactic fountains from the disc out into the halo.

There are models, where it is possible to drag up clouds af ga$ into the halo (e.g.
model 3 of Strickland et al. 2002). In a sheet surroundingehaouds, X-ray emission
could be produced by shocks or in conductive or turbulentimgiinterfaces on the cloud
surface. This model would also account for the non-unifoyrof the X-ray emission as
seen in theXMM-Newton images (Fig. 4.1 and 4.3). However, the model cannot exien
displacement of the UV emission in the southeastern haloesn the model the clouds are
located within or at the inner border of the superwind.

Could the dust even survive this transport from the disc inéohtalo embedded in a hot
plasma environment? Draine & Salpeter (1979) give the spaog time for a spherical dust
grain of radiuse embedded in a plasma of hydrogen with temperatures betwé&eand
10° K and the density.; as

1
toput ~ 106 (i) ( ”Hg) yr. (4.1)
pm ) \em—

For ny between2.5 x 1072 cm™2 in the outflow close to the centre (Bauer et al. 2007b)
and3.2 x 10~ cm? out in the northwestern halo, and a grain sizes®.1 :m, ¢y, varies
between 4.0 and 31 Myr. So to reach a height above the disé &p¢.in less than 31 Myr, an
average velocity of at least 240 km/s is required. This id e@hpatible with measurements
of outflow velocities in different wavelengths, that rangeni 260 km/s (Na D absorption,
Heckman et al. 2000) to about 400—-600 km/sy(HN I, SI, and O Il emission, Ulrich
1978; Demoulin & Burbidge 1970). Therefore it is quite poksiihat the dust survives the
transport from the disc out into the halo.

Another model to explain the UV and X-ray morphology (e.gd@lo5 of Strickland
et al. 2002) requires a thick disc component, through whithduperwind emerges into
the halo. On the contact surface between the hot superwiitéhd the cold thick disc
material we get a heated layer through shocks and turbuledmgrwhere the X-rays are
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produced, surrounded on the outside by a colder layer wiher&JV emission originates.
The thick disc component was originally created by liftingterial up from the disc through
the star formation activity (simulations by Rosen & Bregma®3)9 This model would

easily explain the UV displacement from the X-rays, howeverwould only get a hollow

cone with X-ray emission. The latter is not what we see inXNBM-Newton observations.

Though a mix of both models would be able to explain the olezkraorphology.

The magnetohydrodynamics ISM simulations of de Avillez & iBxehwerdt (2005) also
shows a clumpy halo structure, characterised by turbulenbmlayers, which could explain
the UV and X-ray filamentary structure. In some regions, tlagmnetic field forms loops
surrounded by shells which may exhibit enhanced UV emission
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Chapter 5

High resolution X-ray spectroscopy and
Imaging of the nuclear outflow

Starburst galaxies are known to show very complex emissiofinays. This emission origi-
nates, on the one hand, from sources that appear to be p@selurces, like X-ray binaries,
supernovae, and supernova remnants. On the other hangi@mi®mes from the diffuse
hot component of the interstellar medium, such as diffuses&on in the disc and gaseous
outflows driven out of the disc by massive stellar winds ane @mllapse supernovae, also
called superwinds. The latter phenomenon can be quiteapedat in M82 (e.g. Stevens
et al. 2003) and NGC 253 (e.g. Strickland et al. 2000), fongpla, where these superwinds
emerge from a starburst nucleus. In NGC 253, Fabbiano & franc(1984) first detected the
southeastern part of this outflow in X-rays wHmstein and called it the “minor-axis com-
ponent”. WithROSAT, Pietsch et al. (2000) also detected the part of the outflantipg in
the opposite direction. However, the spatial resolutioR@EAT was not yet good enough to
learn more about the morphology of this outflow. Later oneolations withXMM-Newton
(Pietsch et al. 2001), and especially withandra (Strickland et al. 2000), showed that the
outflow can be explained with a limb-brightened hollow cotradure. Temperatures of the
best-fit, thin thermal plasma models are in the range 0.284&V fromXMM-Newton EPIC
and 0.46-0.66 keV fronChandra. Strickland et al. (2000) conclude that the detected emis-
sion originates in the shocked region at the border of th8avutvhere the wind collides
with interstellar medium. The wind itself, though, was thbtito be too hot and too thin
to be detected directly. This picture, however, disregéndspossibility that the wind may
be mass-loaded, entraining ambient ISM, as well as infalimaterial. If turbulent mixing
proceeds on a time scale that is larger than the flow time mvdtgiven region, such as the
base of the outflow studied here, we expect some clumpingke wutflow, imprinted on an
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overallless dense wind. As we show later, this is confirmed by our analysis, Whsbows
that e.g. O VIIl is not limb-brightened.

High-resolution spectra of NGC 253 and M82, taken with ¥XMM-Newton Reflec-
tion Grating Spectrometer (RGS), were first published byserett al. (2001) and Read &
Stevens (2002), respectively. Both spectra show thedmission lines from Si, Mg, Ne, O,
N, and their helium-like charge states. Both galaxies alsavgmission lines from Fe XVII
and Fe XVIII, and M82 shows lines from Fe XX, Fe XXIIl and Fe XXIIin M82 the line
ratios for neon, iron, and oxygen are quite different coragao NGC 253. In general the
M82 spectrum appears to be hotter with temperatures in tigeraf~0.3—-1.5 keV, with its
continuum confined more to higher energies. Its X-ray fluxyal as its X-ray luminosity,
in the RGS energy band (0.35-2.5 keV) is higher than for NGC 253

However, these spectra only give a combined spectrum of tlckear source and the
outflow. Here we present an analysis where we decomposettiesp@ctrum of NGC 253
into regions containing the nucleus and different parthefdutflow, while maintaining the
high spectroscopic resolution.

The observation with Obs. id. 0110900101 could not be usethie analysis, since the
pointing direction of this observation was in the northwalo of NGC 253 with the result
that the outflow was not in the field of view (FOV) of the RGS (cble 2.1).

5.1 Data reduction

Before we start to describe the analysis procedures, we wagrliite emphasis on why it
is even possible to perform the following spectroscopidysms First, the nuclear outflow
of NGC 253 is an extended X-ray object, which can be spatratplved byXMM-Newton
EPIC and RGS, embedded in an even larger region of X-ray esnifgim point-like sources
and diffuse emission in the disc and halo of the galaxy. Theams the RGS data for the
central regions are in principle affected by the contanmmefrom the surrounding emission,
but, as shown in Fig. 5.1, both the nucleus and the outflow IfCN&53 are significantly
brighter and well above the galaxy emission, so we can orpg&xa minor contamination.
Moreover, as we show later, we can identify and “remove”@ffelue to the disc emission.

Second, since the RGS is a slitless spectrometer, the spdcitasources in the field
of view are superimposed on each other on the detector. &bpi&placement of a source
along the dispersion direction corresponds to a wavelesigithin the spectrum o2.31 x
10-3 A arcsec’ with respect to a not-displaced source. Since the outflonahasxtent of
up to 1.4 in the dispersion direction, the spectral resolution isttahto ~0.19A at 15A.
This is still considerably better than the energy resofufrom CCD detectors.

Due to the superposition of all sources, other bright pomirses in the FOV could
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contaminate the spectrum of the outflow. However, the affeerea decreases significantly
for off-axis sources and even a contribution from the beghoff-axis source at the bottom
of Fig. 5.2 (X21 from Pietsch et al. 2000; Tanaka et al. 20@®) loe neglected. The source
on the southwest edge of the outflow in region SE 1 (cf. Figsabd 5.2), however, does
affect the outflow spectrum. The spectrum of this source doeshow line features (X33 in
Pietsch et al. 2001), so its contribution to the RGS spectrom this region is an increased
continuum flux. This does not affect our conclusions.

5.1.1 RGS spectra

Since the dispersion direction of the RGS was approximatéyed with the major axis
of the galaxy, we were able to extract spectra for differgja@ent regions along the minor
axis, i.e. the cross-dispersion direction, of the galarg (Sig. 5.2). The extent of the extrac-
tion regions are30” in the cross-dispersion direction. Assuming a distance@®LCN53 of
2.58 Mpc (Puche et al. 1991) this corresponds to a width of@@7/r the extraction regions.
The events in these regions were additionally filtered wi@CGD pulseheight filter to select
only them = —1 spectral order. The reference points for the origins of thexgy scales of
the spectra were set on the minor axis of the galaxy, wheretti®w has its peak emission
(see Fig. 5.1).

NGC 253 is an extended source and covers most of the area BfGlsedetectors. To
prevent contamination in the background spectra we useadskegsbkgnodel 1.1.5,
which computes background spectra from RGS background &tespl

To increase statistics we combined the spectra of the two RBSibrs and added up the
spectra from the three observations. As the position argjleédIM-Newton did not differ
very much in these three observations, the regions fromiwthie spectra were extracted
are only slightly tilted relative to each other. A differenin position angle between obser-
vations has the effect of degrading the spatial coincid@mtiee extraction regions. In our
case, however, position angle differences are small enthagtwe can neglect this error. A
correction of the spectra for effective area and the contioinaf the spectra from different
observations and instruments was done with the tagdd | uxer . The task’s description
states that the fluxed spectrum produced fgf | uxer should not be used for any seri-
ous analysis of the data. If we use it in spite of this warning,have to consider that the
following effect will add to uncertainties: The taskjsf | uxer neglects the redistribution
of monochromatic response into the dispersion channekhesmtrinsic line broadening of
the detector is not removed from the spectrum. As we do n@rhte line positions or
line widths and since we integrate over the whole line iniclgdts wings to derive fluxes for
individual lines, this effect does not restrict our anayg\dditionally, we are only interested
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Figure 5.1: EPIC PN brightness profiles along the RGS dispersion dineafoeach
extraction region. The strong peak &t caused by the outflow emission. In the centre
region, shown in Fig. 5.2, this is superimposed by the nuctearce of the galaxy.
Point sources in the extraction regions are seen as sh&gsspithe profile. A positive
distance points parallel to the major axis towards the saugst. The distance from the
galactic major axis is given by the valuein the captions of the individual extraction
regions.
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Figure 5.2: Logarithmically-scaled EPIC PN+MOS image of the centrgloa of NGC
253 in the energy ban@l5 — 2.0 keV. The centre of the galaxy is marked with the black
cross. The D25 ellipse is overlaid in black, and brightnesgaurs and the extraction
regions for the RGS spectra are overlaid in white. The black ¥a bottom of the
image marks the source X21.

in relative line fluxes and not in absolute values.

To obtain acceptable statistics Bo) for most of the emission lines while maintaining a
high spectral resolution 0£0.39A in the spectra we combined six channels at a time.

For the observations the dispersion direction of the speutters was approximately
aligned along the major axis of the galaxy. Therefore thetspdor different cross-disper-
sion areas correspond to regions with a different distané@®m the galactic plane (cf.
Fig. 5.2). The spectra obtained from these regions are shotig. 5.3.

5.1.2 RGS images

The RGS is a slitless spectrometer, so the whole observeet taitpin the FOV is imaged
on the detector plane, with an offset in dispersion direcfar every wavelength it emits
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in. This aspect can be used to extract narrow band imagesafaus emission lines. In
the cross-dispersion direction, the image in a selectedseom line is directly mapped onto
the detector CCD, while in the dispersion direction the obesgabject is compressed into
a narrow region. This technique was first applied to RGS dathefsupernova remnant
DEM L 71 by van der Heyden et al. (2003), and with his help @@evwcommunications) we
developed our own code to produce these narrow band imapegrocedure is as follows.
The low background eventlists are filtered for the wavelenghge of the desired line and for
the “banana region” in wavelength-energy-space to excéedend-order spectra and noise.
By setting the wavelength range narrow enough, we made satenthneighbouring lines
would be in the extraction region. The dataset thus obtamesdo be converted into spatial
coordinates and to be uncompressed along the dispersismsirig the following equation
as described in the SAS tasgsangl es:

sina I (5.1)

Af = sin L

with the change in the grating exit angles due to the offset in the angular componént

of an off-axis source parallel to the dispersion directibie,angle of incidence, the grating

exit angles, the focal length¥', and the distance between the Reflection Grating Assembly
and the prime focusg.

The images were corrected for exposure and binned to a peeeb$ 0.4'. In the next
step we included the RA-DEC coordinate system. As the refereaordinate, we chose the
coordinate of the centre of NGC 253 (the position of the heghIR source in the galaxy,
Qg0 = 0P47™ 333, o900 = —25°17'18", Forbes et al. 2000). In the cross-dispersion direc-
tion, the position of our reference coordinate on the CCD cbeldaken directly from the
source list file that was produced in processing of RGS datthdmispersion direction the
position is given in the above procedure by the Doppler sloiftected line centre position.
The galaxy’s systemic velocity of 243 knt's(Koribalski et al. 2004) had to be accounted
for. This shifts the reference coordinate in the disperslioaction by~0.35’ A-1 times the
centre wavelength in which the image is calculated, e.d.f®6the O VIII image. The ef-
fects of the velocities of the earth with respect to the sudva@viM-Newton’s orbital velocity
can be neglected since they are only of the order df 8rd 4 x10~*, respectively, in the
O VIl image where the effect would be greatest, and theesfiouch smaller than the width
of the point spread function. The images for the lines weeaterd separately for each of the
three observations and were then combined into one imagegfial step the images were
smoothed with a Gaussian filter.

In general the method is affected by two different effecisa Doppler shift due to the
radial velocity component of an emitting source changegatstion in the image along the
dispersion direction axis. A radial velocity of 1000 km'svould correspond to 21"t a
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wavelength of 15.3. (ii) Assuming there is not just one but two lines in the wiaveith
extraction interval, we would have two images of the objedhe resulting image, superim-
posed with an offset along the dispersion direction of A2'. For example the emission
in the two Fe XVII lines at 16.78& and 17.0554 would be superimposed with an offset
of ~2.0. The Fe XVII at 17A image is the only case where we actually have to consider
that we have created an image using two lines, i.e. the Fe XiNék at 17.0558 and at
17.100A. The lines are not separated in the spectra and they appeat equally strong,
which is most likely an effect of the low statistics. Accardito theory (Mewe et al. 1985),
the line strength of the latter line should k&2-85 % of the former one, depending on the
temperature of the plasma (1.08 keV and 0.11 keV, respégiivEhe separation of the lines
is 0.046A, which corresponds to a shift in the dispersion directibd®9’. By smoothing
the image with a larger Gaussian with a FWHM of’2ve can account for the error we
make by using both lines.

Images in the Ne X, Fe XVII and O VIII lines are shown in Fig. 5. he number of
photons that were extracted from all three observation8@6g 1077, 816, and 1231 for
the images in the Ne X (11.98-12.29, Fe XVII at 15 A (14.86-15.134), Fe XVII at
17 A (16.90-17.214), and O VII1 (18.80-19.17) lines, respectively. The FWHM of the
Gaussian filter was IZor Ne X, Fe XVII at 154, O VIII, and 20’ for Fe XVl at 17A,

5.1.3 RGS cross-dispersion profiles

To get additional spatial information on the line distribat we produced emission line pro-
files in the cross-dispersion direction. Therefore we exédevents from the RGS eventfiles
by applying the same filters in wavelength and wavelengtrgnrspace as for generating
the RGS images, but then we binned the counts intdb8ts to match the extraction regions
that were applied to the spectra. Background counts in theeotige wavelength ranges
were taken from the spectra that were obtained with the RGEgbaiend model task and
subtracted from the emission line profiles. Four of thesélpsoare shown in Fig. 5.4.

5.1.4 EPIC-PN images

To verify the results from the RGS images, we also extractd@ N narrow-band images
in approximately the same energy ranges. Therefore weefiltéte PN eventfiles in the
energy bands around Ne X (992-1052 eV), Fe XVI| atAl6795-844 eV), O VIII (625—

690 eV), and Fe XVII at 1A (694734 eV). The spectral resolution of the EPIC PN detect
is~70 eV, soitis possible that photons with higher or lower giesrcontribute to the energy
band of interest. There is also contamination from highergies due to the redistribution
in the detector. Photons can lose up to 60% of their energhenQCD before they are
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detected. This means that bright features in some energg r@an show up to some degree
in lower energy bands. The filtered eventfiles of the diffeservations and instruments
were merged using theAS taskner ge. We created images of the eventfiles and smoothed
them with a Gaussian of’6 The resulting images are shown in Fig. 5.6.

5.1.5 EPIC-PN brightness profiles

To detect the limb brightening of the outflow, as found by&iand et al. (2000) and Pietsch
et al. (2001), we also extracted brightness profiles peilipalat to the outflowing direction
from the merged PN eventfiles of all observations. Furtheemto check for an energy
dependence in the limb brightening, we subdivided them émergy bins with a width of
~150 eV starting from 400 eV up to 2000 eV. The emission lined ®fill and the Fe XVII
lines are included in the energy ranges 550-700 eV and 7@0eB5respectively. Ne X is
mostly in the 1000-1150 eV bin. The extraction regions mahtehregions we used for the
RGS spectra. Furthermore we split the region SE 1 into theégons ‘SE 1 (1)’ and ‘SE 1
(2) with a width of 18’ in the cross-dispersion direction of the RGS. The brightpesfles,
sorted by energy band, are shown in Fig. 5.7. Since we anestél in the emission neither
from the nucleus nor from the bright source X33 southweshefrtucleus, the profiles are
limited to a maximum of 250 counts. This still shows the maaattires in the central and
SE 1 (1) region, while cutting off the peaks in some cases.

5.2 Results

5.2.1 RGS spectra

The RGS spectra show emission in many different lines (FR). T=specially in the region
including the major axis of NGC 253 (Centre), a large variétynes from different elements
can be identified. The spectra extend from the Si XIV line athtlyhest energy down to the
C VI line at the low energy end\(=6.. .. 34,5\). All the He-like ions in this range (Si XIlI,
Mg XI, Ne IX, O VII, and N VI) and their corresponding ions ingmext higher ionisation
state (Si X1V, Mg XlI, Ne X, O VIII, and N VII) can be resolved.hE iron 3i-2p transitions
around 154, as well as the 82p lines around 17, are detected, i.e. their peak heights are
more than twice the error in the wavelength bin. Also thediag~16.0 and~16.1A can
be clearly detected, but it is not clear whether the line 36.0A is from Fe XVIII or from
O VIII. In the range 104 to 11.5A there is an indication of iron lines from Fe XXIII and
Fe XXIV.

A spectral feature that is prominent in the spectra is a bbaase at the Fe XVII lines at
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Figure 5.3: Combined RGS spectra of NGC 253 extracted from different regadong
the outflow. The label gives the southeast position z of theaetion region along the
minor axis relative to the centre of the galaxy in arcmin.
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Table 5.1: Flux values for different emission lines in the extractiegions.

Transition  Aexpected® Flux
A) (106 s cm2)

NW Centre SE1l SE?2
SiXIV 6.18 5.6+ 4.3
Si X1 w 6.65 58+ 34
Si X1 x+y 6.69 4.0+ 2.8
SiXlll z 6.74 9.2+ 4.3
Mg XII 7.11 6.5+3.0 19+16
Mg XI w 7.76 14413 6.5+27 13+1.2
Mg XI x+y 7.81 54+24 17413
Mg X1 z 7.87 6.3£26 25+1.6
Ne X 12.1 34+£22 16+45 57+26 20+1.6
Ne IX w 13.5 4.3+23 54+25
Ne IX x+y 13.6 3.0£20 6.2+28 6.1+2.7 24+18
NelX z 13.7 18+16 7.6+£28 4.1+£22

Fe XVII15 15.0 45+19 18+38 13+31 33+1.6
Fe XVI117 17.1 3.0+£17 13+38 13£3.9

oVl 19.0 6.7£25 16+3.8 18+4.0 6.9£25
OoVilw 21.6 23+£22 3.0+24

O VII x+y 21.8 3.4+ 2.6

OVllz 22.1 51+£3.3 95£44 13+52

N VII 24.8 22+15 63£28 15+£13
NVIw 28.8 14+13 42+ 24

N VI x+y 29.1 24+1.8

NVIz 29.5 3.2+£20 18£15
CVli 33.7 3.0+25 45+3.0 6.6£33 5731

&The references for the expected wavelengiis tct.q) are Mewe et al. (1985) and Phillips et al. (1999).
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Figure 5.4: Ne X (upper left), Fe XVII at 152 (upper right), O VIII (lower left), and
Fe XVII at 17 A (lower right) profiles of background-subtracted countssus cross-
dispersion distance for the combined NGC 253 RGS1 and RGS2 tatabin at dis-
tance zero corresponds to the extraction region ‘Centrgjalidee distances are towards
the northwest, and positive values correspond to area tedintheast.
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15A and 17A and at the O VIIl and O VI line positions with a width of up t00.5A. If
this line broadening is caused by the velocity dispersiothefoutflowing gas, it would im-
ply deprojected velocities of up to40000 km/s, corresponding to temperatures ©0'! K.
Such high velocities disagree with outflow velocities inesthgalaxies. Extreme cases show
values of up to~3600 km/s (e.g. in NGC 3079, Veilleux et al. 1994). A more plbale ex-
planation for the broad base is contributions from the disission of NGC 253: In Fig. 5.1
disc emission extends about 20@ the dispersion direction (major axis of the galaxy) in
both directions from the centre. This corresponds to0e5 A shift in wavelength and can
therefore explain the observed effect.

The region northwest of the centre (NW) is strongly affectgdabsorption from the
galactic disc that lies between the outflow and the obseRetsch et al. (2000) derive an
additional absorbing columiVy of 1 — 2 x 102! cm~2 for this position northwest of the
centre. Therefore most of the lines are only weak or not tbée at all. If we assume that
the north-west and southeast outflow have a similar intrisgectrum, then absorption can
fully account for the difference between regions NW and S& fhhe same projected distance
from the centre. The strongest lines in the NW region are fidarX, Ne IX, Fe XVII at
~15A and~17 A, O VIII and from the forbidden line of the O VII triplet, but ast of the
emission originates in the disc and is smoothed out into tbadbase, as mentioned above.

The regions southeast (SE 1 to SE 3) of the centre do not dtdferthis absorption by
the disc. One can easily follow how the lines increase oredes® in strength when going
away from the galactic disc southeast along the minor axi® lihes at short wavelengths
from silicon and magnesium are the first to disappear wittadie from the centre. The
Ne X line is seen to decrease considerably in strength sasitbéthe Centre region, whereas
the line from the lower ionised Ne IX is not affected as muct &neven stronger than the
Ne X line in regions SE 1 and SE 2. All the lines from iron deseem strength except for
the Fe XVII lines at 17A, which grow by a factor of~1.5. Also the O VIII line increases
in strength. The O VII triplet has about the same strengtlegion SE 1 as in the Centre
region. The lines from N VIl and C VI increases in strength pamned to the central region.
Further away from the centre, in region SE 2, the Fe XVII lines 15 A are still detectable
and the O VIII line is the strongest line in the spectrum. Als® O VII triplet is still strong.
The detection of all the other lines is below,2ven though the lines at wavelengths longer
than 12A can still be identified. Only very weak lines from O VIII andbfn the Ne IX
triplet remain in region SE 3.

Unfortunately the statistics in the spectra are not goodughdo allow a quantitative
spectral analysis with XSPEC. However, several conclusiansbe drawn.

Temperature estimates can be inferred from line ratios féréint elements or of the
same element in different ionisation states using modeuéations. Assuming collisional
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ionisation equilibrium (CIE), Mewe et al. (1985) calculatet strengths for different ele-
ments and transitions depending on the temperatures ofdbmp. By measuring the fluxes
of two transitions in a spectrum and taking the ratio of theke obtained value can be
compared with the tables in Mewe et al. (1985) and the tenyeraf the plasma can be
derived.

We used the line strength ratio between the Ejate of a given element and its helium-
like charge state that matched the morphology of thg &tate in the RGS images best.
The line strengths were derived by integrating the flux oflihe over the wavelength (cf.
Table 5.1). We found that the derived temperature value endrror show only a weak
dependence on how much of the wings of the line we includeerfltix integration. The
resulting temperatures for Si, Mg, Ne, and O and their viaradlong the outflow direction
are shown in Table 5.2. Using only the peak height of the losyever, gives temperatures
that are lower, except for oxygen in the regions Centre and Storhpared to the values
shown in Table 5.2 by up to 50%.

Table 5.2: Temperatures of the plasma for different regions of the owttif NGC 253
derived from line ratios of different elements.

Region Temperature in keV

Si Mg Ne (0]
NW 0.61+0.08 0.53%0.08 0.210.01
Centre 0.790.06 0.66:0.04 0.43:-0.02 0.22-0.01
SE1 0.46-0.04 0.38:0.03 0.21:0.01
SE 2 0.25-0.02 0.310.04

Using the line flux from an emission line (cf. Table 5.1) andeahmate of the size of the
emitting region, we can derive electron densities for thelear region of NGC 253 and the
southeastern outflow. Mewe et al. (1985) give the line poir’emormalised to the electron
density for different temperatures and X-ray emissiondin€he electron density can then

be derived using the formula
|FE. Amd?
Ne = —\;P’ (5.2)

wheren, is the electron density; the flux (in counts s' cm™2) in an emission line wittE,
from an emitting region with volum& and distancel. The emitting region is assumed to
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Figure 5.5: RGS images of NGC 253 in the Ne X, Fe XVIl and O VIl lines. The tehi
lines mark the major (northeast to southwest) and minor(@aghwest to southeast) of
NGC 253. The image in the Fe XVII line at 1% was smoothed with FWHM of 20
all others with 12. White contours indicate® 30, 4o, ...above the background. The
white cross southwest of the nucleus marks the bright saxXi83from Pietsch et al.
(2000). The RGS dispersion direction is such that waveleingtieases from southwest
to northeast as indicated by the arrow.
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be uniform inn..

For the central region we selected the Ne X line and assumedam, spherical emit-
ting region with a radius 0f~160 pc. The outflow in region SE 1 is represented best in
the O VIII line, and we assumed a uniform, cylindrical volumih a radius of~200 pc
and a height of 375 pc, the latter being confined by the extmraaegion. We selected
these lines because they are strong in the spectra and bes@usan get a good esti-
mate for the emitting volume from the RGS images. The reguklectron densities are
Nenuclens = 0.106 £ 0.018 cm™2 andne outaow = 0.025 £ 0.003 cm~ for the nucleus and the
outflow region, respectively.

Apart from the derivation of temperatures and electron ttiesssome selected emission
lines can be used as diagnostic lines. The Fe XVII lines ah Hhd 17A can be used to
derive the ionising mechanism in the plasma. In the Centriemenf NGC 253, as well as
in the regions NW and SE 2, the line strengths indicate a pn@aimntly collisional ionised
plasma. Region SE 1, however, shows an inverted line ratice He lines at 1A are
stronger than the lines at #§ which points at a photoionised plasma.

In general the helium-like line triplet of O VII can provides electron density, the elec-
tron temperature, as well as the ionisation process (Pbejusd. 2001). However, we re-
frained from using the O VII triplet for the following reasanin the combined and fluxed
spectra, the significance is belowr3or most of the spectral bins. Also the individual lines
are not clearly distinguishable from each other. This idbpldy enhanced due to the use of
the taskr gsf | uxer as described above. We also refrained from doing a simutanét
of the single uncombined spectra with XSPEC, as the statigtione single spectrum are
barely above o for the strongest bin.

5.2.2 RGS cross-dispersion profiles

In the cross-dispersion profiles (Fig. 5.4), line emiss®istrongest in the Centre bin at a
distance of 0 for Ne X and Fe XVII at 15A. In the O VIII and Fe XVII at 17A, profile
this is not the case. Here the SE 1 region at a distance dfis30e brightest. However the
northwest half of the central bin is already affected by apison from the disc. When one
bins the brightness profile into smaller spatial regions siinength drops dramatically in the
central bin and towards the northwest. Towards the south@athe other hand, it only drops
slowly. Farther to the southeast with distances larger #&nthe Ne X and the Fe XVII
profiles show a large drop in brightness, whereas the O Vibfiler declines with a flatter
gradient. Therefore the Ne X and Fe XVII emissions are moneentrated within the disc,
whereas the O VIII emission extends farther away from the.di$1e general behaviour is
for the emission from higher energy lines to be more conaegedrand not as extended as in
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M82 (Read & Stevens 2002).

795-644 eV

292-1052 eV

694-734 eV

Figure 5.6: EPIC PN images of NGC 253 in the energy bands around the Ne (92
1052 eV), Fe XVII (795-844 eV and 694—-734 eV), and O VIII (6896 eV) lines. The
images show the region of NGC 253 that is covered by the RGSdm@gg. 5.5). The
thin black lines mark the major (northeast to southwest) rmmbr axis (northwest to
southeast) of NGC 253. The area within the thick black linesgthe extraction region
in the corresponding RGS line image. Black contours indicate32, 4o, .. .above the
background. The images were smoothed using a Gaussian ®itfi-ivl of 6”.

5.2.3 RGS images

The RGS images allow us to derive additional information alloe spatial composition of
the outflow. But before we describe the images in more detaihe@ed to point out that these
images are dominated by low statistics. We therefore odgtur results and conclusions on
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the regions with good statistics.

The strong O VIII emission clearly traces the outflow. It e out to a~750 pc pro-
jected distance along the southeast minor axis and has anteérpendicular to that of
~400 pc. Because of the high absorption, emission from thadadide of the disc is not
detected. With the RGS spatial resolution, the outflow in O'\ddes not show limb bright-
ening. The emission is strongest close to its central axdgtarnintensity decreases towards
the border. This suggests that the emitting ions are noterdrated on the borders of the
outflow where the outflow gas interacts with the surroundiragemal, but that this emission
comes directly from the outflowing gas. The extent to the lseast is less than the one in
the EPIC images where the bright outflow emission can bevieitbto~1.3 kpc (Fig. 5.6),
due both to the sensitivity and to the smaller energy bankd£1.87A vs. 0.37A) that was
used to extract the images for the RGS. The emission from Necke#ly concentrated in
the disc and nucleus, and it does not contribute to the outtBmth images in the iron lines
show the strongest emission southeast of the nucleus aretission is slightly extended
along the outflow direction. However, they do not trace thé#lew morphology as seen in
the O VIII line. This is not surprising, because the excitatcross sections for the iron and
O VIl lines have a different temperature dependence. Dudbdowork that is performed
when the outflow expands against the pressure of the ambgtitm, as well as to the di-
vergence of the flow in the cone perpendicular to the disctieimperature or more precisely
the kinetic energy of the electrons should decrease (e.gsBneverdt & Schmutzler 1999)
with heightz above the disc, explaining the relative increase in emissid VI to iron.

5.2.4 EPIC-PN images

We find that the EPIC PN narrowband images (Fig. 5.6) are f@ttdd by the redistribution
effect of the detector; i.e. the image is contaminated bysveith higher energies from
outside the energy filter boundaries. Especially very hirgglurces, like the central source
of the galaxy, contribute strongly to this effect and all gea will therefore show these
sources. The bright nuclear source is clearly visible im&the EPIC PN images. Also, the
bright source~0.5 southwest of the nucleus is clearly visible in all EPIC PN ges. For
the RGS images the latter is only true for the Fe XVII at5mage. This clearly shows
the advantage, namely the far better energy resolutiomeoRIGS images compared to the
EPIC PN narrowband images.

With respect to the limb brightening of the outflow emissitre image in the energy
range 694—734 eV (including the Fe XVII at 137Iine) indicates a morphology that could
result from a limb-brightened outflow at a distance~di.7’ away from the galactic centre.
Also in the energy range 625-690 eV (including the O VIII )indere is an indication of
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this morphology at a distance of about 1.1'. The correspan@GS image unfortunately
has statistics too low to confirm this. The other images m@iao limb brightening.

5.2.5 EPIC-PN brightness profiles

In the EPIC-PN brightness profiles (Fig. 5.7), the peak inaedbE 1 (1) that is caused
by the outflow emission always coincides with the centre. Alde peak with a central
depression is visible in SE 1 (2) and SE 2 at 700-1000 eV (cwyexiso the iron lines).
This may point at a limb-brightened outflow in this region. #dication of this structure
in region SE 2 at 550-850 eV could be a redistribution effédhe detector (see above).
At other energies no indication of limb brightening can berseThe profiles show either a
flat plateau or a hump peaking around the centre of the outfltng confirms the findings
of the RGS images. Starting from 700 eV region NW comes out &aisdsironger than the
two SE 1 regions together in energies above 1150 eV. Thegpeak in the region SE 1 (1)
at ~+20’ distance is the bright point source south-west of the nscéd not part of the
outflow region.

To rule out that our findings are affected EMM-Newton's spatial resolution, we com-
pared brightness profiles, extracted with the same regiodsnergy bands fror@handra
observation 3931, to the EPIC PN profiles. There the doubdd [ clearly detected in
region SE 1 (2) between 700 and 1000 eV, possibly also up t0 &¥5lt is not visible in
regions SE 1 (1) or SE 2. The profiles in region NW show the saetiaour as in the
EPIC-PN data, so taking the differences in the instrumentsancountXMM-Newton and
Chandra give a consistent picture.

5.3 Discussion

5.3.1 Line ratios and temperatures

The extracted RGS spectra of the outflow along the minor axiseofalaxy show emission
lines from many ions in different ionisation states: the, lipes from Si, Mg, Ne, O, and N
and also their helium-like charge states. Additionally e smission lines from Fe XVII
and Fe XVIII.

With increasing distance from the nuclear region, the iradafiux in the O VIII line
intensifies compared to the flux in Fe XVII; i.e. the line fluxatger wavelengths increases.
The same effect can also be seen in the line flux ratio of O VIDt¥IIl. For the oxygen
line ratio, this implies that the temperature decreases;gts is cooling as it flows away
from the nucleus. This change in temperature would alsatffee excitation of Fe XVII.
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Figure 5.7: EPIC PN brightness profiles of the outflow region for the RGSagtion
regions sorted by energy band. Note that region SE 1 wasrdplithe two regions ‘SE 1
(1)’ and ‘SE 1 (2)’ with a width of 15in the cross-dispersion direction of the RGS. The
abscissa gives the distance from the minor axis of the gataaycsec. Positive values
are to the southwest, negative to the northeast. The pesbégtograms consist of
raw detector counts, i.e. the background and the detectacteristics, like quantum
efficiency or effective area, were not taken into account.
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Since both elements, oxygen and iron, are from the same Kiedwces, i.e. type 1l SNe,
it seems unlikely that the distribution is different, urddékere is a very different clumpiness
in O and Fe initially. Therefore a change in the oxygen to Ime flux is more likely due to
the change in temperature than due to a different radialddnaoe profile.

The line strengths of the Fe XVII lines at J@Bcompared to the one at & indicates
a predominantly collisional ionised plasma. Region SE 1,édw@& shows an inverted line
ratio. There, the flux in the Fe XVII lines at ¥is enhanced compared to the lines a5
This points to a photoionised plasma, but no strong phoisiiog sources were detected in
the vicinity. There are two additional alternatives to teethis line ratio:

A) the plasma is highly underionised compared to the iogigtectrons. The time since
the heating of the plasma was too short to reach an equilibstate. In these so-called
underionised plasmas, inner-shell ionisation is highlgragional (Kosenko 2006) and leads
to an enhanced 17.1A flux from Fe XVII (Doron & Behar 2002). Examples that show
underionised plasmas are supernova remnants like N132Ca(@¢hal. 2001) and Dem L71
(van der Heyden et al. 2003).

B) the plasma is overionised. It can be produced in fast ati@baoling of hot " ~ 10® K)
and almost completely ionised gas expanding out of a supbteBreitschwerdt & Schmut-
zler 1999). The ionisation cross sections, as well as themmbmation cross sections, are
different for all ions, so when a shock propagates throughotitflow region, the ionisation
of different elements and different ionisation stages cxon different time scales for each.
As the expansion of the wind occurs on much shorter time s¢hbn radiative recombina-
tion, the highly ionised atomic states remain frozen-ine§éstates then recombine at a later
time farther away from the nucleus. This is called delayedmgbination. In both regions,
Centre and SE 1, we see emission from Fe XVIII, which is produnethe hot starburst
region of the galaxy. As the wind breaks out of the nucleaesmgbble and expands into
the lower density medium along the minor axis of the galaxgpols mostly adiabatically.
However, the Fe XVIII in the wind recombines on a larger tinsale than the wind fluid,
so we have Fe XVIII in abundance, although the electron teatpee would preferentially
admit Fe XVII. When the Fe XVIII ions then recombine to Fe XVite states of Fe XVII
that decay via the 1A lines are preferably populated compared to the ones tlatydeéa
the 15A lines. This enhances the flux at &7and could lead to the misleading line ratio in
this region.

Temperatures derived from line ratios of individual eletseare in the range df.21 +
0.01 t0 0.79 4+ 0.06 keV. This range is wider than the one found by Strickland e(2£100)
using Chandra (0.469-1t — 0.66%0..9 keV). However Strickland et al. (2000) used only a
single-temperature MEKAL hot plasma model for each exioactegion. Given the com-
plexity of the X-ray producing mechanisms, this approadatheifinitely too simple. Our de-
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rived temperature range is closer to the one given by Pietsgh (2001) fronXMM-Newton
EPIC spectra, who used three MEKAL models (0.15, 0.53, add KeV). The approach in
this work of deriving temperatures tries to account for tightcomplexity of the outflow,
without the claim of completeness, by actually using one MEKnodel for each element,
and by taking advantage of the superior energy resolutitmeoRGS. This approach already
gives almost the whole measured energy range just for the€egfion, whereas Strickland
et al. (2000) obtain this range of temperatures by usingrabdéferent extraction regions
along the outflow.

Looking at the temperatures of just one extraction regiansee that different elements
give different temperatures. This could be due to samplifigrént regions along the line of
sight, but also due to delayed recombination. The lattettiseinon-equilibrium ionisation
(NEI) situation and the result would be measuring diffetemiperatures for different ions.
All of the above temperatures were derived by the use of nsaihelt assume CIE for the
emitting gas. This is not necessarily the case for an outflmvavoid this assumption we
would have to fit the spectra to NEI models (e.g. from Breitsstiiv& Schmutzler 1999).
These models entail a higher level of complexity as they dépzucially on a detailed
hydrodynamical model of the outflow. Therefore they are g®ad0 the time evolution of
the wind and, as such, are unique. In other words, NEI modelddvenable us to fully
exploit the information buried in the X-ray spectra, since would calculate a series of
models with different boundary conditions and then derivéably binned synthetic spectra
for fitting the observational results. Thus a satisfactorybuld determine the physical
parameters of the outflow within certain limits.

The Fe lines could be used as well to derive temperatures.ekEwthe emission from
Fe XVII at ~15A (2p-3d) and atv17A (2p-3s) are affected by delayed recombination of
Fe XVIII, which contradicts the CIE assumption. Therefore tasults could be misleading
and are not shown in Table 5.2. However from the fact that &I at 15 A lines are
present and strong in the spectra, the temperature has toolbe 8.22 keV in the regions
where the Fe L shell originates; otherwise Fe XVII line fotima is inefficient (Rugge &
McKenzie 1985). Furthermore calculations show that, alib@® keV, Fe XVIIl is strong
while Fe XVII is weak. This is not the case in any of the regifnasn which we obtained
spectra, therefore we expect that KIT2-. . . 0.6 keV

The RGS images give another indication of the cause of the l@gperature spread.
The different distribution of the events for each emissiae ktrongly points to the fact that
plasmas in different regions of space are responsible &lirite emission. It is not surprising
that these plasmas then do not have the same temperatuteadtitettemperatures for each
element are different. The time scale for attaining presduence temperature equilibrium
in the starburst region, is of the order of the sound crossing. If we compare this to
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the average time interval between supernova explosiongawessess the smoothness of
the temperature distribution. A rate 6005 yr—! has been quoted for NGC 253 (Colina &
Perez-Olea 1992). A supernova blast wave expanding witlataenuous gas has a low
Mach number, so that the sound crossing timg, in the starburst region is roughly the
time scale for the shock wave to reheat the hot gas. Adoptirajue of20” or d = 250 pc
and a temperature of6 keV or 6.6 x 10° K for the central region yields a value of. ~
d/cs ~ 8.2 x 10° yr, which is much larger than the interval 26 years between successive
explosions, even if we decrease the supernova rate by a fafct0 — 100 for the starburst
region. Therefore temperature inhomogeneities in thdstar region and hence variations
in the ionisation stages are to be expected. As the flow movag &Eom the disc sources,
the temperature structure should, however, become snrowitietime when the flow time
becomes larger than the sound crossing tigpe

Strickland et al. (2000) argue that the spectral variatid@handra spectra ‘along and be-
tween the northern and southern outflow cones is due to Margain the absorption column
and not due to significant temperature variations along ttilov’. A higher absorption
column is certainly the case for the NW region, resultingeimperature values that are too
high. Although from the analysis of tidMM-Newton RGS spectra we cannot draw conclu-
sions regarding the absorbing column, we find that thereigréi€ant temperature variation
along the outflow. The temperatures for Mg and Ne decreagedistance to the southeast
from the centre. The temperature of oxygen seems to be eunstecept for the value in
region SE 2.

5.3.2 The morphology of the outflow

The only RGS image that clearly shows the outflow geometrydatie in the O VIII line.
The shape of the southeastern outflow matches roughly theated cone with an opening
angle of~26° that is seen ilfChandra and H, data (Strickland et al. 2000), though the angle
inthe O VIII image appears to be slightly smaller. Also, #mission is not limb-brightened.
The image suggests that the outflow cone is filled with clumigyriduted O VIII. If this
is correct, then we see the emission from the hot wind fluielfit®r the first time. The
clumpiness may be caused by mass-loading, i.e. the tutijplecess of mixing in ambient
ISM and infalling material. This detection of the wind fluidpwever, contrast with the
statement from Strickland & Stevens (2000) that the windo thin to emit efficiently
enough to be detected.

In XMM-Newton EPIC observations by Pietsch et al. (2001) anGhandra observations
by Strickland et al. (2000), the outflow shows a limb-brigigd morphology. In our analysis
we find limb brightening in the Fe XVII at 1A RGS images. The comparison between
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the different PN images and brightness profiles, though leitler spectral resolution, also
shows an energy dependence of limb brightening and a cléactd® of the emission from
the outflowing gas at the energies below 700 eV.

Strickland & Stevens (2000) found from simulations that myening angles for outflows
are only possible when a thick galactic disc is present. ptoguces opening angles from a
few degrees when the wind starts to blow out of its superlaiabtl then increases up to val-
ues of~ 60°, depending on boundary conditions. Thin-disc models djpicshow opening
angles of~ 90°. However, these simulations assumed an ISM distributiomtating hy-
drostatic equilibrium with the gravitational field. Simtitans by de Avillez & Breitschwerdt
(2004, 2005) show that the ISM in the disc has a highly comptaxcture. This affects the
break-out dynamics of a superbubble via density and preggadients and also via “holes”
from previous outflows that have not closed yet. Conclusitmesithe thickness of the disc
and its collimating effect are hence difficult.
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Chapter 6

Conclusions and Outlook

6.1 Conclusions

In this work, we presented the analysis of a selection of Xplaenomena in the starburst
galaxy NGC 253. This investigation was mostly based on f@ageovations carried out with
the X-ray observator)XMM-Newton between June 2000 and June 2003.

We have performed a detailed analysidfRISAT and XMM-Newton observations of the
recurrent ultraluminous X-ray source NGC 253 ULX1 (see Chiaf). This transient is
one of the few ULXs that was detected during several outburshe luminosity reached
1.4x10%* erg s and 0.5<10* erg s! in the detections bjROSAT and XMM-Newton, re-
spectively. In theROSAT detection NGC 253 ULX1 showed significant time variability,
whereas the luminosity was constant in the detection fxaih-Newton. In all other avail-
able observations bROSAT, XMM-Newton, andChandra, the luminosity of the source was
below the detection limit. Th&MM-Newton EPIC spectra are well-fit by a bremsstrahlung
model (KT= 2.24keV, Ny = 1.74x10%° cm~2), which can be used to describe a comp-
tonized plasma. According to the highest observed lumipadil.4x 10° erg s of NGC
253 ULX1, the lower limit for the mass of the compact objectnddfollow as 11 M,, if it
was isotropically emitting. Therefore, the compact objletNGC 253 ULX1 may be a stellar
mass black hole. No IMBH is required to explain the emissiaiontthe lack of an optical
counterpart we could exclude that NGC 253 ULX1 is a HMXB. There NGC 253 ULX1
most likely is an anisotropically emitting LMXB.

In Chapter 4, we have characterised the diffuse emissioridiit and halo of NGC 253.
The extent of the diffuse emission along the major axis ofdise is 13.6 kpc. Disc regions
that cover star forming regions, like spiral arms, show baspectra than regions with lower
star forming activity. Models for spectral fits of the disgiens in the energy range between
0.2 and 10 keV need at least three absorbed components: énmodhplasmas with solar
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abundances plus a power law. Temperatures are betweend@3akeV and between 0.3
and 0.8 keV for the soft and the hard component, respectividig power law component
may indicate an unresolved contribution from X-ray bingairethe disc. The total luminosity
of the diffuse emission in the disc is %40° erg s (0.2-10.0 keV). From a comparison
between X-ray and K-band observations, we concluded tleadiiffuse emission is not just
unresolved emission of an old stellar population, but hasang component from a hot
plasma.

The halo resembles a double horn structure which reachastoutoth hemispheres to
a projected height o9 kpc perpendicular to the disc. Most of the emission fromhaie
is at energies below 1 keV. The southeastern halo is sofserttie northwestern halo. The
halo emission is not uniform, neither spatially nor spdistralo model the X-ray spectra
in the halo, we needed two thermal plasmas with solar abuesgplus galactic foreground
absorption. Temperatures are around 0.1 and 0.3 keV. Theltwhinosity of the diffuse
emission is 8.410% erg s! and 2.x10* erg s (0.2-1.5 keV) in the northwestern and
southeastern halo, respectively. Electron densities at@dpto3.2 7% x 1072 cm™2 and
4.777%% x 107* cm~3, with the volume filling factor;. With solar abundances this im-
plies total masses #3177 °° x 10" M, and1.8~ % x 107 M, for the northwestern and
southeastern halo, respectively.

A comparison between X-ray and UV emission showed that bagimate from the same
regions. The UV emission is more extended in the southewslstdo, where it seems to form
a shell around the X-ray emission.

In Chapter 5, we have studied the nuclear outflow of the neaablgugst galaxy NGC 253
in X-rays with respect to its morphology and to spectral aons along the outflow. We
analysedXMM-Newton RGS spectra, RGS brightness profiles in cross-dispersioctiding
narrow-band RGS and EPIC images, and EPIC PN brightnessgzr@ilthe nuclear re-
gion and of the outflow from NGC 253. We detected a diversitgmiission lines along
the outflow. This includes lines from the He-like ions of SigMNe, and O and their cor-
responding ions in the next higher ionisation state. Adddily transitions from Fe XVII
and Fe XVIII are prominent. The derived temperatures fram liatios along the outflow
range from0.21 4+ 0.01 to 0.79 4+ 0.06 keV, and the ratio of Fe XVII lines indicates a pre-
dominantly collisionally ionised plasma. Additionallyeveee indications of either a recom-
bining or an underionised plasma in the Fe XVII line ratio.rided electron densities are
0.106 % 0.018 cm™2 for the nuclear region an@ 025 4 0.003 cm~2 for the outflow region
closest to the centre. The RGS image in the O VIl line energgrty shows the morphology
of an outflow extending out t&-750 pc along the southeast minor axis, while the northwest
part of the outflow is not seen in O VIl due to the heavy absorplby the galactic disc. This
is the first time that the hot wind fluid has been detected tyre@he limb brightening in
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Chandra andXMM-Newton EPIC observations is only seen in the energy range thatiosnta
the Fe XVII lines (550-750 eV). In all other energy rangesaastn 400 and 2000 eV, no
clear evidence of limb brightening could be detected.

6.2 Outlook

In this work, we investigated only one point source in NGC.2%8e number of detected
point sources in the disc of NGC 253 is approximately 200, eteaed in the available
XMM-Newton and Chandra data sets. Their luminosities range frang < 10%¢ erg s
to Lx > 10% erg s'*. Most of these sources show some kind of variability, ragdiom
eclipsing over erratic to transient as in Galactic souréedetailed analysis of this sample,
which will also try to determine the nature of these souresngoing (Trinchieri et al. in
preparation).

In the analysis of the diffuse emission we found indicatibnan-equilibrium ionisation
conditions, i.e. recombining or underionised plasmas. Aenily ongoing analysis with
a non-equilibrium model from Breitschwerdt & Schmutzler 989, which also considers
the ionisation history of the plasma, will hopefully progids with a more comprehensive
understanding of the composition, temperature and dyrarsteucture of the gas in the
outflow and in the halo.

Up to now, it is still unclear how much mass, metals and energnansported in super-
winds, and how much of it is able to escape the potential veéltee galaxies to enrich the
intergalactic medium. Also the metallicity of the gas in thiec and in the halo is not yet
well constrained. To be able to resolve these questionsovepd X-ray observatories are
needed:

Large fields of view are required to cover a significant portd the galaxy and at the
same time provide a big enough region where the backgroundeaextracted. A low
background is essential to study low surface brightnesssam in nearby galaxies, when
the signal can easily be dominated by the particle backghoun

To constrain the metallicity of the gas in nearby galaxiessinimportant is a high sen-
sitivity and a good energy resolution below 2 keV, which igded to obtain data with good
statistics. Especially in crowded fields like in galactisadi, also a small point spread func-
tion is required to separate diffuse emission from pointces.

To learn more about the mass, metal and energy content ofvgimpls, we need a high
spectral resolution comparable to the RGS, combined witlastidally increased sensitivity.
This will enable us to analyse the kinematics of the outflohclr is essential to derive the
mass and energy transport properties.
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Appendix A

The soft diffuse X-ray background - An
analysis of two Suzaku observations

A.1 Introduction

Already in the first X-ray observations (Giacconi et al. 1pGRere was evidence for the
existence of a cosmic diffuse X-ray background. With beatistruments, it became clear,
that the X-ray background at energies abeve keV is not diffuse, but a superposition
of distant X-ray sources (e.g. Fabian & Barcons 1992; Barbat.€t996; Hasinger et al.
2001). This isotropic component is called the cosmic X-ragkground (CXB). However,
at energies below 1 keV, the extragalactic X-ray background cannot explasdhserved
X-ray emission solely.

Later it was discovered that the sun is embedded in a cavéye@ee 1984), which is
filled with hot (I' ~ 10° K) X-ray emitting gas (Snowden et al. 1990). This so called
Local Hot Bubble (LHB) was supposedly formed when a supernouhe vicinity of the
sun exploded several million years ago. Additionally to ¢ngssion from the LHB, we see
X-rays from beyond it, which originate in the Galactic haBufrows & Mendenhall 1991;
Snowden et al. 1991). Unlike the CXB, the soft X-ray backgrounith photon energies
below~1 keV varies substantially with direction (see Fig. 1.4).

The superposition of the above mentioned components plosileations from solar
wind charge exchange, additional foreground sources dreat background components has
made interpretation difficult. Good observations in mamgctions and at different times
are needed to start sorting out the components. A major stepparate the different com-
ponents was achieved by Kuntz & Snowden (2000), who useB@SAT all-sky survey and
H | data to divide the observed 1/4 keV flux into a LHB and a Gadalcalo component.
We here report on a preliminary analysis of two high-lat&®&lzaku observations pointing

89



Appendix A. The soft diffuse X-ray background - An analysis of twoSuzaku observations

towards 'empty’ regions on the X-ray sky (see Fig. A.1), véhierone field presumably 70%
of the emission originates in the Galactic halo (observati@h Latitude A) and in the other
field almost 80% is caused by the LHB (observation High Ldtt&).

Suzaku, the latest Japanese X-ray observatory with its@@D X-ray imaging spec-
trometers (XIS, three frontside and one backside illungédatetectors), is characterised by
a low detector background and a good energy resolution trcpéar at low energies, which
allows to isolate most major spectral lines in the energgedretween 0.2 and 10 keV. It is
therefore well suited to study the soft diffuse X-ray enossin the observed fields.

A.2 Observations

The two observations were processed using the Suzakunep@fersion 0.7). We filtered
for times where the cut-off-ridigity (COR) was greater than, e Earth elevation angle
(ELV) greater than 10 degree and the Day-earth elevatiofegiy E_ELV) greater than

ROSAT PSPC 3/4 keV All-Sky Survey

MPE Garching Galactic Coordinates
Zero Centered

Figure A.1: The ROSAT 3/4 keV band data in Aitoff-Hammer projection, overplotted
with the positions on the sky of different observations af #oft X-ray background.
‘A stands for High Latitude A, 'B’ for High Latitude B, 'NEP’ fo the North Ecliptic
Pole, and 'MBM12’ and 'MBM20’ for two high latitude moleculataud observation
pointings. Image from http://www.mpe.mpg.de/xray/waosat/index.php.
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Table A.1: Pointing positions and exposure timés,{,) of the observations.

High Latitude A High Latitude B
RA/DEC(J2000) a = 16"24™39%4, § = +43°28'19"2 « = 02P34™578, 6 = —52°17/1372
Galactic coordinates [ =228.8,b=+63.5 l=44,b=-614
Texp 74.9 ks 104 ks

20 degree, to remove times with very high non-X-ray partidekground and to avoid any
contamination from Earth’s atmosphere, respectively. Besp matrices and auxiliary re-
sponse files were calculated using the XISSIM tools (ver. ZBEt, 2006) with the newest
calibration data (ver. Nov'2, 2006). Throughout the whole analysis we only used data
from the backside illuminated XIS-1 detector because o$userior sensitivity at low en-
ergies. To remove the non-X-ray background from the speuteaused the tools for the
Suzaku Night Earth Database (ver. 0.0 20060530). The tabkbane problems removing
fluorescence lines from the detector between 1.3 and 2.3TH&fefore, we excluded this
energy range from the spectral analysis. Both observatidfeyed gravely from Solar Wind
Charge Exchange (SWCX) emission, which enhanced the X-ray $jpeagally in the oxy-
gen and carbon lines. Therefore a careful selection of tiviere SWCX emission is at a
minimum was necessary to derive proper values for the safiyXbackground. To screen
for times with SWCX emission, we inspected light curves of tbkusproton and ion flux.
The solar wind data taken by several satellites is availiable NASA's CDAWeb homepage
(cdaweb.gsfc.nasa.gov/cdawebfspys/). Especially the ion flux from€ and O can help
to select good times, however SWCX emission is not only deperatethese values.

A.3 Oxygen line intensities

We derived oxygen line intensities for both observationsrdutimes with low and high
SWCX contamination. Times for low or high SWCX contamination avehosen to match
low or high proton and heavy ion flux in the solar wind, respety. The time selection
can probably be improved, since SWCX emission seems not orthg tependent on the
flux level of the solar wind, but also on Earth’s magnetic fietthfiguration with respect
to the line of sight of the observation (e.g. &uerais et al. 2006). Also the position of
earth against the Local Interstellar Medium flow patternidqulay a role (e.g. Lallement
et al. 1985). Further investigation of this issue is neagssawever the selection presented
here is a good first order approximation. The spectra with$OWICX emission were fitted
with a model for the cosmic X-ray background (absorbed pdaw) plus a vmekal model
to represent the emission from the LHB and/or the Galacsc dnd halo (Fig. A.3top
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Figure A.2: Proton, lon, C% and O7 flux in the solar wind during observations High
Lat. A (top) and High Lat. B(bottom). Notice the rise in €% and O'" at the end of the
observations. This is expected to cause strong SWCX emission.
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and Fig. A.4,top). The model parameters are shown in Tables A.2 and A.3. The LH
is thought to be near-equilibrium thermal emission at clms&é(® K, so we only expect
a small contribution to the oxygen lines from this componefs$ soon as the calibration
below 0.3 keV is better established, we will also take a cltsak at the 1/4 keV emission
from the LHB. Oxygen line intensities were derived by settthg oxygen abundance to
zero and fitting two gaussians at the oxygen line energieg denived values are shown
in Table A.4. The comparison of the O VII line intensity beemeobservation High Lat. B
and MBM12 (off-cloud) shows that the latter observation wasbpbly affected by SWCX
emission. The high column density in the direction of MBM12wsla absorb most of the
halo emission coming from that direction, so a minimum ofgey emission is expected (as
it is the case for the O VIII line). In general the O VIII linetemsities might be correlated
with the column density, with the exception of the North gtit Pole (NEP) observation.
This observation shows the largest line intensities coegb#y any other observation in the
sample even though the column density in that direction tsm® lowest. Since the NEP
observation showed a clear increase in SWCX emission (Fwiretoal. 2007), it cannot be
excluded that the 'quiet’ part of the observation is freefrBWCX. As for the O VII line
intensities in this sample the results are inconclusivee T&lues range between 2.49 and
7.37 LU (excluding the NEP observation; one light unit: 1 st cnt2 s~! str!), but no
correlation has been found yet. A further investigationudog the 1/4 keV emission from
the LHB hopefully will give further insight to solve this pzie.

Table A.2: Best fit model for observation High Latitude A

Parameter Value
CXB (wabsx po):
Ny 1.04x10%°  cm~2 (fixed)
r 1.4 (fixed)
Norm 129109 phenm2 s tstr!
vmekal:
kT 0.201905  keV

C Abundance — 4.947357

N Abundance 0.647"( 657

O Abundance 1.0 (fixed)

Ne Abundance 0.694%,255

Fe Abundance 0.305"0 %7
Norm 13.1732  phenr?ststr!
X2/ dof 37.9/39
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Figure A.3: (top): Spectrum of High Lat. A during the SWCX quiet period (B8 ks)
fitted with the CXB model plus a vmekal model. (bottom): Spectrduring a period
with strong SWCX contamination (last 41 ks of the observatidim) make it easier to
compare this spectrum to the one during the SWCX quiet periogivesv the same
model as in the top panel.
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Figure A.4: (top): Spectrum of High Lat. B during the SWCX quiet period (fif ks)
fitted with the CXB model plus a vmekal model. (bottom): Spectrduring a period
with strong SWCX contamination (last 70 ks of the observatidi make it easier to
compare this spectrum to the one during the SWCX quiet periodivosv the same
model as in the top panel.
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Table A.3: Best fit model for observation High Latitude B

Parameter Value
CXB (wabsx po):
Ny 2.985x10%° cm~2 (fixed)
r 1.4 (fixed)
Norm 11.4795  phenr? s !str!
vmekal:
kT 0.16179037  keV

C Abundance  2.7275%2

N Abundance  3.28"% 42

O Abundance 1.0 (fixed)

Ne Abundance  1.66752¢

Fe Abundance  1.037}7%17
Norm 8.31755%  phenm?s!str!
2 /dof 48.1/52

Table A.4: Foreground absorption and line intensities (in units ofrat€s! str!, or
line units (LU), of O VII and O VIII in different observationsf the soft X-ray back-
ground.

NEP MBM12 MBM20P HighLat.  High Lat.
on-cloud off-cloud on-cloud off-cloud A B
Niz [102° cm—2] 4.4 40 8.7 16 0.86 1.0 3.0
oVl 10417087 3.34-0.26 568042 3.5%-0.56 7.3%0.34 4.61055 2497571
oVl 3.697051  0.24:0.10 1.0#0.19 0.72:0.24 1.730.17 21559 1.0970%2

aSmith et al. (2007)
bGaleazzi et al. (2007)

A.4 Solar Wind Charge Exchange

Both observations were heavily contaminated by SWCX. Evemr afiplying the criteria
to remove times with SWCX emission, which we presented in Fatjiret al. (2007), we
cannot guarantee that our choice of times has removed all SWai¥s®n. A thorough
investigation on the correlation of SWCX to solar activityg thrientation of the line of sight
in the solar environment and other effects is currently amgo

In the following we want to further quantify the effects ttf&tVCX emission had on the
observations High Lat. A and B. The difference between timigs high SWCX emission
compared to times with low contamination are shown in Fig, Abottom) and Fig. A.4,
(bottom). The SWCX component in High Lat. A could be fit with twiods at 0.421 keV
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(NVI, 1.79719% LU), and 0.524 keV (OK from atmospherg,617532 LU). O VIl even
seems to be lower by about 0.14 LU in this spectrum comparédet&WCX quiet time.
Observation High Lat. B was enhanced by emission lines &840k8V (C V,16.37325 LU),
0.368 keV (C VI,3.997218 LU), 0.460 keV (C VI Ly-g,1.979-89 LU), 0.569 keV (O VII,
3.017585 LU) and 0.654 keV (O VI11,0.3575:32 LU) during high ion flux times. The C VI
Ly-g emission has been observed before with Suzaku in thedWServation (Fujimoto et al.
2007) but also with XMM-Newton and Chandra (e.g. Snowden.&0fl4; Edgar et al. 2006).
The spectrum of observation High Lat. B showed no especsityng oxygen lines in the
quiet SWCX times, while in times with strong SWCX emission thiaradped significantly.

A.5 Conclusions

We presented the results of the analysis of two observatibtiee soft diffuse X-ray back-
ground. Both observations were heavily affected by SWCX, ntattie interpretation of the
results difficult and ambiguous. Therefore, we are only &btgve upper limit values for the
oxygen line intensities in both regions. We compared oxygenintensities to observations
of other regions on the sky. In general the O VIII line inté¢ies might be correlated with
the foreground column density. As for the O VI line interestin this sample the results are
inconclusive. To quantify the contamination by SWCX, we dediemission line intensities
of CV, CVI,CVILy-g,NVI,OK, OVIIl, and O VIII.
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Appendix B

Combined EPIC PN and MOS images

The XMM-Newton payload carries three X-ray imaging instruments. In ordeadd im-
ages from the different instruments, we developed a sdrgdtdaccounts for differences in
exposure time and the sensitivity of the instruments. By damy images from all three in-
struments, we increase the statistics, are able to fill thect® gaps, so the resulting image
has no holes. A version of this software is publicly avaieipbm the ESA webpagés

In the following we will describe the script, starting frotretevent files, that are produced
by the standard data reduction software. First the evestdile cleaned for bad pixels and
hot columns that were not detected in the standard datatiedué set of X/Y coordinates
can be given to remove hot of flickering pixels. This can beedfmn the two MOS and the
PN detector individually. Additionally for the EPIC PN, thuser can provide the column
coordinate on a specific CCD, and the energy threshold, belaahvelii events are removed
from the event files. This is used to suppress noise from aadutinat suffer from a high
noise level at low energies. Also whole columns can be rechavéhe same manner as hot
pixels. For the EPIC PN all of the above steps also have to be tlr the out-of-time event
file.

After the cleaning, good time interval filter is applied taluee high background. The
energy range between 7.2 and 9.2 keV is excluded in the EPI@JeNt and out-of-time
event files. In this band, the PN detector shows strong badkgk fluorescent lines with
varying strength over the field of view (Freyberg et al. 2004} would be visible as structure
in the image.

From the cleaned event files (MOS, PN, and the PN out-of-tiveatefile), images are
extracted in different energy bands. The standard settindyzes images in the energy
bands 0.2-0.5 keV, 0.5-1.0 keV, 1.0-2.0 keV, 2.0-4.5 ke, Za6—-12.0 keV. For the low-
est EPIC PN energy band only single events are used, i.etsetlet are only detected in

Ihttp://xmm.vilspa.esa.es/external/xmstience/gallery/utils/images.shtml
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one pixel. For the other EPIC PN energy bands we use singlelanble events. For the
EPIC MOS single, double and triples are used (PATTERN2, seeXMM-Newton User
Handbook).

These images are binned to a user-set pixel size. Also exposaps are produced,
which are used to correct for different exposures in the gsagnd to create masks that
only include regions with a user-defined minimum exposureti The images, out-of-time
images, and exposure maps are smoothed with a gaussian ketmel width set by the
user. The out-of-time images are scaled with the fractiaexpected out-of-time events. For
example in full frame mode, 6.3% of all events are out-ofetievents, that are generated by
X-ray sources during read-out of the CCDs along the correspgrablumn. The rescaled
out-of-time images are subtracted from the images.

To create a combined image from EPIC PN and MOS where thetdetgaps are un-
noticable, the background level needs to be similar in thglsiimages. Therefore before
merging the PN and MOS images, the PN images are rescaleddnyaa that is different
in each energy band, adjusting the different backgrouneldevThis step however, makes
the final images not usable to extract correct surface bregses. The resulting image is
masked to a region with a user-set minimum exposure time.

An example image is shown in Fig. B.1, where we processed thgeki exposure of
NGC 253 (ObsID 0152020101).
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Figure B.1: An image of NGC 253 that was produced, using the script desdrin
App.B. In this example the three lowest energy bands were cedlinto a false-colour
X-ray image (red: 0.2-0.5 keV, green: 0.5-1.0 keV, blue=2.0 keV) usingds9.
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Vignetting corrected and background
subtracted EPIC PN images

We developed an algorithm to create vignetting correctedeaiaptively smoothed EPIC PN
images. In the following we will describe the algorithm stepstep.

The basis for this procedure is a cleaned event file and aofeutie event file. This
cleaning included screening for high background and alswmowng bad pixels and bad
columns (see Appendix B).

We here describe the creation of three images, which canrbkined to a RGB colour
image at the end of the procedure. In the following all steppgeho be done for all three
energy bands, unless stated otherwise.

An image is extracted from the event file in desired energydbarhich is corrected
for out-of-time events (see Appendix B). To allow vignetticwyrection, the detector back-
ground surface brightness (electronic noise, high eneagtigtes) is subtracted from the
image. This value is determined from the corners of the detechich are outside of the
field of view of the telescope. It is assumed that the detdzdokground is uniform across
the whole detector (for energies between 7.2 and 9.2 keMdmst a good approximation,
see Appendix B and Freyberg et al. 2004).

Before smoothing the image, a template with smoothing kerina$ to be created. This
template guarantees that images in different energy baedsr@othed with the same kernel
size. For this purpose, the images in the different energg®are added up, smoothed, and
masked with the tasksnoot h, which creates the template with the smoothing kernel sizes

This template is used to smooth the images in the differeatggnbands. This step
includes the vignetting correction via the exposure map, amasking of the image to a
region with an acceptable minimum exposure time.

The resulting images of NGC 253 and a combined RGB colour imate lowest three
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energy bands (created withks9 is shown in Fig. 4.1, 4.2, and 4.3. The tool is publicly
available and can be obtained from the MPE homehage

Ihttp://www.mpe.mpg.de/xray/wave/xmm/cookbook/EmRE/
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Background correction for faint extended
emission

The conventional way to create a background spectrum isléatsz region from the same
observation where there is no emission from the source. tihadily, the region should be
close to the source. This way, the spectral background dh@ve the same characteristics
as the background at the source region. In NGC 253, a regiahwhffices the first criterion
can be found at the border of the field of view in the southwagpart of the detector. The
second criterion, however, is not satisfied. The backgraegibn may show a different
detector background, and additionally the vignetting feedent.

Since we were interested in determining the charactesisfiemission with low surface
brightness, that extends over a large region, where thegbaigkd is (probably) the dominant
component, we needed a very accurate estimate of the baridyroGiven the very soft
nature of the emission, we cannot use blank sky observati@iswere taken in regions
of the sky where the foregroundl; is different (not to mention other uncertainties due to
different detector settings, particle radiation levets,)e Here we describe a method to use a
local estimate of the sky background that takes propertyactount vignetting and detector
background issues.

Table D.1: Rejected CCD rows due to MIPs per time unit in the used obsenstio

Obs ID Filter  rejected line counter value
0122320707 Closed 181.7
0125960101 Medium 190.2
0152020101  Thin 141.4
0160362801 Closed 120.4
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To remove the detector background, we used archival oltsemgavhich were taken in
the same mode as the NGC 253 observations, but where thewftieszl was closed. To
avoid effects due to changes in the detector settings, argesaof the detector performance
due to other reasons, we chose the closed observations t® dlese as possible in time
to the NGC 253 observations. The closed observations we fasezbservation 1 and 4
are: revolution 59, obs. id. 0122320701, exposure S003 (&). and revolution 732, obs.
id. 0160362801, exposure S005 (38.6 ks), respectively.nfore, that there are as little as
possible differences between the source observation araddked observation, we removed
bad columns and bad pixels both in the NGC 253 and closed\aiger. Additionally, the
closed observations may have been taken when the spaceasaftxposed to a different
particle radiation level than the one present during olzgems 1 or 4. TheXMM-Newton
house keeping file contains information on how many CCD rowsiper unit were rejected
due to a possible minimum ionising particle (MIP) event, evhis a direct estimator of the
average radiation level. We used these values (see Tablet®réscale the count rate of the
closed observations.

We used Out-of-Time spectra from the source and backgrcegidn to correct for con-
tribution from Out-of-Time events. When one subtracts aadiasgbservation spectrum from a
Out-of-Time corrected spectrum, one actually removes thied® Time spectrum of the de-
tector background twice. This is corrected in our methoddigireg again the Out-of-Time
spectra of the detector background.

We corrected the background region spectrum for Out-ofeT@vents and the detector
background and applied the vignetting correction in ea@ngynbin as a function of off-axis
angle of the source and background spectrum. This gave w&yHeckground spectrum.

In all of the above steps, different exposure times and are#ise extraction regions
have been accounted for. Since some of the components imtlé&ckground spectrum
do have low number statistics, we used the conservativeogppation to Poissonian errors
on ~ 1+ +/0.75 + N (Gehrels 1986). To avoid unjustified large errors, we rouditined
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the spectrum before calculating errors. The resulting ¢panzind subtracted spectrum then
has a significance in each bin of a least.3The errors were propagated properly and were
included in the file with the final background spectrum. Thpedrum can be used with
XSPEC as a background spectrum.

The whole method can be summarised by Eq. D.1 with the foigwlymbols:

— B(F) is the counts at energy in the background spectrum

— Bows(F) is the counts in the NGC 253 observation

— S4et(E) is the counts from the detector background spectrum in thecsaegion

— Baet(F) is the counts in the detector background spectrum in thedvaakd region
— SQOT(E) are the counts in the Out-of-Time spectra in the source negio

— BOOT(E) are the counts in the Out-of-Time spectra in the backgroagibn

obs

— SQOT(E) are the counts in the Out-of-Time detector background spétthe source
region

— BYOT(E) are the counts in the Out-of-Time detector background spétthe back-
ground region

— tops IS the exposure time in the NGC 253 observation

— tqet 1S the exposure time in the closed observation

— R.s IS the rejected line counter values (see Table D.1) in the IR&&observation
— Rget is the rejected line counter values (see Table D.1) in theed@bservation

— Ag is the area in the source region

— Ag is the area in the background region

— V(E, 0s) is the vignetting value in the source region, depending eroffset angle)
and the energy

— V(FE,0p) is the vignetting value in the background region, dependinghe offset
angled and the energy

— fis the fraction of Out-of-Time events in the correspondinupie of the observation
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A comparison between this new method and the conventiontidodethat does not use
the vignetting correction nor the closed observationsha in Fig. D.1 for two example
spectra, both in observations 1 and 4. The single backgroomgonents in the source and
background region in observation 4 are shown in Fig. D.2figllres show counts integrated
over the extraction region. The counts in the backgrountbnegere rescaled to the source
region area to be able to compare them to the source spedisn).the counts in the closed
observation were rescaled to the exposure time and radligtiel in the source observation.

The differences between the new and the conventional methiedms of the resulting
best fits are the following: In the majority of the tested casa additional power law com-
ponent withl' ~ 0 is required for the fit in the spectrum, obtained with the @orional
method. The temperatures are consistent between both dsetit the resulting flux levels
in the conventional method are higher. Differences in tted values range between 2%
and 22%. The effect between the two methods is highest iomsgvith low surface bright-
ness. Here the background dominates and a correct treasreatial. As an example, the

NGC 253, Region 7 NGC 253, Region 14
T T L T

Source spectrum
Background spectrum
Net spectrum

Source spectrum
Background spectrum
Net spectrum

Energy [keV]

NGC 253, Region 7
T .

NGC 253, Region 14
T T

100.0F T

Source spectrum
Background spectrum
Net spectrum

Source spectrum
Background spectrum
Net spectrum

Standard method (Bockground region & Out-of—Time events)

1 1 i 1 1
0.2 0.4 0.6 0.8 1.0 1.2
Energy [keV]

Figure D.1: Comparison between the background substraction on two dgar(game
source regions as in Fig 4.6(left): the spectrum of region {right): the spectrum of
region 14. The top panel shows the new method, as descrildbdiwork, the bottom
panel shows the conventional method, where the raw backdrspectrum is used, and
a correction for Out-of-Time events has been applied. Wg shbw the spectra of
observation 4 here, since these have the better statistics.
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difference in flux in region 7 (low surface brightness) is 1&8#@ 22%, for observations 1
and 4, respectively. Whereas in region 14 (high surface brags), the differences are 2%
and 3%.

The tool is publicly available and can be obtained from theBMi®@mepage

Ihttp://www.mpe.mpg.de/xray/wave/xmm/cookbook/EFRE/
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Figure D.2: The single components that are part of the total backgropedtsim com-
pared to the source spectruitieft): Region 7,(right): Region 14,(top): components
from the source regior{pottom): components from the background region. The single
components were corrected for areas, exposure time, aradioadevel, with respect to
the source spectrum in the source region, but no vignettingction was applied yet.
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RGS images of emission line regions

Images of an object in individual emission lines can be pcedurom XMM-Newton RGS

data since the RGS is a slitless spectrometer and the entdefigiew is imaged onto the

detector CCDs. We here present a procedure to extract an imaggpiecific emission line.
Requirements for this procedure are:

¢ A sufficient number of countsX 10%) in the emission line.

e An extent of the source gf 2'. For larger sources, neighbouring emission lines are

likely to overlap, which leads to a contamination of the imdxy the neighbouring
line.

For emission lines that are close to each other, a combinagdantan be extracted.
However, this reduces the possible spatial resolution. eikample, an image in the
Fe XVIl lines (17.055& and 17.100&) has a maximum resolution 620" (compared
to 12’ for one line). The separation of the lines is 0.085which corresponds to a
shift on the detector in the dispersion direction of 19.9

The basis for this procedure are the observation data filB$JOCalling theSAS meta-
taskr gspr oc with a RA-Dec reference coordinate on the sky, produces tkatdiles,
the exposure maps, and the spectra for both RGS detectors.evEne files contain the
positions of each detected photon in the dispersion verass-alispersion angle coordinate
system and additionally the energy of the photon, which iasueed with the intrinsic energy
resolution of the CCD. The event files are filtered for the wawgtle (dispersion angle)
range of the desired line and for the “banana region” in wavgth-energy-space to exclude
second-order spectra and noise (alternatively, a useifigueenergy range can be used).

In order to reconstruct an image in a specific wavelengthedrgn the RGS data, the
mapping of the sky onto the detector has to be reversed. Emsformation is described by
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Grating d/mm

\& m=-2
;ﬁ/ m=-1

/ero order

m=1

m=2

Wavelength 2

Figure E.1: Schematic drawing of the grating geometry.

the dispersion relation
A
cos 3 = % + cos a. (E.1)
a is the incident anglej the exit angle \ the wavelengthyn the interference order, antl

the grating line density (also see Fig. E.1). Deviationstitbe incident anglé\ 5 due to an
offset A¢ of the source on the sky parallel to the dispersion direateombe written as

sina (E.2)

Ap = sing 'L

(also see the description of tlBAS taskr gsangl es?t). F' = 7500 mm is the focal length
of the telescope, antl = 6700 mm is the distance between the Reflection Grating Array and
the prime focus.

By inverting equation E.2 foA ¢, the relative coordinate of a detected photon in disper-
sion direction on the sky is reconstructed. An additionappler shift due to the object’s
systemic velocity needs to be accounted for separately.efibets of the velocities of the
earth with respect to the sun axdMM-Newton's orbital velocity can be neglected since
they translate only to shifts of the order of 0.dnd 4x10~* at ~19 A, respectively, and
therefore are much smaller than the width of the point spfeadtion. Together with the
cross-dispersion angle, the RA-Dec position of each evedeised. From the sky posi-
tions of the events, images are constructed, which are atettdor exposure, binned and
smoothed with a Gaussian filter.

Images in the Ne X, Fe XVIl and O VIII lines are shown in Fig. 5The number of pho-
tons that were extracted from all three NGC 253 observasoa$806, 1077, 816, and 1231
for the images in the Ne X (11.98-12.83, Fe XVII at 15A (14.86-15.13}), Fe XVII at
17 A (16.90-17.21R), and O VIII (18.80-19.17R) lines, respectively. The FWHM of the
Gaussian filter was 2Zor Ne X, Fe XVII at 15A, O VIII, and 20" for Fe XVl at 17A,

Ihttp://xmm.vilspa.esa.es/sas/current/doc/rgsangies/3.html

112



Appendix E. RGS images of emission line regions

The tool is publicly available and can be obtained from theBMii@mepage

2http://www.mpe.mpg.de/xray/wave/xmm/cookbook/getiggsa. php
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