X-ray properties of NGC 300

point sources detected with

XMM-Newton and their optical
counterparts

Dissertation
zur Erlangung des Grades eines
Doktors der Naturwissenschaften
der Fakultat fir Mathematik und Physik
der Eberhard Karls Universitat Ttbingen

vorgelegt von
SreraniA CARPANO

aus Etterbeek (Brussel)
2006



Tag der mundlichen Prufung: 8 Méarz 2006

Dekan: Prof. Dr. Schmid

1. Berichterstatter: Priv.-Doz. Dr. J. Wilms
2. Berichterstatter: Prof. Dr. Klaus Werner



Abstract

Studies of the X-ray population of spiral galaxies othemtloair Galaxy are of
importance especially for the understanding of X-ray besmand other X-ray emit-
ting sources. The X-ray population of spiral galaxies isntyacomposed of super-
nova remnants (SNRs), low-mass X-ray binaries (LMXBs)hhigass X-ray binaries
(HMXBs), and other sources for which the nature is still nigac. The latter are
mainly supersoft sources (SSSs), characterized by vetggettra and luminosities
in the range of 1%-10°erg s, and ultraluminous X-ray sources (ULXs), charac-
terized by a luminosity10*°ergs?.

In this thesis, | study the X-ray population of the nearbyapjialaxy NGC 300,
using~66 ksecXMM-Newton data obtained during the observations of 2000 Decem:
ber 2001 January. A total of 86 sources inside thg Were detected above a maxi-
mum likelihood threshold of 10, in the 0.3-6keV band. | dedvor these sources,
global properties as X-ray colors and fluxes. Using optieahdaken with the 2.2m
MPG/ESO telescope, and cross-correlating with the SIMBAD oaiaé of known
objects, | attempted to classify the sources, mainly froenciblor-color diagram, and
compared with other nearby spiral galaxies. | also perfarendeeper analysis of the
four brightest sources, for which spectral fitting was poissiand show their light
curve.



Deutsche Zusammenfassung

Studien der Réntgenpopulation von Spiralgalaxien auethsserer Milchstralle
sind von grof3er Bedeutung fur das Verstéandnis von Rontggpp8isternen und ande-
rer Rontgenstrahlung emittierender Quellen. Die Rontgpofation von Spiralgala-
xien setzt sich hauptséchlich zusammen aus Supernovadsbar, Rontgendoppel-
sternen mit Begleitern niedriger Masse, Réntgendoppelkstemit Begleitern hoher
Masse und anderen Quellen, deren Natur nicht immer beksnru den letzteren
gehdren insbesondere die “supersoft sources”, die dundiesionders weiches Spek-
trum und Rontgenleuchtkréafte im Bereich vorr%a 0*° erg s* gekennzeichnet sind,
sowie die “ultraluminous X-ray sources”, die durch extreahé Leuchtkréafte von
mehr als 18° erg st gekennzeichnet sind.

Die vorliegende Dissertation ist Studien zur Rontgenpaipah der nahen Spiral-
galaxie NGC 300 gewidmet. Diese Untersuchungen basieren@&@iksec langen
XMM-Newton-Beobachtungenin Dezember 2000 und Januar 2001. In de@ kKe3~
Daten wurden insgesamt 86 Quellen innerhalbBigrScheibe entdeckt mit einem
“maximum likelihood” Wert oberhalb von 10. Fir diese Queligerden globale Ei-
genschaften, wie Rontgenfarben und -flisse bestimmt. Metevendung optischer
Daten des 2.2 m MP&SO-Teleskops, unter Zuhilfenahme von Korrelationen mit
SIMBAD und unter Benutzung von Rontgen-Farb-Farb-Diagreem wird versucht,
die Quellen zu klassifizieren und die Réntgenpopulationdeit anderer Spiralga-
laxien zu vergleichen. Zudem wurde eine tiefere Analysevilar hellsten Quellen
durchgefihrt, einschlief3lich einer Spektralanalyse unerdJntersuchung ihres zeit-
lichen Verhaltens.
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Introduction

The population of the X-ray sources in NGC 300 usiXiyyM-Newton data is
studied in this work.

NGC 300 is a normal galaxy belonging to the Sculptor galaxaugr Due to its
small distance~1.88 Mpc; Gieren et al. 2005), this SA(s)d dwarf galaxy isdesal
target for the study of the entire X-ray population of a tgbicormal quiescent spiral
galaxy. These studies are even more simplified by the gaalyiost face-on orien-
tation and its low Galactic column densify{ = 3.6x10?°cm?; Dickey & Lockman
1990).

The first X-ray population study of NGC 300 was performed kv 1991 and
1997 with a total of fiveROSAT pointings (Read & Pietsch 2001). In these observa-
tions, 29 sources were discovered within By disk, the brightest being a black hole
candidate with_y = 2.2 x 10°%8ergs? in the 0.1-2.4keV band. Later, NGC 300 was
observed withXMM-Newton on 2000 December 26 duringMM-Newton’s revo-
lution 192 and 6 days later during revolution 195. Some previresults of these
observations were presented by Kendziorra et al. (2001)Camdano et al. (2004).
A deeper analysis of the X-ray population can be found in @aopet al. (2005). In
addition to these X-ray data, observations with the 2.2 m MFB® telescope in La
Silla were performed and archival images in the broad band, Bnd R filters are
used for this work.

The scope of this study is to characterize, classify and wiassible, identify
the X-ray population belonging to the galaxy. It is orgadize follows. In Chap-
ter 1, | briefly review the history of the several X-ray missoand describe in more
details theXMM-Newton satellite, its scientific instruments and give some informa
tions about the XMM analysis software. In Chapter 2, | reviee classes of objects
expected in normal galaxies. These include mainly X-rapt@s (low mass and high
mass), supernova remnants, supersoft sources and ulinalusrsources, for which
the nature has still not be determined. | also describe theyopulation of normal
galaxies belonging to the Local Group and beyond. Chaptes8ribes in detail the
galaxy NGC 300 and summarizes the previous studies thatdesreperformed using
optical, radio and X-ray data. | also describe ¥¥M-Newton data of the galaxy
and the data reduction using the XMM analysis software.



In Chapter4, | try to characterize the X-ray population ¢ thelaxy, using the
XMM-Newton observations. | first describe how the source cataloguerigetkand
give global X-ray properties. This includes the analysithefcolor-color diagram and
the source flux calculation. | also attempt to classify arehtdy the source popula-
tion. This is done via the color informations, the study afiahility, the comparison
with other galaxies as well as the IbiglogS diagram. Moreover, | performed the
spectral analysis of the galactic centratdse emission region.

In Chapter5, | search for optical counterparts of the X-m@ayrses using the ESO
observations, after that | have corrected the X-ray passtimr the systematic shift
between the X-ray and the optical coordinates. The pos#imh magnitude in the
B, V and R band for all optical counterparts are measureden ttross-correlate the
sources with several catalogues, which helps in the ideatiin of the sources.

Chapter 6, is dedicated to the spectral and temporal asadyshe four brightest
sources. | first describe how the XSPEC software performedlectral fitting of the
data and enumerate the possible physical processes thgenamate X-rays in the
kind of sources found. From the spectral fitting | also detheluminosities of the
brightest sources, separately for both revolutions analyaas their light curves.

Conclusions and future perspectives are described at thefehis work.



CHAPTER 1

X-ray missions and XMM-Newton

1.1 History of X-ray astronomy

X-ray astronomy is the study of celestial highly energetifeots by means of the
X-rays they emit. The study of astronomical objects in Xsragally began in 1962
(before then, we only knew that the Sun was a powerful soarttés waveband). The
reason is that X-ray astronomy can only be carried out at kigly altitudes because
of the photoelectric absorption of X-rays by the atoms antemdes of the Earth’s
atmosphere (see Fig. 1.1). Thus rocket flights, balloonatetlges, which could lift
scientific instruments above the atmosphere, were negdssaine exploration of the
X-ray sky.

The first rocket flight which successfully detected a powlechsmic source of
X-radiation was launched in 1962 by a group at American $&ieand Engineering
(AS&E), led by Riccardo Giacconi. During this 5-min obsdrea, the experiment
discovered a very bright source, which was called ‘Scorpitls (Sco X-1): the
first X-ray source discovered in the constellation Scorg@mcconi et al. 1962).
This mission also found that the earth is bathed iffiude X-rays coming from all
directions.

Since then, the sensitivity of X-ray observations has iaseel rapidly, starting with
the instrumentation of the X-ray satellites of the 1970's1970, theUhurusatellite
was the first one dedicated entirely to celestial X-ray astnoy. It provided the
first comprehensive view of the entire X-ray sky. The fibduru X-ray catalogue
contains 339 objects, which are primarily binary stellasteyns, supernova remnants,
active galaxies and clusters of galaxies (Forman et al. 1978

From 1977 to 1981, NASA launched a series of larger sciergdigoads called
‘High Energy Astronomy Observatories (HEAQO)'. Two of theaessions were dedi-
cated to X-ray astronomy: HEAO-1 a survey mission and HEA@&edEinstein
after launch, an imaging mission. The Large Area Sky Surké&sS) experiment of
HEAO-1 yielded a comprehensive catalogue of 842 X-ray smi(@—20 keV) in a

10



1.1. HISTORY OF X-RAY ASTRONOMY 11

Visible

<«— Radio —>»<— IR LUV}& X-rays —»€— y-rays —>»
10712 580
é& — Satellite | 40p
100 b 4290
= / — Rocket {193
o 108f 4133
[
s L 1107 =
g £
T 108 198 8
k] 2
5 - 1s0 Z
B
I o0 165
L 48
€ — Balloon
1072 F 131
r —gfs — Airplane 116
Everest
1 . 1 0

1m 1fem  102%cm  107%cm  10%A 1A 1028 10
Wavelength

Figure 1.1: Transmission of the electromagnetic radiatiprthe atmosphere (Charles & Se-
ward 1995).

systematic all-sky survey (Wood et al. 1984).

During the 1980s, the European, Russian and Japanese gauses continued
to launch successful X-ray astronomy missions, such as tteyXObservatory satel-
lite (EXOSAT), Granat The Kvant moduleTenmaandGinga These missions were
more modest in scale than the HEAO programs in the 1970s anel directed to-
wards in-depth studies of known phenomena.

In 1990,ROSAT (Rontgen Satellite) detected more than 100,000 X-ray ¢bjac
its initial survey. It was designed to obtain a deep all-skysy in soft X-rays during
the first six months of the mission and then to continue with fx@ars of pointed
observations. It, in fact, had a lifetime of nine years ofrped observations. The
principal instrument, an X-ray telescope, was built forthggnsitivity below 2.4 keV
and the fective area for the X-ray collection was twice thatshstein

In 1995, NASA launched th&ossi X-ray Timing Explore(RXTE), designed for
high resolution X-ray timing, to study variations in em@siof such X-ray sources
as black hole candidates, active galactic nuclei, X-ragamgl, neutron stars and other
high-energy sources. RXTE played a key role in the discowetp96 of a ‘bursting
pulsar’ located near the center of the Milky Way (Finger etL806).

The Italian-DutchBeppoSAX (Satellite per Astronomia X, ‘Beppo’ in honour of
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Giuseppe Occhialini), launched in 1996 (and switchfdrp2002), observed the X-
ray sky in the 0.1-200 keV energy band. It recorded the firsayafterglows for the
most energetic bursts of gamma radiation ever detectediding an identification of
the source (Costa et al. 1997).

The ChandraX-ray Observatory was launched by the NASA's Space Shuttle
Columbia into a high earth orbit on July 23, 1999. It combiaesdficient high
resolution X-ray telescope with advanced imaging and spscopic instruments (see
‘The ChandraProposers’ Observatory Guide’, versionhttp://cxc.harvard.
edu/proposer/P0G/html/). The High Resolution Mirror Assembly consists of a
nested set of four paraboloid-hyperboloid (Wolter-1) grgzncidence X-ray mirror
pairs, with a focal length of 10 m. It produces images with d Width at Half
Maximum of the point spread function (PSF) smaller than @cSec, and anféective
area at0.25 keV of 800 chf400 cn? at 5.0 keV). Both grating systems (Low Energy
Transmission Grating and High Energy Transmission Gratiage resolving powers
(E/AE) well in excess of 500 over much of their bandwidth (0.1 to #¥k The
satellite focusses on such objects as black holes, quashhsgh-temperature gases,
e.g. in clusters of galaxies.

And finally, also launched in 1999, the X-ray Multi-Mirror BBion XMM-Newton),
an ESA satellite, carries three parallel mounted X-raystees, together with an op-
tical/UV telescope, to observe X-ray phenomena. The next seciibpravide more
information about the&XMM-Newton mission. Further details about X-ray missions
can be found in Bradt et al. (1992) and in the book by Charleg&&3d (1995). More
informations about thkMM-Newton satellite are available in the ESA bulletin num-
ber 100 (ESA 1999) and in the 2001 Astronomy & Astrophysiecsd issue (A&A,
vol. 365).
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1.2 TheXMM-Newton mission

The XMM-Newton (X-ray Multi-Mirror) satellite honouring Sir Isaac Newtpis a
project of the European Space Agency. It has been launcbed Kiourou, French
Guiana, on 10 December 1999, with an Ariane V rocket and igebgol to operate
for 10 years. The primary scientific objective of XMM is to fimm high throughput
spectroscopy of cosmic X-ray sources over a broad band ofieseanging from 0.1
to 10 keV.

XMM is designed to investigate in detail the spectra of cassaiurces down to a
limiting flux of 10~*®ergcnm?s™ and to detect X-ray sources down to a few times
10%%ergent?st (ESA 1999). WithXMM-Newton, it is possible to routinely per-
form such measurements.

1.2.1 Main elements of the XMM payload
XMM-Newton is equipped with 6 scientific instruments (Ehle et al. 2004a)

e The European Photon Imaging Camera (EPIC), produced by sodium of
ten Institutes in four nations: the UK, Italy, France andi@any. These are 3
detectors based on cooled Charge Couple Devices (CCD): 2 (iMegl Ox-
ide Semi-conductor) and 1 pn, operating in a photon-cogntinde for X-ray
imaging, X-ray photometry, and spectroscopy with a mo@espectral resolu-
tion, as well as timing studies. See section 1.2.3 for motailde

e The Reflection Grating Spectrometers (RGS) are two esdigmdiantical spec-
trometers for high resolution X-ray spectroscopy. The otif@ grating behind
two of the mirrors disperses the various wavelengthsfégmdint angles, so that
the spectrum can be collected and analysed by a strip of C&igtoes. It has
a high spectral resolution, with a resolving po#aE ~ 200 — 800 in the 0.35
— 2.5 keV soft X-ray band.

e The Optical Monitor (OM), co-aligned with the main X-ray @stopes, is a
conventional but very sensitive OptiddlV (180 — 600 hm) Monitor which can
observe simultaneously the same regions of the sky as tray Xetescopes.
This 30 cm Cassegrain telescope has a field of view of 17 aramith an an-
gular resolution of~ 1 arcsec through the use of photon-counting detectors
The instrument is well suited for observing faint stars aad detect sources
down to a magnitude of 20.7 with a time resolution of 0.5 s.

Fig. 1.2 gives a sketch of théMM-Newton payload. Three Mirror Modules (left),
co-aligned with the OM telescope, and equipped with the t@SRyrating assem-
blies, lie at the heart of the XMM telescope. Each Mirror Mtejwconsisting of 58
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Figure 1.2: Sketch of the XMM payload. The mirror modulesy o which are equipped with
gratings, are visible at the lower left. At the right end o thssembly, are shown the focal
X-ray instruments and the two RGS detectors (Ehle et al. 2004

nested Wolter-I-type grazing incidence mirrors, with adolength of 7.5 m (ESA
1999), is designed to operate in the X-ray energy band bet@deand 10 keV.

The XMM payload is completed by three EPIC cameras, placéderoci of the
three Mirror Modules, and by the two RGS cameras, placeditljrbehind two of the
three Mirror Modules, in front of the two EPIC MOS camerag] aach intercepting
about 50% of the converging beams. These instruments abdevéd the right part of
the Fig 1.2. The pn-CCD detector is located behind the fydlgrothird telescope.

The telescope tube, which is equipped with two aperturessimpstray-light sup-
pression and with an outgassingfiba for cleanliness and decompression purpuses,
separates the cameras from the Mirror Modules.
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Figure 1.3: The light path of the X-ray telescope having the@mera in the focus (Ehle et al.
2004a).

1.2.1.1 The X-ray telescopes

As X-rays do not reflect on mirrors at normal incidences, X4elescopes are dif-
ferent from optical telescopes. X-rays can be reflected byreononly if they have

a grazing incidence angle. Wolter telescopes, honoringstienan physicist Hans
Wolter, use this principle and are composed by several desterors to maximize
the dfective collecting area. Th&MM-Newton telescopes are of this type. The
combination of the reflection on a first paraboloid surfacthaisecond hyperboloid
surface will focus the X-rays on the focal plane. One of the¢thas a straight light
path, as shown in figure 1.3 and two others have grating aseasmbtheir light paths,
diffracting part of the incoming radiation onto their secondaoys (see Fig 1.4).

1.2.2 Basic features ofMM-Newton
The basic features dfMM-Newton are (Ehle et al. 2004a):
e Simultaneous operation of all instruments: if not protatitoy target con-
straints, all six XMM science instruments operate simwdtausly. They work

independently (i.e., exposures of the individual instrateelo not start and end
at the same time).

e Good angular resolution. This parameter reflects the ghifithe mirror to
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Figure 1.4: The light path of the two X-ray telescope withtigrg assemblies (Ehle et al.
2004a).

focus photons. This high sensitivity is achieved by the us&8othin nested
mirror shells in each X-ray telescope. The resulting pginéad function (PSF)
has a full width at half maximum (FWHM) on axis of the order 6¢f @he PSF
of the X-ray telescope depends on the sountearis angle, i.e., its distance
from the center of the field of view (FOV). The PSF at largeaxis angles is
asymmetric, having a kind of ‘bean’ shape.

High sensitivity: XMM-Newton carries the telescopes with the largeBtetive
area of a focussing X-ray telescope ever. The total mirronggric défective
area (which reflects the ability of the mirrors to collectiedithn at diferent
photon energies) at 1.5 keV is about 1550°dor each telescope and 4650
cn? in total. The dective area of the mirror does not only depend on the
energy but is also function of theffeaxis angle within the mirror 3(field of
view (FOV). With increasing fi-axis angle, fewer of the photons entering the
telescopes reach the focal plane. ThHieet is called ‘vignetting'.

Moderate to high spectral resolution: the EPIC CCD cameaas Imoderate
spectral resolution (with a resolving pow&/AE ~ 20 — 50). The RGS spec-
trometers @er much higher spectral resolution (see section 1.2.1).

Simultaneous opticAlV with X-ray observations. This allows the monitoring
and identification of X-ray sources by the X-ray telescopeelas an optical
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Figure 1.5: Comparison of focal plane organisation of EPIO3/&nd pn cameras (Ehle et al.
2004a). Note that the two EPIC MOS cameras are rotated bwRB respect to each other.

imaging of the surrounding field.

1.2.3 EPIC cameras

Two of the three EPIC cameras consist of an array of sever+meitie (MOS) CCDs
covering the 30 arcmin field of view. Each MOS CCD featuresraaging area of
600x 600 pixels, 40< 40 um? in size, capable of detecting X-rays in an energy banc
ranging from 0.1 to 12 keV, with a maximum timing resolutiohlo5 ms. In the
standard observation mode, the full focal plane, congjsifrthe seven CCDs, is read
outin 2.6 s. More informations on EPIC MOS cameras can bedaufTurner et al.
(2001).

The third camera is a set of twelve back-illuminated CCDs\egated on a single
10 cm-diameter Si wafer. Each of them is organised as a @00 matrix of 150
micron-sized (41) pixels. The use of p-n technology has resulted in high tyan
efficiency and full-frame readout times of 73.4 ms can be acHli¢260 ms in ex-
tended full frame mode), with a maximum time resolution of &0(7 us in burst
mode). More informations on EPIC pn camera can be found iid8tret al. (2001).

Fig. 1.5 shows the focal plane of the two types of EPIC cam&i&S and pn. The
shaded circle depicts the diameter field of view. The most important characteristic
of the EPIC cameras are given in Table 1.1 (Ehle et al. 2004a).

All EPIC CCDs operate in photon counting mode with a fixed reatfrequency,
producing event lists, that are tables with one entry linerpeeived event, listing
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Table 1.1: Basic characteristics of the EPIC cameras (Blde 2004a).

Instruments EPIC MOS EPIC PN
Bandpass 0.15-12keV 0.15-15keV
Field of view (FOV) 30 30

PSF (FWHM) 4 6"

Pixel size 4Qum (/1)  150um (4'1)
Time resolution 5 ms 003 ms

(fast data acquisition mode)

Spectral resolutionat 1 keV ~ 70 eV ~ 80 eV
Spectral resolution at 6.4 keV ~ 150 eV ~ 150 eV

(among others) attributes of events such as the positiohiatmhey were registered,
their arrival time and their energies.

The EPIC cameras allow several modes of data acquisitiore deta-handling
units select and control the various operating modes of #recas (Ehle et al.
2004a):

e Full-Frame mode (and ‘extended full frame mode’ for pn caaraarly) allows
the readout of all CCDs and thus the full FOV is covered.

¢ In the Partial-Window mode, the central CCD of MOS camerasasl out only
partially, while for the pn camera, only half of the area ihldl CCDs is read
out.

¢ In the FasfTiming mode no two-dimensional imaging is performed, buada
from a predefined area on the pn CCD1 chip are collapsed inte-alonensional
row to be read out at high speed (see Table 1.1).

e And finally there is the Burst mode, which is a special flavoluthe timing
mode of the EPIC pn camera, with very high time resolutionyeuy low duty
cycle (~3%).

1.2.4 XMM analysis software- the Science Analysis Systa®)(S

The analysis oXMM-Newton data is supported by the Science Analysis System
(SAS) software package, which at the time of writing was lalde in version 6.

It allows the reduction and the analysis of the XMM scienceadeom all science
instruments, EPIC MOS & pn, RGS and OM, and the extractiontarfidard data
products such as event files, images, spectra, light cuaveksource lists from the
X-ray event lists, as well as the generation of the appregrésponse matrices (Ehle
et al. 2004a).
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XMM SAS has been developed by a team of scientists locatdteaE EA XMM
SOC and the XMM Survey Science Center (SSC).

The derivation of accurate calibration data, and the prapasrporation of this
knowledge into the SAS software is a continuing process. prhduced spectra can
then further be analysed by standard X-ray astronomy sgdectalysis packages. The
status of the EPIC calibration can be foundéiatp: //xmm.vilspa.esa.es/docs/
documents/CAL-TN-0018-2-4.pdf.

1.2.5 XMM Sciences results

In April 2003, the first version of th&\MM-Newton source catalogue has been re-
leased (httgixmmssc-www.star.le.ac.pkewpagescat_public.html). This was gen-
erated by the Survey Science Center (SSC; PI: M. Watsonektig UK). More than
80 % of the entries have never been reported previously asy>Xources, and the
catalogue is expected to become a significant astronon@salrce. The catalogue
contains 33026 X-ray sources detected with a maximum hkeld threshold of 8.
Their positional accuracy is generally0’5 — 2’ (68 % confidence radius).

Thanks to these observations, real improvements have bada im the compre-
hension of X-ray objects like stars, SNRs, neutrons stamsynga-ray bursts, AGNs,
cluster of galaxies, X-ray background, etc. More detailsulthese results can be
found in the ESA's report to the 35th COSPAR meeting (ESA 2004



CHAPTER 2

X-ray sources in normal galaxies

A normal galaxy is a galaxy which does not have an active msab@r it is unusu-
ally luminous at any wavelength. Our galaxy, the Milky Was/aigood example of a
normal spiral galaxy.

X-ray emission from normal galaxies comes from discretectsjand a faint cen-
tral diffuse emission region which can be trulfffdse or due to faint unresolved
sources.

Because normal stars are veryfiident X-ray emitters (their coronal X-ray lu-
minosities range from %6 and 1§%ergs?), the brightest X-ray sources in normal
galaxies can be split into 2 groups: supernova remnants $pBRl compact X-ray
sources. A large fraction of compact X-ray sources are mesrdfeclose binary sys-
tems, for which gravitational potential energy &&@ently converted into radiation.
They have luminosities between3@nd 1§ergs?. They often operate close to
the Eddington limit where the pressure of the infalling mialeis balanced by the
pressure of outflowing radiation. Supernova remnants a@sitong X-ray sources
with X-ray luminosities in the range $dto 10°” erg s*.

By studing the X-ray population of normal galaxies from X+images, one has
also to take into account another kind of object seen in axgdiald: the “inter-
lopers”. These are sources in the field, which are not mendfetse galaxy being
observed. These are usually much closer than or much mdentliikan the galaxy.
These can be foreground galactic stars or background nockettive galaxies or
quasars. Active Galactic Nuclei (AGN) and Quasi-stellajgots (QSOs) together
form the large population of objects known as active gakxi#t is generally ac-
cepted that active galaxies are primarily powered by theedicn of matter onto a
central supermassive black hole.

External galaxies, and in particular galaxies in the Localup, are better laborato-
ries to study global properties of X-ray binaries, SNRssptg and stellar associations
than our own galaxy. They present some advantages (LewIn¥1%b):

e The sources within a galaxy do notffer from the distance uncertainty that
affects galactic X-ray sources.

20
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e Except for very edge-on galaxies, these sources areffemtad by large line-
of-sight absorption, as are, for example, galactic bulgeces.

e In external galaxies it is easy to associate sources withrdnt galactic com-
ponents (e.g. bulge, disk, spiral arms).

o Finally, different galaxies provide filerent sites in which to test theories of
Galactic source formation and evolution foffdrent metallicitystellar popu-
lation, star formation activity, galaxy structure.

2.1 Close binary stars and X-ray binaries

A binary star is a system composed of two stars which orbiirgdcheir common
center of mass. A binary system composed of a compact obybde(dwarf, neutron
star or black hole) and a normal star can produce X-ray (anerpemissions if the
stars are close enough together that material is trandféom the normal star onto
the dense, collapsed star, thereby releasing a large arabgravitational energy in
the form of radiation.

A special class of close binary stars are the ‘X-ray bingréescalled because they
emit strong X-ray radiation. They contain either a white dwa neutron star or a
black hole accreting material from a companion star. Thaysicome from the area
around the collapsed star where the material that is falbagrd it is heated to very
high temperatures. The gravitational potential of a neusitar or a black hole can
yield very high luminosities from a relatively small amouwftinfalling material. If
dM/dt is the rate of accreted material of a compact object of fMssd radiusk,
then the luminosity is (Charles & Seward 1995):

M

Typical values of; are 0.1 for neutron stars, 0.06—-0.42 for black holes andlOf®0
white dwarfs.

If the compact object is a neutron star, it is important tawethe strength of its
magnetic field. When the magnetic field is very strond 0*? G), this will disrupt the
accretion flow from the companion object, which will then fighonto the magnetic
pole (Pringle & Rees 1972; Davidson & Ostriker 1973; Lambletl873). If the
magnetic axis is misaligned with respect to the rotatiors,atkien one will observe
X-ray pulsations when the beamed emission from the magpelis rotates through
the line of sight (Mészaros et al. 1980; Nagel 1981a,b; Wanyedter 1981). If the
magnetic field of a neutron star is weak 10° G), the accretion disk can come close
to the neutron star surface. Then the emission will primadgne from the inner
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accretion disk and the boundary layer between the disk andehtron star (Mitsuda
et al. 1984). If, on the other hand, the compact object is akblteole, the X-rays
are emitted from the inner disk, resulting from viscous imep{Shakura & Sunyaev
1973).

Instabilities in the emission or the accretion flow in X-hies, can be responsible
for rapid fluctuations or quasi-periodic flucuations. Theae also give rise to X-ray
bursts or flares.

One of the most reliable characteristics that distinguisktron star from a black
hole candidate is the mass of the compact object. No stahteamestars are believed
to exist with masses greater tharB My. So any compact object with mass greater
then~ 3 Mg, is usually assumed to be a black hole (Rhoades &Rl 974; Kalogera
& Baym 1996). Another dference is the presence or absence of a solid surface. For
example, a black hole will never produce X-ray bursts.

Binaries which have a white dwarf and a normal companionataicalled ‘cata-
clysmic variables’ (CVs). The companion star loses madteri¢o the compact ob-
ject. Since this object is small, the gravitational potarenergy is high (but still low
compared to neutron stars and black holes) and is convertecirays during the
accretion process. These are fairly faint in X-rays: X-nayinosities of CVs have
been measured e.g. BOSAT during the All Sky survey and they are not higher than
10%2ergs?t (Verbunt et al. 1997). For that reason they cannot be visibexternal
galaxies.

Many X-ray binaries are transient sources. They appearesugdt locations
where no source had be seen before and become extremely. Brigty have fairly
rapid rise in intensity followed by a gradual decline. Tyglig transients reach their
maximum intensity within few days and decline back to undigteility many tens or
hundreds of days (White et al. 1984; van Paradijs & Verbu@4)@nd the change
in intensity is typically a factor of 18-1°. Many transients are seen to recur on
timescales from days to tens of years; some recur peridgicghers randomly.
These transient episodes may result from an instabilitth@édccretion disk, or a
mass ejection episode from the companion. A large fractiditazk hole candidates
are X-ray transients (Lewin et al. 1995).

X-rays binaries constitute the brightest class of X-rayrees in the sky. An op-
tical identification is crucial to establish the nature of thass-donating companion
star. The mass of the companion object determines the mouesd transfer to the
compact object. There are two basic classes of X-ray binéinere white dwarfs are
not included): High-Mass X-ray Binaries (HMXB) and Low-MaX-ray Binaries
(LMXB). Catalogues containing 130 known HMXBs and 150 LMX&sn be found
in Liu et al. (2000) and Liu et al. (2001), respectively.
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2.1.0.1 High-Mass X-ray Binaries (HMXB)

In High-Mass X-ray Binaries (HMXBs), the companion star igiant or supergiant
O or B star (mass above 10 My). It has a substantial stellar wind, with a mass
loss rate between 10and 10°M, yr~1. If a neutron or black hole has a relatively
close orbit, it will capture a significant fraction of the wlinsuficient to power the
X-ray source. The X-ray luminosity is either powered by pstedlar wind accretion
or, in the case of the brighter systems, by Roche-lobe owvexfi@ accretion disk (Liu
et al. 2000). Optically we see only the early-type star bsedtiis luminous: the
optical luminosity is often higher than the X-ray one (whi@mes from the compact
object). The ratio of their X-ray to optical luminositiesnges from 102 to 10
Typical orbital periods are in the range of 5h to 200 days anurosities are in the
range of 18'-10* erg s* (Lewin et al. 1995).

2.1.0.2 Low-Mass X-ray Binaries (LMXB)

They have many properties in common with cataclysmic véembThe primary star
is a main sequence star (type A or later) with mgssM,,. A late type star does not
have a natural wind strong enough to power the observed Xoaice. In this case
the companion star has evolved to fill its Roche lobe (surbd@gual gravity) and is
transferring material through a funnel point, the inner laagjian point_;, onto the
compact object (see Fig. 2.1). Because of the angular mameot the material as
it leaves the star, it cannot fall directly onto the compdijeot, but must instead go
into the orbit around it, thereby forming an accretion disledo its viscosity. The
material in this accretion disk does then slowly spiral imgatoward the compact
object (Shakura & Sunyaev 1973).

LMXBs are luminous X-ray sources (10> ergs?). The X-ray heating of the ac-
cretion disk and the companion star dominates the optigla \where LMXBs appear
as faint blue stars. Except for transient sources, theiayto optical luminosities
ranges from 19-10* (Lewin et al. 1995) and their orbital light curves can exhibi
X-ray eclipses. Members of this class are often refered tGakactic-bulge sources’
because they have the same distribution as the galactie bulg are associated with
the old stellar population.

2.2 Supernova remnants (SNRs)

A supernova remnant (SNR) is what remains after a supernglaston. Most of
the energy of the supernova explosion is carried away adi&ieaergy, the shell
of the ejected material expands rapidly. The outer parthefstar are expelled at
velocities of 5000—10000 knTs (Fabian et al. 2004). The supersonic outflow of the
stellar ejecta cools quickly after the explosion and a lowsity region is left in the
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Figure 2.1: Mass transfer from the primary star onto the @whpbject via the inner La-
grangian point; (Warner 1995).

interior. Over time-scales of years, this outflow sweepsestirrounding interstellar
medium and heats it to X-ray temperatures. The swept-upriabfgogressively
retards the motion of the expelled mater which causes anstioek, moving this time
in a backward direction. This shock will also produce X-raydter the expansion
phase, the remnant looks like an extendelde region of X-ray emitting plasma
where temperatures are up to several millions Kelvin (Fabtal. 2004). The X-rays
are thermal, they are generated by bremstrahlung, i.e¢.efastrons colliding with
positive ions, or by electron-ion recombinations. The SKfgsin a ‘radiative’ phase,
for about 18 years, where most of the internal energy is radiated awagr{€h &
Seward 1995). The shell then coasts through intersteltarespt becomes fainter and
fainter until it is undistinguishable from the surroundimgdium.

Some SNRs contain a rapidly rotating neutron star with angtrmagnetic field,
which is observable as X-ray pulsar if its emission is beamemlr direction. The
radiation is produced by synchrotron process and extemdsghtout the electromag-
netic spectrum, from radio waves to gamma rays. Becausajértéd energy comes
from the pulsar, the surrounding SNR is not ‘shell-like’ lplerion-like’ (‘filled-in’).

In the X-ray wavelengths, this synchrotron radiation damtés over thermal radia-
tion.

Most remants have been discovered as spatially extendeckesan radio surveys.
Old SNRs ¢ 10% yr) are several times larger in size than the young remnant€{
yr) and can have intrinsic diameters exceeding 20 pc. X-raiggon of the older
SNRs occurs at lower energies (below 2 keV) than the younges ¢Giacconi &
Gursky 1974). The temperature of this plasma is dft® K or higher.
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SNRs are important to study for several points: they are pamechanisms for
energizing and chemically enriching the interstellar medof a galaxy; by analyzing
this debris we can learn a lot about the progenitor star, xipéosion and so about
supernovae; they also have an important role in star foonadis the remnant shocks
can trigger the collapse of dense molecular clouds.

SNRs show a variety of sizes, structures and types, depgrmdinvhat caused
them, their age and their distance with respect to the E#titph resolution images
of SNRs show a rich structure of X-ray emitting filaments, #émeir X-ray spectra
are generally dominated by bright emission lines of higblyized elements from C
through to Fe or Ni (Fabian et al. 2004). A catalogue of 231Ivkm&alactic SNRs
can be found in Stephenson & Green (2002). They range in angide from few
arcmin to several degrees, with most being between 10 arandril degree. Their
physical sizes are ranged from a few~+dl00 parsecs in diameter. Because of the
Galactic absorption of optical and X-ray radiation, mosta@tic SNRs have been
discovered at radio wavelengths (only 30% of these havetsdsa detected in X-ray
and 20% in the optical).

Nearby galaxies, which are nearly face-on oriented andéadca high Galactic lat-
itude are better choices for SNR searches because theydva@alactic and intrinsic
absorption. It is necessary to perform multi wavelengthicdezs of SNRs since ob-
servation through a single spectral window cannot idemtiftypes of SNRs (Pannuti
et al. 2000a). The three most common wavelength domainh#vat been used for
SNR survey are the radio, X-ray and optical energy band:

e Electrons gyrating in the SNR’s magnetic field produce syoichn radiation
at radio frequencies (Duric et al. 1995),

e The expanding SNR shock heats the surrounding interstekalium to tem-
peratures of 19-10' K producing X-ray emission (Itoh & Masai 1989). The
low absorption in external galaxies makes it possible tecetmission lines
from highly ionised ions from O, Ne, Mg, Si, S and Fe, whichwsible in the
0.5-3 keV band (van der Heyden et al. 2004),

¢ A SNR can also be detected optically by emission from caoltially ionized
elements as well asddrecombination emission (Pannuti et al. 2000a).

The degree to which a SNR becomes a radio, X-ray, or opticelstom line source
depends on the environment and evolutionary stage of the &igRre 2.2 shows a
color composite image of the SNR Cassiopeia A (Cas A), takenfiared, optical
and X-ray band.
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Figure 2.2: Color composite image of the SNR Cas A. Infrarata drom the Spitzer

Space Telescope are colored red; optical data from the lduBipace Telescope are
yellow; and X-ray data from theChandra X-ray Observatory are green and blue
(httpy/chandra.harvard.efhhotg2005casgindex.html).
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2.3 Supersoft Sources (SSSs)

Supersoft sources were first discovered in the Large Magel@loud (amongst oth-
ers the two prototypes CAL83 and CAL87) with tikgnstein Observatory (Long
etal. 1981). SSSs are hard to be detected in the Galactie glamto high interstellar
absorption. LaterROSAT discovered many other supersoft sources in the Galaxy
the Magellanic Clouds (Triimper et al. 1991; Kahabka et é@4)@nd in M31, and
astronomers thus established, in the early 1990s, lumiB&8&s as a new class of
objects. They are characterised by a very soft spectracéiipkT < 100 eV) and
they have luminosities in the range of*¢6-10°° erg s*.

According to van den Heuvel (1999), some 37 SSSs have beeovdigd with
ROSAT: 16 in the Andromeda Galaxy (M31), 11 in the Magellanic Clgu@lin our
galaxy and 1 in NGC55. Since 1997, some of the brightest S&8slheen observed
by BeppoSAXsatellite (Parmar et al. 1997, 1998).

Several of these objects have been optically identified wlitse binary systems.
The most promising model to explain the flux emitted from thightest SSSs has
been proposed by van den Heuvel et al. (1992). They suggeshise ultrasoft X-
ray emission can be explained by steady nuclear burning dfdgen accreted onto
white dwarfs with masses in the range of 0.7-1.2. M'he required mass transfer
rates, betweer 1077 and 4x 1077 Myyr1, can be obtained in short period binaries
(P < 1-2) by Roche-Lobe overflow from a companion that is more masdive-
2.2 My) than the white dwarf. However, some of the SSS are transmuntces, or
associated with hot nuclei of young planetary nebula, sptihsystems, or recent
novae. This suggests that the SSS class is likely includijepts of several dierent
types.

Recently,Chandraand XMM reobserved external galaxies with high resolution.
Greiner et al. (2004) pointed out that a large fraction (30¥gSSs found in M31 are
transient sources, with turfiand turnon times on the order of a few months. Swartz
et al. (2002) observed M81 and detected nine luminous sofféfsay sources, gave
their spectral properties and light curves. Numerous désprvations of the nearby
galaxies have been performed 6handraand XMM, but the discovery of supersoft
sources has been reported for only few galaxies (see sezttofor more details
concerning the number of SSSs found in nearby galaxies).

2.4 Ultraluminous X-ray Sources (ULXS)

Ultraluminous X-ray sources are defined by an intrinsic hwsity > 10°° erg s?,
which exceeds the Eddington luminosity of a 1.4 Keutron star by a factor af 5.
The nature of these sources is still unclear. A first modehiaecreting binary with
an intermediate mass black-hole ¥#0-1000 M)). A second model is that of a
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binary system with beamed emission, which involve normadsreccretors (neutron
star or stellar-mass black hole, see Zezas & Fabbiano (Z608)eview). ULXs are
variable and tend to have spectra that can be well model&dawitultitemperature of
~ 1-2 keV, although some of them experience Havd-soffhigh transitions typical
of black hole candidate binaries (Makishima et al. 2000).

A survey of ULXs in 313 nearby galaxies within 40 Mpc has beerfgrmed by
Liu & Bregman (2005), using 46ROSAT HRI observations. 562 extragalactic X-
ray point sources have been found in 173 nearby galaxieb, lyit= 10%8-10*
ergs s* and 216 of which with_x > 10°° ergs st. Some of them are associated with
supernovae (remnants),Hregiongnebulae, or young massive stars in star-forming
regions, and a few ULXs have been identified as old globulsstels. Some ULXs
show great variability on timescales from days to up to 10gea

2.5 X-ray sources in nearby normal galaxies

2.5.1 The Milky Way

X-ray sources from the Milky Way have been observed by theSkly Monitor
(ASM) aboard the Rossi X-ray Timing Explorer (RXTE) fer5 years, in the 2—
10 keV band. The catalogue consists of 340 sources of whiélgalactic, 112 extra
galactic and 10 unidentified sources. Grimm et al. (2002)tiled 105 LMXBs, 51
HMXBs, 7 SNRs and 10 CVs. The Idg-logS diagram for these sources are shown
in Figure 2.3. We see that SNRs and HMXBs can be describedgahe complete-
ness limit, with a power law function (the SNR slope beingiélathan the HMXB
one), while LMXBs are described by a modified power law whigkets into account
the gradual steepening of the INglogS relation towards higher fluxes. In the same
paper, these authors show that HMXBs are often associatbdivé spiral arms of
the galaxy, while LMXBs are more concentrated in the gatactinter.

2.5.2 The Local group

Our Milky Way and the Andromeda galaxy (M31) dominate thechbgroup’ of
galaxies. This contains at least 20 members, which aresfagmd less massive. The
nearest one is the Large Magellanic Cloud (LMC), at a distanfc55 kpc, which
contains about one tenth the number of stars in the Milky V&lyafles & Seward
1995). Not far away from it, is the Small Magellanic Cloud (8M 63 kpc away,
which is about half the size of the LMC. Then comes the Andrden®alaxy, M31,
located at 670 kpc, it has the same size as the Milky Way, aantal.5 times as
many stars. M33, at a distance of 720 kpc; it is a face-onlgg@laxy. These nearby
galaxies are close enough that one can identify supernovaznets by their spatial
extent. A review of their X-ray population is given below.
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Figure 2.3: log\N-log S diagram for all galactic sources derived from the RXTE siggethick
line), as well as the subsamples: LMXBs, HMXBs, SNRs and CN'e broken line show the
relation obtained byhuru and the vertical line shows the completeness limit (Grimmalet
2002).

2.5.2.1 The Magellanic Clouds

In the EinsteinX-ray observations made in the early 1980s, over 120 sowvees
detected in the LMC and 40 within the SMC. A large number ofesnpva remnants
were identified by their spatial extent as well as a numberiitér (1§*-10°¢ erg
s™1) unidentified X-ray sources. Wang et al. (1991) reanalybedinsteindatabase



30 CHAPTER 2. X-RAY SOURCES IN NORMAL GALAXIES

of the LMC and listed 105 sources, from which 33 were new, dindrated a number
of spurious an@br marginal detections from the previous list. Fifty of taeources

were identified optically: 28 of them were SNRs, 13 foregmatars, 3 were back-
ground AGNSs, and there were 9 X-ray binaries. Based on fluxeay spectra and
deep survey results, Hutchings & Cowley (1991) estimate¢hgaining 55 uniden-
tified sources to be20 SNRs, 25 background faint AGNsy foreground stars and
perhaps up to three X-ray binaries. The luminosity limitthoe Einsteinobservatory

at a distance of the LMC was 10°® erg s'1.

According to Lewin et al. (1995), nine X-ray binaries are ¥moin the LMC.
This is about what we expect if we scale down the number ofctjalX-ray binaries
(~180) by the ratio of the massésts/Miuc ~ 23 (Binney & Tremaine 1987). Such
a kind of scaling is however, not appropriate for the SMC, géhmass is one-tenth
of the LMC. This predicts about one X-ray source whereas &oeitknown. Three of
the seven HMXBs in the Magellanic Clouds contain X-ray prdsehich is the same
as the galactic fractiond5%), and 2 of the seven ones (LMC X-1 and LMC X-3),
contain black hole candidates, which is higher than theatjal&raction 2%). Four
LMXBs are catalogued in the LMC, while none are seen in the SMC

More recently, a deep analysis of the X-ray population ofNMagellanic Clouds,
observed byROSAT between 1990 and 1998, has been made by Haberl & Pietsch
(1999), Haberl et al. (2000), Sasaki et al. (2000a) and $asak (2000b). Here is a
summary of their results:

e 758 sources were detected in the LMC by ROSAT PSPC instrument and
397 by theROSAT HRI. 138 of the HRI sources are contained in the PSPC
catalogue, while 259 sources are new. Based on positioiratidences with
catalogues and on X-ray properties, 114 PSPC (94 HRI) seweee iden-
tified with known objects. The PSPC (HRI) catalogue contaits(9) X-ray
binaries, 9 (5) SSSs, 46 (24) SNRs or SNR candidates, 57¢83)found stars
and 15 (9) background extragalactic objects.

e 517 PSPC (121 HRI) X-ray sources were detected in the SMCf #ted 21
HRI sources had PSPC counterparts. 158 PSPC (56 HRI) sauecesdenti-
fied, from which: 17 (6) SNRs 2 candidates, 9 (4) SSSs or suspected ones,
6 (12) X-ray binaries or suspected ones, 46 (1) background ARz (4) fore-
ground stars 12 candidates.

2522 M31

The Andromeda galaxy, M31, is a spiral galaxy of type Sb. Aalgsis of the entire
set of theEinsteinobservations made by Trinchieri & Fabbiano (1991) has led to
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the detection of 108 X-ray sources, with 0.2—4 keV lumiriesibetween 18 and
10%8 erg s1. ROSAT observations (Supper et al. 1997) in the 0.1-2.4 keV banc
have more than tripled this number (396 sources), with lagities in the range of
3x 10%-2x 10%® erg s*. 43 of these have been identified with foreground stars, 2¢
with globular clusters, 17 with SNRs, 3 with other galaxasd 3 with radio sources.
With respect to theEinstein Survey, 327 sources were newly detected. They alsc
classified 15 objects as SSSs according to their spectredcteaistics.

With the Chandrasatellite, Kaaret (2002) detected 142 point sources withi-lu
nosities between & 10°°-2 x 10°8 erg s in the 0.1-10 keV band. They suggest
that the population is likely dominated by LMXBs. Finallypfn the XMM-Newton
observations, Trudolyubov & Priedhorsky (2005) detectédiray sources having
bright radio counterparts and 15 X-ray sources coincidetit 8NR candidates from
optical to radio surveys.

2.5.2.3 M33

M33 is a face-on spiral galaxy of type Sc. This presents anridge to see where the
X-ray sources are located within the spiral structure. Tdlexgy has been extensively
observed wittEinstein first by Long et al. (1981) and later by Trinchieri et al. (898
who detected 13 point sources within the disk and the spimasavith luminosities
between 18-10°8 erg s1. M33 is unique amongst the Local Group, having a very
bright (~ 10°° erg s1) X-ray source (M33 X-8) located at a position consistenhwit
the optical nucleus of the Galaxy. This source dominateXthaey flux (~70%) from
the galaxy. Another X-ray source (M33 X-7) is an eclipsinga-binary pulsar with
an orbital period of 3.45 day and pulse period of 0.31 s (D@bad. 1999).

Deeper analysis of the brightest X-ray sources has been made recently by
Parmar et al. (2001), usinBeppoSAXdata. The nature of M33 X-8, which shows
a transitory intensity modulation of 105.9 days, is stilclear. Many models have
been proposed (see Parmar et al. 2001), the authors sulggetta source can be a
~10 M, black hole, accreting from a binary companion. Finallyt&ib et al. (2004)
detected 408 sources down to a 0.2—4.5keV luminosity &f &@ s, usingXMM-
Newtondata. 21 of these were SNRs, 23 SNR candidates, 5 were SS@sxarayy
binaries. They also identified 5 foreground stars, 30 faregd star candidates, 12
AGN candidates, one background galaxy and one backgrodaxhgeandidate.

2.5.3 Other normal galaxies

Other galaxies, outside the Local group, which are muchiayawere also observed
in X-rays. Of course, the more distant the galaxy is, thetgrda the threshold for
X-ray source detection ayat the greater is the observing time. Wiinstein at

distances greater than a few Mpc, only unusually bright sesjrwith fluxes above
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Figure 2.4: Chandraobservations of the spiral galaxies M101, M83, M51, and NGS74
(httpy/chandra.harvard.efhhotg2004m10¥more.html).

~ 10%® erg s?! were detectable (Charles & Seward 1995), and most of thétorig
accretion-powered binaries could not be seen.

The new generation of X-ray telescopes, suchandraand XMM-Newton, have
higher angular resolution and flux sensitivity. Now diser&tray sources in galaxies
beyond the Local Group can be detected and analysed, whilextbntory of sources
detected inside the Local Group or in external galaxiesiased significantly.
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2.5.3.1 NGC 2403

Located at a distance of 3.2 Mpc, NGC 2403 is a spiral galaxghvis almost face-
on oriented. BeforeChandraonly 5 discrete sources were known to exist in the
Galaxy. Schlegel & Pannuti (2003) analysed the galaxy uSihgndradata and de-
tected 41 sources having 0.5-10keV luminosities in theearid F-10°° erg s
The brightest one is a ultraluminous X-ray source (ULX) hagva bolometric lumi-
nosity of 2x 10° erg s1. One X-ray source is clearly associated with a SNR, for 3
others the association is far less robust.

2.5.3.2 NGC 6946

NGC 6946 is a spiral galaxy at a distance estimated betwdeartel 5.9 Mpc. Using
Einstein ROSAT and ASCA data, only 14 X-ray sources were detected. Holt.et al
(2003), usingChandraobservations, detected 72 X-ray sources, from which 10 havi
0.5-5keV luminosities comparable with or in excess of thdiggton luminosity for

a 1.4 M, neutron star.

2533 M83

M83 is a spiral galaxy of type SAB(s)c, almost face-on ogehtThe last estimate
of the distance was of 3.7 Mpc (de Vaucouleurs et al. 1991YiaS Wu (2003)
identified 127 discrete sources, usi@fandraobservations, with a detection limit of
3x 10 erg stin the 0.3-8.0 keV band. They classified the sources in thaepg
according to their colors: SSSs, SNRs and X-ray binariesénmdformations are
given in section 4.4). They analysed the X-ray spectral ene-vvariability properties
of the 20 brightest sources. Two of them are identified witiRSfdndidates, two with
X-ray pulsar candidates and one with a background radiogala

2534 M51

The spiral galaxy NGC 5194 and its companion NGC 5195 togedpgesent M 51.
The galaxy, seen almost face-on, is located at a distanceddfigc. In ROSAT
observations 8 individual sources were detected with 02«eV/ luminosities from

5 to 29x 10°8 erg s (Marston et al. 1995). The galaxy has been reobserved witl
ChandrgqTerashima & Wilson 2004): 111 sources have been detecteaf, tBem in
NGC 5194 and 12 in NGC 5195. Nine sources are ultraluminoiil,luminosities
exceeding 1% erg st in the 0.5-8.0keV band. This number is much higher than
what is commonly found in most spiral galaxies.

2535 M101

M 101 is again a face-on galaxy, located at a distance of 7.2 MIp8 X-ray sources
were detected by Jenkins et al. (2005) uskKgM-Newton data. 20 of them are
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coincident with Hu regions antbr SNRs, 7 have been identified or are candidates
for background galaxies, 6 are coincident with foregrouatssand one has a radio
counterpart. They estimate the X-ray binary populatiorefresent about 60% of the
catalogue although there is source contamination for rackgl AGNs. Jenkins et al.
(2004) have studied the spectral and temporal propertiethé14 most luminous
objects, all having luminosities which are higher than thieiEgton luminosity for a
1.4 M, neutron star. The nature of these sources have not beeifiedrfhowever
the sources appear to be a heterogeneous population. ibdinees were black hole
X-ray binaries, their intrinsic luminosities @x 10°8-3.4x 10*° erg s1) imply black
hole masses of 2-23 M From the spectral analysis, there is no apparent spectral
diferences between those sources above and below the Isityitioreshold. This
implies that these sources are seen at the extreme higindgity end of a ‘normal’
XRB population.
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Optical and X-ray observations of NGC 300

3.1 Introduction to NGC 300

NGC 300 is a spiral galaxy of type SA(s)d, located at a distaxfd.88 Mpc (Gieren
et al. 2005), in the prominent Sculptor group of galaxiehmsouthern constellation
of that name. The Sculptor group is the nearest galaxy groupe Local Group
containing five major spiral galaxies (NGC 55, NGC 247, NG@,28GC 300 and
NGC 7793) and about 20 dwarf galaxies (Cote et al. 1997).

NGC 300 is a big object in the sky, it extends over a diametatrabst 25 arcmin:
the major axes of th®,s optical disk (defined by the extent over which the blue
magnitude is lower than 25 mag) are 13.3kpc and 9.4 kpc{28'; de Vaucouleurs
et al. 1991). It is a rather bright and nearly face-on. Studiethe galaxy are also
simplified by its low Galactic column densitiNg = 3.6 x 10?°cm?; Dickey &
Lockman 1990).

Its vicinity and its face-on orientation provide astronosma wonderful opportu-
nity to study in detail its structure as well as its variouslatr populations and the
interstellar medium. Some properties of the galaxy are showable 3.1.

Studies of the NGC 300 stellar population improved with cgdtimages obtained
with the Wide-field Imager (WFI) on the MPESO 2.2 m telescope at the La Silla
Observatory. With its large field of view (34 34 arcmirf), the WFI is optimally
suited to show the full extent of the spiral galaxy NGC 300 aadmmediate sur-
rounding in the sky (see Fig. 3.1).

More information as well as the ESO images from the nextgsstican be found
athttp://www.eso.org/outreach/press-rel/pr-2002/phot-18-02.html.

35
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Table 3.1: Basic informations of NGC 300

Parameter Value References

Type SAs(d) de Vaucouleurs et al. (1991)
@32000 00'54M538 de Vaucouleurs et al. (1991)
032000 -37°4057/ de Vaucouleurs et al. (1991)
Isophotal major diameterd 21’9 de Vaucouleurs et al. (1991)
Position angle 111 de Vaucouleurs et al. (1991)
Minor to major axis ratio s, b/a 0.74 Carignan (1985)

Distanced 1.88+ 0.05Mpc Gieren et al. (2005)
Inclination 46 Tully (1988)

Galactic column density\y 3.6x10%%cm?  Dickey & Lockman (1990)

3.2 Optical studies of NGC 300

3.2.1 Cepheidsin NGC 300 and the cosmic distance scale

Cepheids are variable stars that constitute a key elemeéheimeasurement of dis-
tances in the Universe: their luminosity is correlated vilikeir pulsation period,
which can be determined from observations. Comparing teésdtux, F, and lu-
minosity,L, one can obtain the distanak,to the star by the inverse square law:

L = 4nFd? (3.1)

Using this method, Freedman et al. (1992), obtained thariistto NGC 300, 2.
0.1 Mpc, using 16 known Cepheid variables. Later Freedmah €001) revised the
distance to 2.0 0.07 Mpc using the Hubble Space Telescope Key Project Céphei
data. Pietrzgiski et al. (2002a) detected 117 Cepheids and 12 Cepheiddedesl
using the WFI observations. Gieren et al. (2005) recentlyatgd the distance to
NGC 300 at 1.8& 0.05 Mpc. This last value is assumed in this thesis.

Some Cepheids found by Wolfgang Gieren (Universidad de ueion, Chile)
and collaborators during the research programme for wihieh{FI images of NGC
300 are shown at the centre of the markers in Fig. 3.2.

3.2.2 Star formation in NGC 300

Studies of OB associations andiHegions (clouds of ionized hydrogen, important
tracers of high-mass star formation) have been perform@&i3@ 300 (see below).
OB associations constitute groups of young massive gtaiitly unbound stars,
which have been formed in the same molecular cloud. Obsengsabf these objects
provide valuable information about regions of recent/andurrent star formation,
their parent galaxies and star formation in general (Riéski et al. 2001a). The
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Figure 3.1: Colour-composite image of NGC 300 and the smding sky field, obtained in
1999 and 2000 with the Wide-Field Imager (WFI) on the MBSO 2.2-m telescope at the La
Silla Observatory.

large number of OB associations anditfegions (see Fig. 3.3) indicate the presence
of numerous and very young stellar populations in NGC 300.

117 OB associations have been found by Pidtskyet al. (2001a), while Bresolin
et al. (2002) detected 70 blue supergiant candidates. émuntdre Deharveng et al.
(1988a) presented a catalogue of 176 lkdegions in NGC 300, and Swoer et al.
(19964a) identified 88 regions in its central part.
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Figure 3.2: Cepheid type stars in the spiral galaxy NGC 3®@h@ centre of the markers).
They were identified by Wolfgang Gieren and collaboratonsrdythe research programme for
which the WFI images of NGC 300 were first obtained.

3.2.3 Wolf-Rayet Stars and Supernova Remnants

Wolf-Rayet (WR) stars were first discovered by C. Wolf and @yé&t in 1867 (Wolf
& Rayet 1876). These stars are hot, massive and luminousanitmalously strong
and wide emission lines. They are believed to have lost thairogen envelopes
and they are loosing mass through powerful stellar wind. \téRssare often found in
binary systems. Schild & Testor (1991) found 40 candidaie®¥/R stars in NGC 300
and Schild et al. (2003a) 58 candidates (from which 22 ardirtoed WR stars).
Breysacher et al. (1997) also have studied the WR starstddtircfive associations.
Studies of supernova remnants (see section 2.2) within N@XrBoptical, radio
and X-ray wavelengths have been performed by Pannuti e2@0@), who found
16 new SNR candidates with respect to the previous reseawah Blair & Long
(1997a) in the optical band (who found 28 SNR candidatesyn®at al. (2004a)
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Figure 3.3: NGC 300, seen through the narrow optical filtexlpha. Clouds of ionized hydro-
gen gas (“Hu shells"), produced by the radiation and strong stellar wioidbright and young
stars, can be seen in this photo. The “rings" near some ofripbtistars are caused by internal
reflections in the telescope.

re-investigated these candidates in a multi-frequendysaimd report 18 SNRs and 3
SNR candidates, which include the 6 SNRs seen by Read & RiE6801) in X-rays.

3.2.4 Optical observations used for this study

For this study | used optical data retrieved from the ESOiaechlThe observations
have been made by the Wide-Field Imager (WFI) on the 2.2 m MSG telescope
on La Silla, Chile, for the ARAUCARIA project (Pietrnagki et al. 2002a). NGC 300
was observed by this instrument between 1999 July and 20Q@&da

The reduction of these optical data was performed, in thradkaork of the Garching-
Bonn Deep Survey, by Schirmer et al. (2003), who also commetensively on the
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data reduction. NGC 300 was observed during 34 nights, wigishlted in exposure
times of 11 hours (110 images), 10.4 hours (105 images), &tiodirs (42 images),
in the B, V, and R filters, respectively.

The observations were centered @f3gg 0= 00'54™50%, §32000.0= —37°4000”
with a field of view of 34 x 34 and the average seeing in the B, V, and R data
was 1’1, 7’1 and 10, respectively. The absolute astrometric accuracy of tieal
images is about 0.25 arcsec and the relative astrometryamcis about 10 times
better.

3.3 X-ray studies of NGC 300

Studies of the X-ray population of spiral galaxies othentbar Galaxy are of special
importance for the understanding of the formation of X-rayabies and other X-ray
emitting sources.

The first X-ray population study of NGC 300 was performed leetw 1991 and
1997 with a total of fiveROSAT pointings. The total exposure time of these data,
which were reported by Read & Pietsch (2001), was 46 ksecarRIASAT Posi-
tion Sensitive Proportional Counter and 40 ksec inR@SAT High Resolution Im-
ager, all with a nominal pointing position @fjg00.0 = 00'54™520 andé32000.0 =
—37°41'24’0. In these observations, a total of 26 sources was discdvétkin the
D,s disk, the brightest being a black hole candidate with= 2.2x10°8ergs? in the
0.1-2.4keV band. They also identified a highly variable sspit source and other
bright sources coincident with known SNRs andi fegions. The luminosity of the
residual X-ray emission, probably due to unresolved s@@oel genuine fuse gas,
has been estimated to bg = 1.2 x 10°8erg s (Read & Pietsch 2001).

More recently, NGC 300 was observed wkVM-Newton on 2000 December 26
during XMM-Newton'’s revolution 192 and 6 days later during revolution 195. om
previous results of these observations were presented hyz@ra et al. (2001)
and Carpano et al. (2004). Data on the luminous supersoéyXsource XMMU
J005510.#373855 in the center of NGC 300 were presented by Kong & Digatef
(2003a). From their research, this source appears to beseftrykT ~ 60 eV) and
very luminous (188 -10* ergs?). Their study also reveals that the source went from
a “high” state to a “soft” state in 6 days. During the low sttitey observed a period-
icity of 5.4 hr. A white dwarf, neutron star and black hole ratsdare considered to
explain the nature of that source.

Global properties of the X-ray sources detected in NGC 3fd@d, usingXMM-
Newtondata, and their optical counterparts are given in Carpaab €2005). Some
of the results are included in this thesis.
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3.3.1 X-ray observations used in this study and data redocti

Data of NGC 300 X-ray sources contained in this dissertatiave been extracted
from the XMM-Newton data. During orbits 192 and 195 NGC 300 has been observe
for 37 ksec and 47 ksec, respectively. For both observatalhthree EPIC cameras
were operated in their full frame mode with the medium filt€he aimpoint of the
EPIC-pn camera was centered on NGC 300, using the sameopoagithat of the
earlierROSAT data. Fig 3.4 shows the merged X-ray raw image from both ©&itl

all three EPIC cameras in the 0.3-6.0keV energy band.

Figure 3.4: Merged X-ray raw image from both orbits and al¢¢hEPIC cameras in the 0.3—
6.0 keV energy band.

In revolution 192 XMM-Newton was exposed to a high low energy proton flux,
increasing the background in the pn camera by more thanarfaic15 (with respect
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to the low background) during the last third of the obseoratiA light curve in the

MOS1 was generated (Fig 3.5), and all time intervals with enitlvan 140 counts
(slightly larger than the quiet background level) were egeld from further analysis.
The good-time-intervals extracted from the MOS light cuimerevolution 192 were

also used to filter the event list of the pn-camera, leavings2@ of low background
data for each of the three cameras. The particle backgroundgdrevolution 195

was low, resulting in net observing times of 43 ksec for the MOS cameras and
40 ksec for the pn-camera.

| reduced the data using the standa¢MM-Newton Science Analysis System
(SAS), version 6.1.0, using thepchain task for the EPIC-pn andmchain for the
MOS cameras. These scripts process all first-level EPIC RPNVEDS tasks, respec-
tively, to produce calibrated event lists for all selectgdasures.

Spectra, images and light curves were extracted usisglect, which filters the
event lists by user-specified selection criteria, and eldremages, spectra, and time
series from the filtered event list. | only consider eventaisoeed in regions away
from the CCD borders or bad pixels, and only single and doatémts for the pn
camera and single to quadruple events for the MOS camerasdifarent possible
patterns defined by an event, striking one single pixel cershadjacent pixels, are
shown in Fig 3.6 and Fig 3.7 for MOS’s and pn cameras, respagti

Analysis of EPIC spectra is performed by the software XSPE@dud 1996).
More informations can be found in section 6.1. The spectitiahdi technique used
by XSPEC requires a characterization of the EPIC detectpomse to simulate an
output spectrum. This response function can be calculated@oduct of a Redis-
tribution (or Response) Matrix File (RMF) by an Auxiliaryr(@ncilliary) Response
File (ARF). The RMF and ARF files are created with ttnefgen andarfgen tasks
using the newest available calibration files.
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Figure 3.5: Light curve of the full MOS1 image, in the 0.34e¥ band, with a binning size
of 100 sec, during revolution 192 (top) and revolution 19atitm). High energy proton flux
are observed during revolution 192 around 26000 sec andd3E®Ofrom the beginning of the
observation.
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Figure 3.6: List of the EPIC-MOS patterns: each patterndtuiied in a 5 x 5 matrix and is
centered on the pixel of highest charge. This central pieloiored in red, the other pixels
above the threshold in the pattern are colored in green,pa@lpbelow the threshold are in
white, and the crossed pixels are ifidient. The best patterns should contain the highest
charge in the center, surrounded by pixels below the thtdqpatterns 0-25). Patterns 26-
29 are called diagonal patterns and are not expected fromuirgeX-ray event (Ehle et al.
2004b).
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single event . X

double pattern .o X L. .. X x . .o XL .x X ..
X

triple pattern .x X .. .. X x . .o X x . .x X ..
X X

. mx . . .o.xm . .

quadruple pattern . x X . . .. X x . .o X x . .x X ..
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Figure 3.7: List of the valid EPIC-pn patterns (see Fig.&6rhore details). The “.” mark
indicates a pixel without an event above the threshold, “®ftresponds to the pixel with the
maximum charge, “X” with a non-maximum charge, and “m” is thieel with the minimum
charge. These 13 figures refer to the SAS PATTERN codes Ol¢sindl-4 (doubles), 5-8
(triples) and 9-12 (quadruples), respectively (Ehle e2@04b).
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X-ray source properties

4.1 Source detection

The first step of the analysis consists of searching for abjiade X-ray point sources
inthe NGC 300 data. Event and attitude files of each instrimere merged for both
orbits 192 and 195 using therge task, which merges EPIC event lists and attitude
files from two observations if the two pointings are closewagio(the accuracy of
the reprojection degrades with th&set between the two pointings). This approach
is valid since both observations have the same pointingtiline and the dierence
in position angles between the two observations is very Isamal consequently the
effect of the varying point spread function ¥MM-Newton on the resulting image
is small.

Point source detection was then performed using a maxinketiHbod approach
as implemented by the SAS-toetletect_chain. The output is a merged source
list in FITS format which lists, for each detected sources fiource identification
number, the instrument and energy band where it was detdtiedource counts,
source position and extent, source flux and count rate asawélhrdness ratios.

| ran this tool simultaneously on the three cameras, se#timaximum likelihood
(ML) threshold of 10 in the 0.3—6.0keV band. This corresptanithe probabilityP =
1-exp(=ML) = 0.999955 for the existence of the source and a Gaussian sargic
of 4.00-. After removing sources associated with the galaxy cluste0053-37, a
total of 163 sources were found, of which 86 sources are mwithé D5 optical disk
(Carpano et al. 2005). As will be shown in section 4.5, thect&n limiting flux in
the 0.3—-6.0keV energy bandfgs s ~ 1 x 10 ergcnt?s™ for sources inside the
optical disk.

| adaptively extract source and background regions withSA& region task,
which is using an elliptical locus to approximate the spitigarying point spread
function. The procedure uses an analytical model of the P&Ehagives an ellip-
tical shape for the flux contours of the fort{p: //xmm.vilspa.esa.es/sas/

46
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Declination

Right ascension

Figure 4.1: Optical image of NGC 300 in the visible band osierlby a contour map of the
merged 0.3-6.0 keV raw X-ray image from all three EPIC casaral from both orbits. The
D5 optical disk and the sources detected inside the disk aveshtmvn.

current/doc/region/node8.html):

PSF& y) = A exp(— X+ [y/S]Z) + (Xz(l — A (4.1)

20 +[y/g?)”
whereA, o, sanda depend on the source position in the field of view (FOV).

Fig. 4.1 shows the V band optical image of NGC 300, from the B&ive of the
Garching-Bonn Deep Survey and the contour map of the mergea/ Xaw image
from both orbits and all three EPIC cameras in the 0.3—6.0&®afgy band. ThBys
optical disk and the sources detected inside the disk, wariemumbered in order of
decreasing X-ray count rate as determined byethetect_chain, are also shown.
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A summary of the properties of these detected sources asawéheir possible
optical counterparts is given in Section 5.1.

4.2 Color-color diagram and X-ray fluxes

Any classification of the detected sources as well as therdétation of the source
flux require an understanding of the spectral shape of theceeu Due to the low
count rates of most detected sources, formal spectral nmgdslonly possible for a
few of the brightest sources (these fits will be shown in sadhi.3). | therefore rely
on X-ray color-color and hardness ratio diagrams in therdatetion of the flux and
the spectral shape.

In order to determine these quantities, | first derive thekgemund-subtracted

count rate from
C(I)src _ C(I)backBsrc
Tsrc Tbackaack ’

whereC(l) is the total number of counts in chanrelT is the exposure time and

B is the area from which the source and background data weractad, as given

by the BACKSCAL keyword, which is defined by the geometric area of the source
extraction region minus the bad pixels or CCD gaps layingiwithat source region.
The subscripts ‘src’ and ‘back’ denote the source and backyt, respectively.

For sources that are brightin one single energy band (e.§38s), the background-
substracted total count rate in one of the three energy b@adts medium or hard)
can sometimes be negative. If the absolute value of thistivegeount rate is less
than 5% of the total count rate in the full energy band, thenvillue is set to zero
and data are kept. If the absolute value is higher than 5%gatecoming from that
instrument for that revolution are excluded from the hassnatio calculation. To
obtain the total count rate in each band, | average the valithicrates from all three
EPIC instruments. The X-ray colors are then defined by:

CR() =

(4.2)

H-M M-S
v HR = — 0 >
Himes 2N HRe= s

whereS, M, andH are the total count rates in the soft (0.3—1.0keV), mediu®1
2.0keV), and hard (2.0-6.0keV) energy bands.

The uncertainty of the hardness ratitHRZ,,, AHR? ;) and the source count rate
(ACR?) is determined from error propagation (unless otherwigedyall uncertain-
ties are at the 68% level.):

HRhard = (4-3)

C(I )src " C(I )backBgrc

2 2 2
TSFC Tbackaack

ACR(1) = , (4.4)
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Figure 4.2: Color-composite image of the smoothed X-rag.d&he soft band (0.3-1 keV) is
colored in red, the medium one (1-2 keV) in green and the haed®-6 keV) in blue.

AHZ + AM? + ATOT?(H — M)%/TOT?

AHRZ, = ToT (4.5)
2 2 20 _ Q)2 2
AHRZ, = AM2 + AS +A18;(M S)?/TOT: 4.6)

with

TOT=H+M+S and ATOT? = AH? + AM? + AS?,
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Figure 4.4: Color-color diagram of the sources detecteidénheD s optical disk and color-
color contours for bremsstrahlung and power law plus 0.2lxevhsstrahlung component. The
equivalent hydrogen colummyy, is given in units of 1& cm2 and is associated to the lines
that are mainly ‘horizontal’. The temperature of the bremaddung spectrunkT, is given in
keV and, as th& parameter, are associated to lines that are mainly ‘vértitae triangles
indicate the lines to which the parameter value is assatiate
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and

Nx
AX? = Z ACRA(1)
1=1

whereX can beH, M, or S andNx is the number of channels for the corresponding
energy range.

Fig. 4.2 shows a color-composite image of the smoothed Xdatg. The soft
band is colored in red, the medium one in green and the hardhopoleie. Fig. 4.3
shows the resulting color-color diagram for the X-ray sesgrinside thed,s optical
disk, excluding sources having less than 20 net counts.gn&4, | compare these
data with empirical color-color diagrams. | simulated tvedssof spectra following
a simple bremsstrahlung model and a two component sourcérgpeconsisting of
a soft bremsstrahlung (with a fixed temperatur&k®¥0.2keV) and a hard power
law component (colors derived from simple power law modedsaanot stficient to
describe the data). | then calculated the hardness ratithése theoretical spectra
as | did for the observed ones and plotted the results in the-color diagram us-
ing a grid format. In these models the equivalent hydrogdarso Ny, expressed
in units of 1¢2cm2, is running from 0.03 to 1.0. In the simple bremsstrahlung
model the temperatutel, expressed in keV, goes from 0.01 to 5.0, and in the sec
ond model the photon indaxfrom 0.5 to 4.5, keeping the temperature at 0.2 keV.
Both models are dficient to describe the data, however, tie values inferred are
generally larger than the pure Galachig in the direction to NGC 300 (which is
3.6 x 10?°°cm 2, Dickey & Lockman 1990), indicating intrinsic absorptioritin
NGC 300 and also pointing towards a possible contaminatidheosource sample
by background AGNs. From the 2-10keV AGN INglogS-diagram of Ueda et al.
(2003) (see Fig 4.5);30 AGN with Fo_1o > 10 *ergcnt?s™ are expected within
the D,s-disk, however, the identification of AGNs in the sample rieggiX-ray spec-
tral analysis which is only possible for the brightest sesrand dangerous in itself
due to the similarity of AGN and XRB spectra.

The color-color diagram analysis shows that for all souesegpt one it is possible
to find a best matching bremsstrahlung or power law plus tsratdung model. The
spectrum of the one non-matching source (#120), which isviera complex region,
is peculiar and has been excluded from the subsequent analys

From this best matching spectral model it is then possibléetermine the flux
of a source by appropriately scaling the flux determined ftbenspectral model to
the source count rate. Note that such an approach givesalgneiore believable
flux estimates than the more commonly used approach of asgune fixed spectral
shape for all detected sources, while not limiting one tedeining spectral fluxes
only for sources with dfficient counts to enable formal spectral model fitting (see
also Humphrey & Buote 2004).
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The uncertainties of the flux are derived as follows. | firsted®mined the error
associated with the flux, considering only Poisson noideet estimated the error of
the flux due to the position of the source in the color-colagdam. This was done
by calculating the flux associated with the minimum and maximvalues of each
hardness ratio. The range over which the source flux can sahus determined by
the minimum and maximum values of the 6 fluxes determined énttfo previous
steps.

Fig. 4.6 shows the source fluxes versus both hardness ratfioed by Eq. (4.3).
For comparison, a source with a luminosity d2x10°8erg s, close to the Edding-
ton limit for a 1.4 M, object, has a flux of 80x 1013 erg cnt? s at the distance of
NGC 300.

The brightest source, source 1, is found with a luminosity.d48 x 103¥ergs?,
which is close to the Eddington limit for adlM,, object. The source, coincident with
the previously knowrROSAT source P42 (Read & Pietsch 2001), has been found
to have a slightly lower luminosity than in tHROSAT observations. From its high
intrinsic luminosities, this source is akin tdl0 M, black hole in its soft state such
as LMC X-1 or LMC X-3 (Nowak et al. 2001; Wilms et al. 2001). Tkeare no clear
super-Eddington X-ray sources detected in NGC 300. Finalgo note that both
hardness ratios do not depend significantly on flux.

4.3 Variability of the sources

All sources detected inside the optical disk, for which a flues determined, were
checked for variability.

Fig. 4.7 shows the 0.3-0.6 keV flux of sources having more ¢h@@1 net counts
sec? in all EPIC cameras, for both revolutions (192 in black ang i®red). My
criterium of variability is:

|F1o2 — F1gs| > 30(F192 — Fi195) 4.7)

where Fg, and Rgs are the source fluxes associated to revolutions 192 and 195 re
spectively, andr(F192 — F195), is the error associated with theirfidirences. Two
sources have been found to be variable, their ID numberdand 7.

Source #1 is the only source for which colors (hard and safiiess ratio) are
changing significantly (more thand® between revolution 192 and 195.

4.4 Identification of the sources and comparison with otledaxgies

Fig. 4.8 (top) shows the color-color diagram for the soudstected inside the opti-
cal disk and, when available, a label indicating the coyates found in SIMBAD,
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USNO and radio catalogues (see Section 5.1 for more detadastahese cross-
correlations). SNR are labeled with a 'S’, radio sourcefwitR’, H i regions with
a ‘H’, Cepheid stars with a ‘C’, association of stars with § MGC 300’s stars with
a ‘ST, Wolf-Rayet stars with a ‘WR’ and sources from the USN&alogue with a
‘U’. | also include the label ‘'SSS’ to indicate the positiohaur supersoft source.
Sources having a logk/F.is) < —1 are labeled with a ‘O’. Following Maccacaro
et al. (1988) these are candidates for galactic stars, ayddéfined this ratio by:
log(Fx/Fvis) = log(Fx) + myis/2.5 + 5.37 (wherems is the visual magnitude). For



4.4. IDENTIFICATION OF THE SOURCES 55

(M=S)/(H+M+S)

H= 2.0- 6.0keV |
M= 1.0 - 2.0keV |
S=03- 1.0keV |

L Ll Ll L
-06 -04 -02 -00 02 0.4 0.6 0.8
(H-M)/[(H+M+S)

‘ RN G ‘
0.5 N
| ) i
L lu i |
0.0 I f‘u — _
» L 7 |
S E
= | i
Z
5 L i
< | i
_057 —
| R i
| H= 2.0- 6.0keV |
| M= 1.0 - 2.0keV |
| + S=03- 1.0keV |
_107 —

L Ll Ll T P Ll Ll L
-06 -04 -02 -00 02 0.4 0.6 0.8
(H-M)/[(H+M+S)

Figure 4.8: Color-color diagram for sources inside (top) antside (bottom) the optical disk
(see text for more details).



56 CHAPTER 4. X-RAY SOURCE PROPERTIES

Table 4.1: Criteria used to tentatively classify the sosietected in the NGC 300 optical disk.

Source type Criteria

fg Star logFx/Fuis) < =1 and HRy; < —0.5
and no SNR from catalogue
AGN HRsot > —0.35 and radio counterpart
SSS HRoi < —0.9
SNR (0.9 < HR¢ot < —0.35 and not a fg Star)
or SNR from catalogue
LMXB —0.45 < HRparg < 0.05 and-0.35 < HRgot < 0.55

not SNR from catalogue
NS HMXB  0.05< HRparg < 0.75 and-0.10 < HRsoft < 0.50

clarity, the ‘'S’ labels are slightly shifted to the left withspect to the source, the ‘H’
and ‘U’ to the right, the ‘ST’ label is below the source and tBélabel to its right.

From this diagram, we see that, except for one source, all&&Rcated in a same
region. SNRs dominated by non-thermal emission (Crabdlijects) are expected
to have harder spectra than thermal SNRs. The brightestesdassociated with a
WR star), and the second brightest source (associated wétli@ source just at the
left, in the diagram, of the WR star), are slightly above ttNRSgroup. Candidates
for foreground stars, soft sources labeled with a ‘O’, aighsly on the right of the
SNR region and overlap with it. The SSS is at the very bottorthefdiagram and
all harder sources, mainly composed of X-ray binaries argkdpraund AGNs, are
spread over a large region in the upper part of the diagratfowiag Prestwich et al.
(2003), neutron star HMXBs are expected to be the hardestssof this group and
LMXBs the softer ones.

Fig. 4.8 (bottom) shows the same color-color diagram buséarces outside the
optical disk. A foreground variable star is labeled with &, ‘&hd other sources have
USNO counterparts. Note that the X-ray to visible flux ratasmot always been
computed for foreground star candidates, as these aresdtbright that the source
profile cannot be determined. One source is found to be vérasd is at the bottom
of the diagram.

This diagram is mainly composed of foreground stars, whieteapected to be the
softer sources, and by background AGNSs, which are the haadeces. | also expect
to find several objects belonging to NGC 300, as the X-ray @isiften extending
beyond the Bs optical disk.

Using all these considerations | attempt to give some ¢laason for the sources
detected inside the optical disk, using the criteria givefable 4.1. Of course this
classification will only give a rough idea of each source fygethere can be over-
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Table 4.2: Results of the classification according to detBom Table 4.1. Source labels refer
to the ones of Table 5.1.

Group # of sources Source label

fg Star 2 46, 88

AGN 6 3,7,54,69,91,120

SSS 1 8

SNR 14 12,17, 20, 34,52, 56, 60, 72, 79,103,112,123,126,1¢
LMXB 39 1,3,7,13, 21, 26, 28, 31, 37, 38, 39, 40, 41, 42,

43,47, 48, 50, 57, 64, 65, 66, 67, 69, 71, 73, 87, 90,
91, 94, 99,100,117,125,136,146,147,148,155
NSHMXB 9 74, 84,92,107,128,132,139,142

laps between the fierent categories in the color-color diagram due to simitercs
tra andor because of absorption. Strongly absorbed SSS can go ®NRegroup,
strongly absorbed SNRs can go to the LMXB group, etc. Tlieint source types
| define are: foreground stars (fg Star), background AGNsNAGupersoft sources
(SSS), supernova remnants (SNR), low-mass X-ray binakies<B) and neutron
star high-mass X-ray binaries (NS HMXB).

The number of sources falling in each category as well asahesponding source
label, are given in Table 4.2. Note that 7 of the SNR candsddatve SIMBAD
counterparts.

4.4.1 Comparison with other galaxies

I compare the hardness ratios with those from sources @etécother spiral galax-
ies. Fig. 4.9 (top) shows the color-color diagram for theadmialaxy M83 (Soria &
Wu 2003). The colors are defined as in equation 4.3 but thedreeyy band is going
from 2.0-8.0 keV. In Fig. 4.9 (bottom), | plot the color-coltiagram of NGC 300’s
sources using these energy bands.

Soria & Wu (2003) divided their diagram in 3 regions. GroupsAdiominated
by the SSSs, which have negligible emission in the mediumtard band and
are located around (81). Group B includes sources located in a region arounc
—-0.85 < HRgsot < —0.15. From their study, most of them can be fitted by a spec:
trum consistent with those for SNRs, although some of thecgsLhave spectra that
are also consistent with transient X-ray pulsars or old foass neutron star X-ray
binary. Time variability is required to distinguish betwethese dierent categories.
Group C is located at0.15 < HRsoit < 0.6 with a much broader spread in HR.
They believe that most of the sources in this group are X-iagries, although a
few hard, highly-absorbed sources may be background AGih &und of division
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is consistent with my data and correlations from catalogues

Fig. 4.10 (top) shows the color-color diagram for the spgabxy M101 (Jenkins
et al. 2005). Their hardness ratio definition is: M -S)Y(M+S) and HR=(H-
M)/(H+M), where the energy bands S, M and H are the same as mine. .|4.EQ
(bottom), | plot the hardness ratio of NGC 300’s sourcesgifireir hardness ratio
definition.

Jenkins et al. (2005) classified their sources in 6 groupgersova remnants
(SNR), X-ray binaries (XRB), background sources (BKG SRalsorbed sources
(ABS SRC), indeterminate soft sources (IND SS) and inddteate hard sources
(IND HS), according to the following criteria:

SNR: HR, < -0.24 and HR < -0.10

XRB: -0.24 < HR; < -0.57 and-0.8 < HR, < 0.8
BKG SRC: HR < -0.24 and HR > -0.10

ABS SRC: HR > -0.5

IND SS:-0.24 < HR; < -0.57 and HR < -0.8
IND HS: -0.24 < HR; < -0.57 and HR > 0.8

My SNR candidates are located in the same region, while inXtRB group |
expect to find also background AGN. From their criteria myigltest X-ray sources
(labeled with WR and R,U around-Q.5, —0.3)), which are X-ray binary candidates,
are not included in the XRB group, and in the background sesuregion | find one
of my AGN candidates (source #120, labeled with R,0). Froeirtimulations of a
175 eV blackbody spectrum, they predict the position of S88and HR = -0.66
and HR = —-0.98 which is far away from the location of my SSS.

Prestwich et al. (2003) classified X-ray sources in extegakixies from the color-
color diagram. Using the same hardness ratio definition gsboteworking in the
hard energy band up to 8 keV, they show that there igtardince in the X-ray colors
of sources in bulge systems, where all sources are confirted #0.4 < HR; < +0.4
and-0.4 < HR, < +0.4 region, and disk galaxies, where there is also a populatiol
of soft and hard sources not seen in bulges. Their sampléston$ 2 spiral galaxies
(M101 and M83) and three elliptighlulge systems (NGC 4697, the inner bulge of
M31, and the bulge of NGC1291). Fig. 4.11 shows the hardregsaf all sources
found in the sample of galaxies. As the bulge of our Galaxy &ii3d, as well as
sources in elliptical galaxies are dominated by low-magabinaries, | expect to
find them in the-0.4 < HR; < +0.4 and-0.4 < HR, < +0.4 region. The soft
sources £0.9 < HR; < —0.4 ) present mainly in the spiral galaxies are expectec
to be thermal SNRs (Crab-like SNRs are expected to have hgpéetra) and super
soft sources are around HR= 0 and HR = —1. The hard sources (HR> 0) that
appear in the disk but not in the bulge are candidates foroestar high-mass X-ray
binaries (black hole high-mass X-ray binaries are expettédve spectra similar to
the black hole LMXBSs). In that region known binary pulsare &vund (Yokogawa
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et al. 2000). Their classifications from hardness ratio endar to mine, so we have
good agreement with the NGC 300’s data.

Fig. 4.12 and Fig. 4.13 show the color-color diagrams forlibeal group galaxy
M31 (Pietsch et al. 2005) and M33 (Pietsch et al. 2004), wsmdy. Foreground
stars and candidates are marked as big and small starsjegadmnd candidates as
big and small X, AGN candidates as crosses, SSS candidatgarages, SNR and
candidates as big and small hexagons and X-ray binariesuasesj(see papers for
more details). Their hardness ratios are defined by =R, :—B;)/(Bi.1+B;), where
i = 1to 4 and B denotes the count rate in bandThese are defined as:;;80.2—
0.5 keV, B=0.5-1.0 keV, B=1.0-2.0 keV, B=2.0-4.5 keV and B=4.5-12 keV.
Fig. 4.14 shows the corresponding color-color diagram doirses in NGC 300.

They use the following criteria for identification of the soes as foreground stars
(fg star), AGNs, SNRs, X-ray binaries (XRB), and hard sosite&rd), note that small
differences exist between M31 and M33 criteria:

o fg Star: logfx/Fuis) < -1 and HR—EHR, < 0.3 and HR—-EHR3 < —0.4 or
not defined
e AGN: radio sources and not classification as SNR
e SSS: HR < 0.0 and HR-EHR, < -0.99 or HR not defined, HR, HR4 not
defined
e SNR: HR > -0.1 and HR < -0.2 and not a fg Star, or id with optigahdio
SNR
e XRB: optical id X-ray variability
e hard: HR—EHR, > —0.2 or only HR; andor HR, defined and no other classi-
fication
where logEx/Fuis) = log(Fx) + (mg + mg)/(2 x 2.5) + 5.37, following Maccacaro
et al. (1988), withmg andmg, being the optical magnitudes in the blue and red band.
Comparing the diagrams with my data, we see that the firss it well suited
for the separation between SSSs, SNRs and harder sourchawandorrespondance
with the diagrams of Pietsch et al. (2004, 2005), while thedtplots are not really
adequate for my data since the error bars are too large.

4.4.2 Conclusions

All the classification criteria used in these other galagieswell suited to distinguish
between the SSSs, the thermal SNRs (which are the softeces)uaind the harder
X-ray binaries. Prestwich et al. (2003) went deeper in thesification and separated
the hard X-ray binaries in the LMXBs (softer ones) and naugtar HMXBs (harder
ones), while Jenkins et al. (2005) found some color critieri@cate the background
sources.

My classification criteria are well suited to distinguishtween SSSs, thermal
SNRs, X-ray binaries and foreground stars. However, as tter @riteria, they are
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Figure 4.12: Color-color diagrams for the spi-
ral galaxy M31 (Pietsch et al. 2005). Fore-
ground stars and candidates are marked as bi
and small stars, galaxies and candidates as bi
and small X, AGN candidates as crosses, SSS
candidates as triangles, SNR and candidates a
big and small hexagons and X-ray binaries as
squares (see Pietsch et al., 2005, for more de-
tails).

not able to distinguish X-ray binaries from background AGatsthey both have hard
spectra and association with radio sources. Due to spesitndérities, our criteria,
as the ones from the other authors, are not able to distihduésk hole HMXBs
from black hole LMXBs (optical data are then necessary)alymncounterparts from
SIMBAD catalogue are required to be able to distinguish leetwnon thermal SNRs
and LMXBs.

4.5 The luminosity function of NGC 300

Fig. 4.15 (solid line) shows the Idg-logS diagram for all detected sources that are
inside the optical disk of NGC 300 and having more than 20 aetits, expressed as
a function of their X-ray luminosity and flux. The 4 brightesturces (including the
SSS) have been excluded from the sample as they stronglgma#the curve shape.
Note that | do not make an attempt to correct for possible gpamzknd AGN, which
could appear as sources which are strongly absorbed by thwitfan NGC 300.
The soft sourceswith HRsot < —0.35, are shown with a dotted line and thard
sourceswith HRsot > —0.35, are shown with a dashed line. As we saw from the
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Figure 4.13: Color-color diagrams for the spi-
ral galaxy M33 (Pietsch et al. 2004). Fore-
ground stars and candidates are marked as big
and small stars, galaxies and candidates as big
and small X, AGN candidates as crosses, SSS
candidates as triangles, SNR and candidates as
big and small hexagons and X-ray binaries as
squares (see Pietsch et al., 2004, for more de-
tails).

color-color diagram (Fig. 4.3), the soft sources are matolynposed of SNRs while
the hardest ones are expected to be X-ray binaries. Congpaiih galactic SNRs,
LMXBs and HMXBs (see Fig. 2.3), | can conclude that, as thacta one, my SNR
curve is well represented by a power law above the complsgelmait (atFoz-¢ ~
3x 10 %ergcent?s ™). Describing the luminosity function above this limit by arp
power law,N « L=¢, | use a Maximum-Likelihood method of the form suggested by
Crawford et al. (1970) and find a slope®@f= 1.68 + 0.49. My curve for the X-ray
binaries, on the other hand, has a more complex shape armiilarsio the Milky
Way LMXB luminosity function. Grimm et al. (2002) describédby a modified
power law which takes into account the gradual steepenititedbgN—logsS relation
towards higher fluxes. This indicates that LMXBs in NGC 30this dominant class
of objects. | attempted to fit to that curve 2 power law funesioone fromFg3_¢ ~
3x10 ¥ ergem?sttoFos g ~ 7.5x10°ergcnt? st and the other fronfFgz_g ~
7.5x10%ergcn?s ! to the end. Due to the low number of sources in the sample, |
was not able to fit a power law for the first part but only for tee@nd one, and found
a slope ofr = 351+ 1.06.

Fig. 4.16 shows the loy—logS diagram for sources inside (solid line) and out-
side (dotted line) the optical disk. Sources outside thécabtlisk are expected to
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be mainly background AGNSs, with some foreground stars aothgsly also some
NGC 300 X-ray binaries, as the X-ray confinement of galaxas loe larger than
the optical one. The latter can be responsible of the curkiages of the line at lu-
minosities abovéyx ~ 1 x 10°”ergs?. Describing the luminosity function above
the completeness limit by a pure power law, | find a slope of 1.15+ 0.17 and
a = 0.91+ 0.16, for sources inside and outside the optical disk, regpdgt The
slope of the NGC 300 luminosity function is similar to thepstoof the disk popula-
tion in several other nearby spirals such as M@%(0.9 + 0.1; Williams et al. 2004)
or NGC 1332 (Humphrey & Buote 2004), and also in agreemeittit thii2 mean slope
for nearby spiral galaxiest = 0.79+ 0.24 (Colbert et al. 2004), see Fig. 4.17, and
a = 1.04+ 0.1 (Kilgard et al. 2005), see Fig. 4.18. | also overlayed ondiagram
(with crosses), the luminosity function for a sample of 24@Ms following Ueda
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et al. (2003), as already shown in Fig. 4.5 (uppermost bleek.| Note that energy
bands used by Ueda et al. (2003) (2—-10 keV) afiedint from mine (0.3-6.0keV).

4.6 The central gfuse emission region

| extracted the spectrum of the centrafdse emission region after removing all point
sources located in that region. The extracted regions dirediby theregion task,
such that the brightness contour level of the source PSRi@unscare equal to half
of their background flux. | defined theftlise emission region with a circle of radius
388’5, centered omz000.0= 00'54™524, 6320000= —37°41'07’3. The background
was taken from an annulus with the same center, an innersadi886'5 and outer
radius of 7111 (see Fig. 4.20).
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Figure 4.16: lodN-logS diagram of all sources with more than 20 net counts insidejptieal
disk (solid line) and outside the optical disk (dotted lingdhe AGN curve from Ueda et al.
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Data from all instruments and both revolutions were usedtaet the spectrum.
Because the spectrum of theffdse emission region is very soft, | consider only
the 0.3-1.3keV energy band. The Al and Si fluorescence linesept in the MOS
background (in the 1.3-1.9keV band), which cannot be rechg@veperly, are be-
yond the region of interest. The spectrum can be descrip®i¢f = 1425/94)
by thermal emission from a collisionally ionized plasmagdascribed by XSPEC's
APEC (Astrophysical Plasma Emission Code) model with a enaipre ofkT =
0.2 + 0.01 keV plus a thermal component with a temperaturkTof 0.8 + 0.1 keV
(see Fig. 4.19). The APEC code uses the atomic data from timpaoion APED
(Astrophysical Plasma Emission Database) to calculatepketral model from both
lines and continuum emissivities for a hot, optically thiagma in collisional ion-
ization equilibrium (Smith et al. 2001). Using this modeblihd a 0.3-1.3keV flux
of Foa_13= 1.8+ 0.1x 10 3ergcnt?st. Similar results are found for theflise
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Figure 4.17: lodN—logS diagram for 18 spiral galaxies selected randomly from therime
(d< 30 Mpc) NGC galaxies (Colbert et al. 2004).

region in nearly face-on spiral galaxy M101 (Kuntz et al. 200~here the spec-
trum in the 0.5-2keV band, is characterized by the sum of heonbal spectra with
KT = 0.20keV ankT = 0.75keV.
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Figure 4.18: lodN—-logS diagram for spiral galaxies M74, NGC 3184, M101, and IC 5332
(Kilgard et al. 2005). The black curve indicates the congbita plus background luminosity
function and the best-fit single power law. The blue curvédaiegs the background-subtracted
data luminosity function and best-fit single power law. Téé curve indicates the ideal back-
ground luminosity function (see Kilgard et al. 2005 for mdetails).
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Figure 4.19: top: EPIC pn and MOS spectra of the centfalisi emission region and the best
fit spectral model, consisting of the sum of an APEC model,ahtemsstrahlung component;
bottom: residuals expresseddn



4.6. THE CENTRAL DIFFUSE EMISSION REGION 71

Figure 4.20: Smoothed 0.3-1.3keV X-ray image of the cemégion of NGC 300 after re-
moval of detected sources. The circle and annulus show tfierrdor the central dfuse
emission area and the associated background, respectively



CHAPTER 5

Optical counterparts

In this Chapter, | search for the optical counterparts of@@esources detected in-
side theD,s disk. Fig. 5.1 shows the optical images centered on the Hbitast X-ray
sources inside the optical disk. Each image’4 X 7’4 and centered on the position
of the X-ray source (marked with a cross). Comparing the Kpmsition with some
bright optical objects (e.g., for sources 3, 7, 21, 26, 28 3¥4and 38), there appears
to be a shift in coordinates. Thidteet is being corrected by theposcorr task,
which correlates the positions of the X-ray source catadogith the corresponding
optical sources. | then selected 21 X-ray sources withithealisk which have clear
optical counterparts.

The correlation algorithm of theposcorr task checks whether there arsets
in RA, DEC and roll angle, optimizing the correlation. Theg#timum dfsets are
then used to correct the input positions of the X-ray sourthi algorithm reveals a
systematic shift (X-ray optical) of—1/25+ 0”31 in right ascension, 6f0’17+0/31
in declination, and 002077+ (227 for the roll angle.

These dfset values are close to values found in the astrometric ragilim of
XMM-Newton by Guainazzi et al. (2004)who find for RA: -2’52 (1) and—-3/09
(10), and for DEC: 119 and 041, for MOS1 and MOS2 respectively. The final un-
certainty in X-ray position results from a combination of #iletect_chain output
and the error associated with this positidiset.

After correcting the X-ray positions, | searched for all gibte optical counter-
parts in the merged BVR optical image, only for sources winate a & position
error < 175, and then calculated their fluxes in each of these threealgiands.
Photometry was performed with the IDid1phot photometry library available at
http://idlastro.gsfc.nasa.gov/contents.html, which is a set of IDL pro-
cedures adapted from an early Fortran version of the DAOPH&Ig&Fture photometry
package. The principles of the algorithms can be found ins8te(1987) and at
http://nedwww.ipac.caltech.edu/level5/Stetson/Stetson4d.html.

An explanation of the routines used for this work is giverobel

1http ://xmm.vilspa.esa.es/external/xmm_sw_cal/sas_sci_val/index.shtml
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Figure 5.1: 74 x 7’4 optical images of the region centered on the position ofléhbrightest
X-ray sources inside thB,s optical disk, before theffset correction. The cross marks the
position of the X-ray source.

FIND: The FIND task is used to find star like objects in the frame. rtiduces
an initial list of approximate centroid positions for alhgie stars that can be
distinguished in the image. The star brightness must beehitjian the user-
defined threshold, which must be taken above the local stghtbess, and
the source must have approximately the correct diametepeofie for a star
image in a frame. An estimate of the full-width at half-maxim (FWHM)
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expected for stars in that frame must be given as input. Ehéasy to estimate
by plotting the profile of some bright stars.

The FIND routine then assumes that the stellar profile is eutar Gaussian
function with that FWHM, and fits that profile, by means of askeaquare
procedure, to a small region around every single pixel (ediolg a narrow
border around the frame).

The task also gives a crude estimate of each star’s appaightriess, its sharp-
ness (brightness in the central pixel of the peak as comgargt surround-
ing pixels) and roundness (second derivative of intensity wespect to the
y-direction, as compared to second derivative with respmexc) t

GETPSF: GETPSEF is used to measure, encode, and store the two-donahsi-

tensity profile, the point-spread function (PSF), of a tgpitar in the frame.
Note that this PSF is assumed to be independent of the beghtof the star
and can therefore be determined from one bright, isolated bt our case the
PSF is represented as a 2-dimensional Gaussian and a l@kepf residuals.

APER: Before performing the nonlinear least-squares profilelfits,ist first obtain

starting values for the brightness of the star and the lodghimess of the sky
(an estimate of the centroid position has already been diyeRIND). This
is done via aperture photometry: the software takes a eir@agerture around
the estimated position of the star to calculate the totalbenmof counts in that
region (APER uses a polygon approximation for the intereeaif a circular
aperture with a square pixel and normalizes the total aredheobum of the
pixels to exactly match the circular area). At the same titntekes a circular
annulus around the position of the star and builds up thedpiatn of brightness
values found in the pixels in that annulus (see Fig 5.2).

The mean and standard deviation of the histogram are cochpane the tails
of the sky histogram are excluded. The mean and standardtagvare then
recomputed, and the process continues until the mean amdiasthdeviation
stop to change. The local sky brightness is defined as thmatstil mode of
this truncated histogram, and is then substracted fromitbelar star aperture.
The remaining flux is a good estimate of the star brightness.

NSTAR: The last step of the procedure s to fit the model profile olethlyy GETPSF

to the images of the stars found by the FIND procedure. Assgrtiiat the
shape of the profile of each star is now known, the algorithes @snonlinear
least squares procedure to shift that profiliandy and determine the local
sky background intensity and the intensity amplitude of ghefile using the
starting parameters derived in the previous steps. Theitlgois able to fit
the PSF to each star even if the profiles of several starsagpyedmewhat.
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Figure 5.2: Histogram of brightness values found in the Ipixim the sky annulus
(httpy/nedwww.ipac.caltech.eflavel5StetsoyStetson4.html).

Brightness B) is then converted to magnitud®lj using:

M = C - 2.5log(B) (5.1)

whereC (a constant) is called the zero-point of the image. For mycaptmages,
these zero-points are 24.4, 24.1, 24.5 mag (ref.: Schir2®85, private communi-
cation), respectively, for the red, visible and blue bante Torresponding error is
difficult to be calculated because the data were taken in veryringeneous condi-
tions. It has been estimated to be of the ordex @f.15 mag (ref.: Schirmer, 2005,
private communication).

To summarize, | generated an initial optical catalogue araeng for sources
within the area surrounding the corrected X-ray positidios Which the radius is
given by the 2~ error of the position) in the merged optical image usiddphot’'s
find procedure and assuming a Gaussian point spread functidt).(Plis is done
only for sources which have arlposition error< 1”5. This search results in a list
of several possible optical counterparts. These sourcéigpusare then improved
by fitting a measured PSF (as determined from bright optizatces in the image)
and the source flux in the B, V, and R bands is determined framP@F fit after
subtracting the background level. Comparing the B and V ritades with reference
stars given by Pietrzyski et al. (2002b) shows fiierences of less than 0.15mag, in
agreement with my typical flux uncertainty.

Results are shown in appendix A. Fig. A.1 to Fig. A.6 show #ulting optical
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counterparts in the merged optical image, for the 86 X-rayses detected within the
optical disk. Each image is centered on the corrected paogifithe X-ray source and
is 15" x 15” wide. As further described in Sect. 5.1 below, | also complaese X-
ray and optical positions with sources from SIMBAD, the USNX@.0 catalogue, and
with radio sources from Payne et al. (2004b). | considercgsiirom these catalogues
as possible counterparts if they have a distance less thdros the corrected X-
ray positions for X-ray sources. For SNRs however, as theyeséend over 5, |
consider as counterparts, those SNRs with a distance sriale 10'. Finally, as X-
ray sources were found with position errors up t¢ 20choose a maximum distance
of 207, to consider these sources as counterparts. Cataloguzesdaving a distance
of less than 3 from the X-ray position are shown with a box.

5.1 Summary tables

Table 5.1 summarizes all informations collected from thex8&y sources detected
inside theDs disk of NGC 300. The first column gives the source ID. The sdcon
and third columns give the equatorial sky coordinates ofthray sources from the
SASedetect_chaintask corrected by theposcorr task. The combined positional
error (in arcsec) fronadetect_chain andeposcorr is given in column 4. Column

5 lists the detection likelihood and columns 6 and 7 give npatts and count rates (in
counts st), respectively, and their corresponding uncertaintiedu@ns 8 and 9 list
the softer and harder hardness ratios defined by Eq. (4.3haircerrors. Column 10
and 11 give the 0.3-6.0keV flux and luminosity (assuming tadie of 1.88 Mpc),
expressed in erg ctAs™ and erg st, respectively. Column 12 indicates if the source
is variable from one observation with respect to the otherpeding to the criteria
developed in Sect. 4.3.

Table 5.2 summarizes all possible optical counterpartsddtom the corrected X-
ray positions within the @ X-ray position error area and only for sources which have
a 1o position error< 175. Column 1 gives the X-ray source ID and the number in
brackets designates a label number when several opticateqarts are found within
the X-ray position error area. Column 2 and 3 give the equadtsky coordinates of
optical counterparts found bydlphot’s find procedure. Columns 4, 5, and 6 give
the magnitudes for the optical counterparts, in the B, V,Ritind respectively, with
uncertainties 0£0.15mag. Column 7 give the logarithm of the X-ray to opticakfl
ratio, as defined in Section 4.4. Column 8 gives the name ahdnwavailable, the
reference (within brackets) for possible radio and optazainterpart sources from
the USNO-A2.0 catalogue, the radio catalogue of Payne g2804b,PFP2004),
and the SIMBAD catalogue which includes tR¥SAT sources and the follow-
ing catalogues: Schild et al. (2003b,SCA2003), Read & Ee{2001,RP2001),



5.1. SUMMARY TABLES 77

Pietrzyhski et al. (2001b,PGF2001), Pannuti et al. (2000b,PDL2M®air & Long
(1997b,BL97), Siner et al. (1996b,SMJ96), lovino et al. (1996,ICS96), Debag
et al. (1988b,DCL88), Humphreys & Graham (1986,HG86), @mali1984,G84).

According to the catalogues, 14 of the X-ray sources dedeictside the optical
disk have already been observed in X-rays (labelled ‘X'gréhare 9 SNRs or sus-
pected ones (labelled ‘SNR?’), 11 radio sources (labeliadio’), from which three
are associated with SNRs and 8 are possible AGNs. Otheresuratch with as-
sociations of stars (labelled ‘Assoc*’), Hl (ionized) regions (labelled ‘Hi’), with
regions close to Cepheid variable stars (labelled ‘Cepheid with stars (labelled
‘Star’). Many sources also have an USNO-A2.0 optical coya# (labelled with a
number).

As already discussed in Sect. 4.2, the brightest sourcelgh has a luminosity
of 3.41x 10%ergs?, has been identified by (source P42) Read & Pietsch (2001) &
a possible accreting binary. This source has been foundue aa\olf Rayet star
as optical counterpart (labelled ‘WR*"). | confirm that thieurce has a luminosity
higher than the Eddington limit for a 1.4Mcompact object, which may suggest the
presence of a black hole X-ray binary. Source number 8 haadrbeen identified
by Read & Pietsch (2001) and Kong & Di Stefano (2003b) as aroos supersoft
X-ray source and has no optical counterpart.



Table 5.1: Summary table of the X-ray properties (see taxtésails.)

ID @32000.0 $32000.0 Pos. Err. () Lik. Counts Ct. rate Hard HR Soft HR Fo3-6 (CQS) Los-s (cgs) Var.
®w @ ©) Q) ®) ©) @) ®) ©) (10) (1) (12)
1 00:55:1000 -37:42:120 045 545x 10*  (153£001)x10*  (7.44+006)x 102 -018+001 -029+001 3483Bx10% 147x10® Vv
3 00:55:1086 -37:48:344 047 830x10°  (316+006)x10° (1.61+003)x 102 -021+001 -030+002 71533t x 10  302x10¥

7 00:54:5083 -37:38:495 047 743x10°  (294:£006)x10°  (1.54+003)x 102 -011+002  028+002 107'3%3x 10 453x10¥ Vv
8 00:55:1091 -37:38:543 046 385x10°  (1.72£004)x10° (897+023)x10°  000+001 -1.00+004 28393 x10*  120x10¥

12 00:54:4066 -37:40:489 058 120x10°  (6.63+028)x10° (318+£0.13)x10° -021+002 -054:005 11709%x10'  493x10°®

13 00:55:2m0 -37:36:535 056 950x 1% (5.38+£027)x10?  (273+0.14)x10°% -011+004  Q11+004 1733 x 10  7.31x10%

17 00:54:452 -37:41:467 053 145x10°  (7.79+£032)x10*  (411£017)x10° -016+002 -066+005 16239/ x10°'* 6.86x 10°

20  00:55:2047 -37:48:102 069 375x 107 (304:£020)x10?  (149+010)x10°% -025+004 -038+007 569353 x10"° 241x10%

21  00:54:3P6 -37:44:432 058 917x 107  (565+027)x10?  (293+0.14)x10° -009+004 -001+004 180'318x10*  7.59x 10%

26  00:55:2623 -37:38:382 069 401x 10?7  (301+020)x10° (160+010)x10° -006+005  Q04+005 103'315x 1014 435x10°%

28 00:54:4%56 -37:43:432 061 638x 107 (3.98+£024)x10? (201+012)x10°% -012+005  Q06+005 126311x10* 533x10%

31  00:54:3067 -37:43:159 065 511x 107 (326+021)x10? (1.69+011)x10°% -006+005  Q00+005 108318 x 10  455x10%

34  00:55:189 -37:44:389 070 378x 107  (230£017)x10?  (204+015)x10°% -014+004 -069+009 734'%2x10%°  311x10%

37 00:55:1%2 -37:44:558 066 382x 107  (265+£0.19)x10?  (1.37+010)x10°% -027+006  0Q09+006 734'19%2x 10  310x10%

38  00:54:4%59 -37:37:327 069 377x 1 (275£020)x10?  (1.38+0.10)x10°% -020+005 -011+006 69333 x 10  293x10%

39  00:54:4%5 -37:40:007 068 328x 107  (285:£020)x107 (141+010)x10°% -009+006  Q11+006 920'}¢ix 10  389x10%

40 00:54:1389 -37:37:108 076 217x 107 (1.97+£017)x10?  (1.00+009)x10° -013+007  Q14x007 636'355x10°  269x 10%

41  00:54:4807 -37:46:574 079 327x 107 (241£019)x10? (1.21+010)x10°% -006+006 -001+006 769125 x 1015 325x10%

42 00:54:4811 -37:45:400 069 371107 (262+£019)x10?  (1.29£009)x10° -007+006  012+006 872197 x10°  369x 10%

43  00:54:5728 -37:43:114 069 338x 107  (281+020)x10? (146+010)x10° -005+006  Q06+006 97918 x 107  414x10%

46 00:55:421 -37:44:348 096 133x10°  (116+014)x10*  (7.61£084)x10“% -013+007 -054:012 31178¥x10%° 131x10°

47 00:54:5063 -37:46:007 069 251107 (1.99+£017)x10?  (9.82+0.82)x10*  001+007  Q09+007 712/982x10*® 301x10%

48 00:54:197 -37:39:089 087 163x10°  (161+016)x10°  (7.56+0.76)x10“% -0.06+009  031:x008 56870¥x 10 240x10°

50 00:55:0%7 -37:44:201 076 213x10°  (201+017)x10°  (1.03+0.09)x10°  0.03+008  020+007 779}2Ix10%°  3.29%10%

52 00:55:424 -37:40:237 113 998x 10t (7.09+109)x 10"  (804+120)x10* -004+007 -090+019 366'0%x10%°  155x10%



Continued

ID @32000.0 $32000.0 Pos. Err.() Lik. Counts Ct. rate Hard HR Soft HR Fos-6 (cgs) Los-s (Ccgs)  Var.
o» @ ®3) 4 ®) (6) ) ® ) (10) (11) (12)
54 00:54:4104 -37:33:517 099 139x 107  (146+0.14)x10* (8.66+0.85)x 10* 0.41+0.10 011+ 0.06 8533:33 x 1015 361x10%
56 00:54:50B6 -37:41:278 078 216x 107 (204+0.17)x 10> (1.06+0.09)x 10°% -015+0.05 -0.47+0.09 458f8:g§ x 1015 1.94x10%
57 00:55:224 -37:36:135 106 943x 10"  (110+0.13)x 10> (6.83+0.81)x10* -0.16=0.10 006+ 0.10 400ﬁ8:§§ x 1015 1.69x10%
60 00:54:4438 -37:41:147 078 165x 107  (L74:016)x 107  (9.10£0.83)x10*% -016x+005 -058:0.10 34998 x 10715  148x 10°°
64  00:55:2716 -37:45:165 095 104x 10?7  (L02:013)x107  (6.80+0.81)x10*% -027+010 Q08010 36598 x 10715  154x10°°
65 00:54:5152 —-37:35:345 098 114x 102 (1.01+0.12)x 107 (7.86+097)x10* —-0.04+0.10 002+010 52579 %10  222x10°
66 00:54:3379 -37:44:261 094 800x 10"  (201+0.17)x10? (9.95+0.87)x10* -0.01+0.08 033+ 0.07 Zsﬁﬁﬁg x 1015 332x10%
67 00:54:393 -37:34:338 102 891x 10"  (1.02+0.13)x10*> (5.32+0.66)x 10 0.01+0.10 004+ 0.10 369ﬁ8:§3 x 1015 1.56x10%
69 00:54:3167 -37:38:277 098 987x 10"  (9.22+131)x 10"  (4.63+0.65)x10* -0.15+0.11 011+0.12 288j8:§§ x 1015 1.22x10%
71 00:55:1128 -37:46:377 097 101x 107  (9.27+1.24)x 10" (5.72+0.75)x10* -0.19+0.12 044+ 0.12 402%:8? x1015  1.70x10%
72 00:54:3%8 -37:42:49% 092 129x 107  (134:014)x 107  (7.24x0.75)x10% -0.04+008 -0.01x0.09 460°193x 10715  1.94x 10°
73  00:55:3108 -37:37:561 120 532x 10t (6.68+1.01)x10'  (437+£064)x10% -0.04+0.12 010+012 29598 x 101  125x10°°
74  00:54:4771 -37:32:575 145 419% 100 (424+087)x 100  (3.25+0.64)x 104 003+016 -006+016 219'3%0x10%°  9.24x10%
79 00:54:223 -37:40:250 105 944x 10"  (543+099)x 10! (415+0.69)x 10*  -0.14+0.10 -0.66+0.19 16@3:12 x 1015 6.76x10%
84 00:54:293 -37:43:563 104 813x 10"  (9.11+123)x 10" (541+0.74)x 10 0.32+0.14 031+ 0.10 535j‘1’§g x 1015 226x10%
87 00:54:103 -37:39:517 109 642x 10"  (852+114)x10* (5.00+0.68)x 10*  -0.12+0.12 019+ 0.11 330ﬁ8:§8 x 1015 1.40x10%
88  00:54:2244 -37:43:133 102 919x 10t  (7.28+1.09)x 10"  (8.67+123)x10* -008+008 -0.67+016 371145x10%° 157x10%
90 00:54:58 -37:41:270 095 894x 100 (937+127)x10'  (597+081)x10* -013+010 -006+0.12 3402Xx10%°  144x10%
91  00:54:2582 -37:44:395 111 824x 10"  (858+120)x10'  (5.66+0.74)x10* -002+010 -007+011 36732V x10® 155x10%
92  00:54:2104 -37:42:408 112 619x 10t  (8.97+1.16)x10' (454 0.60)x 104 0.14+0.12 032+010 40098 x10%°  1.69x10°
94 00:55:123 -37:38:238 110 598x 10"  (7.99+116)x 10" (5.76+0.89)x10*% -0.11+010 -0.34+0.15 279ﬁ8:2§ x10%%  1.18x10%®
99 00:54:4735 -37:48:269 113 572x 10" (5.39+097)x 10!  (4.55+0.78)x 10 0.02+0.15 016+ 0.13 343%8% x 1015 1.45x10%
100 00:54:127 -37:43:207 123 486x 100  (5.79+1.00)x10' (3.81+063)x10* -027+0.14 019+ 0.14 211j8:§§ x 1015 893x10%
102 00:54:2865 -37:41:297 104 683x 10"  (1.09+0.39)x 100  (3.78+1.31)x 10

103 00:55:0%6 -37:37:401 100 614x 10" (842+111)x 10" (4.16+0.58)x 10 0.02+0.10 -041+0.13 234j8:§g x 1015  9.88x10%
107 00:54:5®2 -37:47:510 142 469x 10t (535+0.96)x 10"  (4.02+0.72)x 10 0.34+0.17 024+ 0.13 397j:8§ x 1015  1.68x10%



Continued

ID @32000.0 832000.0 Pos. Err() Lik. Counts Ct. rate Hard HR Soft HR Fos-6 (Cgs) Los-s (Ccgs)  Var.
- @ 3 4 ®) (6) M ® 9) (10) (11) (12)
112 00:54:1®1 -37:45:070 142 445x 100 (477+089)x 10" (359+069)x10* -003+0.10 -0.72+0.22 177ﬁ8:g§ x 10715 7.48x10%
117 00:55:1385 -37:47 :578 171 249x% 10 (3.39+0.77)x 10t (324+0.75)x 104 -0.02+0.19 018+ 0.19

120 00:54:526 -37:43:108 107 521x 10"  (7.38+1.08)x 100  (4.12+0.63)x 10 058+0.16 -0.21+0.10 352%:2% x 1015 1.49x10%
122 00:55:295 -37:37:274 165 180x 101  (7.28+353)x10°  (1.16+052)x 1074

123 00:55:000 -37:41:181 162 237x 10t (5.79+3.03)x10°  (167+0.87)x 10*

125 00:55:3H6 -37:46:351 166 181x 100  (2.61+0.65)x 10" (2.36+065)x10* -0.16+0.24 030+024 16299 x10%°  6.84x10%
126 00:54:5317 -37:40:283 142 310x 10"  (3.65+0.80)x 100  (1.99+ 0.45)x 10 0.02+0.14 -052+0.23 10&3:32 x 10715 4.48x10%
128 00:55:239 -37:45:241 151 241x 10" (3.23+0.74)x 10!  (252+0.57)x 10 0.27+0.21 012+ 0.16 224j8:?§ x 1015 9.46x10%
132 00:54:30G6 -37:40:054 139 309x 10"  (3.68+0.80)x 100  (3.29+0.77)x 10 0.66+ 0.26 007+0.14 371j‘1’:§g x1015  157x10%
134 00:55:188 -37:48:512 187 125x 100 (1.33+0.51)x 10"  (2.05+0.75)x 10

135 00:54:3B1 -37:45:262 144 291x 10" (6.26+3.86)x10°  (1.06+ 0.56)x 10™*

136 00:54:482 -37:37:421 138 207x 10" (212+062)x10* (1.80+0.56)x10*  -0.17+0.25 020+ 0.27 115j8gg x 1015  4.85x10%
137 00:54:059 -37:39:314 196 105x 100 (1.29+0.44)x 10"  (1.50+ 0.50)x 1074

139 00:55:0/1 -37:45:146 161 224x 10" (3.28+0.75)x 100  (2.82+0.62)x 10 0.22+0.19 006+ 0.16 2328:?2 x10%5  9.81x10%
140 00:55:26/7 -37:38:127 184 140x 100 (1.94+054)x 10"  (1.37+0.36)x 1074

141 00:54:5807 -37:47:267 149 247x 100 (1.47+050)x 100  (2.92+ 0.95)x 104

142 00:54:337 -37:44:039 178 185x 100 (2.04+0.62)x 10"  (1.71+063)x 104 0.18+0.31 006+028 14293 x10%°  6.01x10%
143 00:55:3B9 -37:40:001 187 144x 100 (1.13+0.39)x 10"  (1.23+0.49)x 1074

145 00:55:011 -37:34:39%4 296 119x 100 (6.33+3.98)x10°  (1.09+ 0.66)x 1074

146 00:54:5M4 -37:45:363 149 257x 10t (3.27+0.74)x10'  (2.74+0.60)x 104 005+017 -005+018 192:278x107%  812x10%
147 00:54:5B4 -37:47:082 176 175x 10t (303+067)x10"  (1.87+043)x10* -003+018 -007+019 117°95x10%  4.95x 10%
148 00:55:082 -37:45:376 179 174x 10"  (243+0.68)x 10" (151+042)x10* -0.01+020 -0.32+0.25 875j§:g§ x 1016 370x10%®
150 00:55:082 -37:37:532 178 151x 100  (1.67+0.60)x 10"  (1.21+0.46)x 104

151 00:55:3%9 -37:43:110 274 101x 10t

152 00:55:0%7 -37:42:414 179 107x 100 (1.43+056)x 10"  (1.63+0.63)x 104

153 00:54:061 -37:41:15%6 210 102x 10t



Continued

ID @32000.0 $32000.0 Pos. Err.() Lik. Counts Ct. rate Hard HR Soft HR Fos-6 (cgs) Los-s (Ccgs)  Var.
o» @ ®3) 4 ®) (6) ) ® ) (10) (11 (12)
155 00:54:58B9 -37:43:393 160 163x 100  (216+0.62)x 10"  (1.42+0.39)x10*% -013+0.22 -0.07+0.23 807ﬁ§:§§ x 1016 341x10%

156 00:54:2®92 -37:40:315 155 146x 100 (1.21+044)x 10"  (1.41+050)x 104

157 00:54:5B5 -37:46:007 223 113x 100 (3.72+227)x10°  (1.28+0.76)x 1074

158 00:54:583 -37:44:401 174 130x 100 (1.25+049)x 10"  (1.03+0.40)x 1074

159 00:54:4@1 -37:47:186 168 145x 100 (1.14+046)x 10"  (1.12+0.43)x 104

160 00:54:5643 -37:39:381 203 119x 100  (442+3.09)x1¢° (141+088)x 10*

161 00:54:4B4 -37:43:039 218 135x 100  (355+3.28)x10°  (1.81+131)x10*

162 00:54:4®5 -37:45:216 154 127x 100  (1L.98+0.54)x 10"  (1.90+0.56)x 107

163 00:55:1T74 -37:40:148 169 108x 100  (271+£230)x10°  (6.26+530)x 10°°




Table 5.2: Summary table for the optical counterparts (seefor details.)

ID @32000.0 62000.0 mag (B) mag (V) mag(R) lodk/fop) comments

(1) 2 3 4 (5) (6) ()] (8)

1(1) 00:55:10 -37:42:121 2271 2253 2203 192 X (RP2001 - P42), WR* (SCA2003 - 41)

3(1) 00:55: 1 —-37:48:342 2062 2025 1969 032 X (RP2001 - P58), radio (PFP2004), USNO: 0450-00323113
7(1) 00:54:5@8 —-37:38:4% 2149 2Q74 1988 Q70 X (RP2001 - P32), radio (PFP2004)

8 X (XMMU J005510.7-373855), X (RP2001 - P33)

12 SNR (BL97 - N300-S10), HIl (SMJ96 - HIl W22), Hil (BL97 - N30BK.0), radio (PFP2004)
13 (1) 00:55:258 -37:36:530 2469 2461 2355 145 X (RP2001 - P25)

17 (1) 00:54: 4% —37:41:458 2276 2282 2131 Q71 X (RP2001 - P41), HII (SMJ96 - HIl W7), HIl (SMJ96 - HIl WI)NR (PDL2000 - SNR 6)
20 SNR (PDL2000 - SNR 15), USNO: 0450-00324001, USNO: 045028033
21 (1) 00:54:33® —37:44:438 2193 2140 2104 019 X (RP2001 - P50)

21(2) 00:54:30 -37:44:423 2305 2280 2263 Q75

26 (1) 00:55:2&@ -37:38:379 2399 2341 2271 Q75 X (RP2001 - P30)

28 (1) 00:54:4%8 —-37:43:432 2253 2223 2174 036 Cepheid (G84 - 14)

31(1) 00:54:3®B -37:43:1%4 2381 2316 2272 067

34 (1) 00:55:1%4 -37:44:391 2127 2138 1970 -0.21 SNR (BL97 - N300-S26), HII (DCL88 - 141), radio (PFP2004)
37 (1) 00:55:1% —37:44:550 2258 2217 2173 010

38(1) 00:54:4% -37:37:327 2192 2148 2111 -0.20

39 Assoc* (PGF2001 - AS 56a)

40 (1) 00:54:13® -37:37:115 2196 2156 2110 -0.20 X (RP2001 - P26)

41 (1) 00:54:48  -37:46:569 2431 2481 2392 118 X (RP2001 - P54)

42 (1) 00:54:48 -37:45:390 2247 2240 2193 027 Cepheid (G84 - 17), X (RP2001 - P51)

43

46 (1) 00:55:42 —-37:44 : 356 1452 1445 1454 -3.36 X (RP2001 - P48), USNO: 0450-00326180

47

48 (1) 00:54:20 -37:39:85 2449 2421 2375 081

50 (1) 00:55: 7 -37:44:188 2365 2314 2258 052

52 (1) 00:55:42 —-37:40: 247 2421 2311 2189 018 X (RP2001 - P36)

52 (2) 00:55:42 —-37:40:236 2524 2472 2415 082

52 (3) 00:55:423 -37:40:230 2374 2430 2348 065

54 (1) 00:54:41 -37:33:537 2458 2435 2412 104 radio (PFP2004)

56 HIl (SMJ96 - HIl C27), radio (PFP2004)

57 (1) 00:55:23 —-37:36:152 2485 2483 2410 090

57 (2) 00:55:23 -37:36:132 2491 2461 2407 082

57 (3) 00:55:22 -37:36:131 2493 2485 2398 091

60 (1) 00:54:44  -37:41:157 2171 2127 2071 -0.58 SNR (PDL2000 - SNR 5), X (RP2001 - P41)



Continued

ID @32000.0 632000.0 mag (B) mag (V) mag(R) lodk/fop)  comments

@ (2 3 (] (5) (6) ()] (8)

64 (1) 00:55:2%2 —-37:45:168 2468 2403 2377 054

65 (1) 00:54:5¥6 —-37:35:360 2334 2302 2289 030

66 (1) 00:54:338 -37:44:252 2538 2429 2342 098 X (RP2001 - P50)

67 (1) 00:54:39 -37:34:339 2399 2306 2207 016

69 radio (PFP2004)

71(1) 00:55:112 —-37:46 :400 2231 2179 2111 -0.31 USNO: 0450-00323152
72 SNR (PDL2000 - SNR 3)
73 (1) 00:55:312 -37:37:582 2251 2209 2174 -0.32 X (RP2001 - P28)

73(2) 00:55:31 -37:37:562 2303 2317 2276 011

73 (3) 00:55:311 —37:37 :552 2318 2294 2240 002

74 (1) 00:54:48 -37:32:574 2677 2593 2522 108

79 (1) 00:54:22 —-37:40:253 2118 2116 2123 -0.96 HIl (DCL88 - 10), SNR? (BL97 - N300-S2), USNO: 0450-003%84
79 (2) 00:54:22 —37:40:249 2105 2101 2108 -1.02

84 (1) 00:54:2% -37:43:580 2622 2603 2491 151

87 (1) 00:54:12 —-37:39:526 24.65 2426 2394 059

87 (2) 00:54:12 —-37:39:503 2546 2615 2567 135

88 (1) 00:54:25 -37:43:122 2059 1953 1847 -1.25 Star (HG86 - 12), USNO: 0450-00318469
90

91 (1) 00:54:2 -37:44:411 2456 2429 2358 065 radio (PFP2004)

91 (2) 00:54:2% —37:44 :392 2467 2438 2360 069

92

94 (1) 00:55:12 -37:38:238 2353 2311 2262 006

99 (1) 00:54:45 -37:48:277 2632 2568 2474 118 X (RP2001 - P57)

99 (2) 00:54:44  -37:48:268 2686 2589 2558 126

100 (1) 00:54:15 —-37:43:222 2550 2448 2343 049

100 (2) 00:54:12 —-37:43:200 2592 2501 2417 Q70

100 (3) 00:54:13 -37:43:200 2530 2418 2307 037

100 (4) 00:54:1% -37:43:187 2552 2421 2328 038

102 (1) 00:54:28 -37:41:291 2253 2265 2160 HII (BL97 - N300-H3), Assoc* (PGF2001 - AS 14)
103

107 (1) 00:54:59 —37:47 :528 2383 2299 2181 016 USNO: 0450-00321929
107 (2) 00:54:59 -37:47:513 2453 2372 2251 046

107 (3) 00:54:59 -37:47:513 2451 2369 2251 044

107 (4) 00:54:52 —37 : 47 : 506 2414 2366 2241 043

107 (5) 00:54:58 —37:47 : 493 2376 2338 2212 032

112 (1) 00:54: 1% -37:45:79 2577 2649 2663 121
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ID
()]

@J32000.0

@

032000.0
3

mag (B)
4

mag (V)
®)

mag (R)

()

lodg/fop) ~ cOmments
(7

®

112 (2)
112 (3)
117
120 (1)
122
123
125
126
128
132 (1)
134
135 (1)
135 (2)
136 (1)
137
139
140
141 (1)
141 (2)
142
143
145
146 (1)
146 (2)
147
148
150
151

152
153
155
156
157
158
159

00:
00:

00:

00:

00:
00:
00:

00:
00:

00:
00:

54:
54:

54:

54:

54:
54:
54:

54:
54:

54:
54:

14
1B

52

30

3B
34
48

52
56

55
538

-37:
-37:

-37:

-37:

-37:
-37:
-37:

-37:
-37:

-37:
-37:

45 :
45 :

43:

40 :

45 :
45
37:

47 :
47 :

45
45

74
44

113

46

290
257
408

282
269

394
362

2362
2558

2035

2418

2558
2484
2349

2438
2553

2183
0.00

2339
2526

1957

2308

2468
2402
2322

2372
2449

2251
2498

2276
2442

1884

2186

2367
2331
2283

2236
2362

2218
2318

-0.03
Q72

-1.26 radio (PFP2004)

SNR? (BL97 - N300-S19)

USNO: 0450-00324361
Q17

-0.28

X (RP2001 - P30)

USNO: 0450-00322130
-0.34
065

SNR? (BL97 - N300-S28), Hll (S66b - 80), HIl (DCL88 - 159), B(BGK2002 - A14),
radio (PFP2004), USNO: 0450-00325259

USNO: 0450-00321373
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ID @32000.0 $32000.0 mag (B) mag (V) mag(R) lodk/fop) comments

() e 3 4 ©) (6) 7 ®)

160 HIl (DCL8S - 99), radio (PFP2004)
161

162

163




CHAPTER 6

The brightest sources

6.1 Spectral fitting with XSPEC

Spectral fitting of X-ray sources is performed using XSPE@gud 1996). Here
| give a summary, see the XSPEC manuattp: //heasarc.gsfc.nasa.gov/
docs/xanadu/xspec/manual /node9.html) for details.

The output of any X-ray measurement does not consist of theabsource spec-
trum but rather of photons;, that are falling during the measurement time into a
specific intrumental channel, This measured spectrur@(l), is a convolution of
the real source spectrum(E), which is unknown, and the response of the detector
R(l, E) over the energ:

c(l) = fom R(I, E)f(E)dE (6.1)

Deriving f(E) by inverting this equation is mathematically not possibke the solu-
tion is unstable. What is done instead is to choose a theatatiodel forf (E), which
depends on one or more parameters, and fit it to the obsereettsm.

The fitting procedure adjusts the parameters until the deadaheoretical model
is close to the observed spectrum. If the fit is not good amatiedel has to be
chosen, until one finds the best spectral model, with itsesponding parameters.

The most common fit method used to determine this best-fit m@dé), is the
minimization of the chi-square statistigg, which is defined by:

Z (C(1) = Co(1))?

=0 (6.2)

whereo (1) is the error for channdl, e.g., for Poisson noise;(1) = vC(I).
The fitis considered good when the reduced chi-squdye, (wherey is the number
of degrees of freedom) is approximately equal to one. Iféuiced,? is much larger

86
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than one, the fit is poor. On the other hand, if the reduceid much below one, this
indicates that the errors on the data have been over-estimat

The last point is to determine a confidence interval for eashpeter (i.e. a range
of values within which one can be confident to find the true @aluThis interval
is computed by varying each parameter value untilghéncreases by a particular
amount above the minimum, or ‘best-fit’ value (Lampton efl8l76).

6.1.1 C(I): The Observed Spectrum

The observed spectrum of a source is actually not only coinigithe counts of the
source but also counts of the background. A local backgrempedtrum has to be
subtracted from each source spectrum via some scaling$acto

As shown in Sect 2.2.1 of the XSPEC manual, the backgroubttasted count

rate is then given by:
D(1) bo(1)B(1)

ap(Dto  be(as()ts
whereD(l) and B(l) are the counts for the source and the backgrotmendtg are
the corresponding exposure times (given by the EXPOSURRvdad); bp(l) and
bg(l) are the respective BACKSCAL (detector area) values;ay{t) andag(l) are
the respective AREASCAL (Eective area) values.

This corrected spectrung(l), is the one to which the theoretical model will be
fitted.

c(l) = (6.3)

6.1.2 R(l,E): The Instrumental Response

The characteristics of the detector are given by its insémntied responsé(l, E). This
response is proportional to the probability that an incapphoton of energ¥ will

be detected in channél This continuous function must be converted to a discrete
one, which is the response matfg(l, J) for each instrumental channkeblnd each

energy channel.
The energy channelg,;, must be defined such that:
£ R(,E)
Rp(1,J =f ———dE 6.4
(1,9) e B -E (6.4)

Optionally an auxiliary response filgy(J) can be used. This file characterizes the
effective collecting area, which is energy dependent. Thistfan is multiplied with
the previous one as follows:

Ro(l,J) — Ro(l, J) = Ap(J) (6.5)

Conventionally, the response is in units ofTm
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6.1.3 f(E): The Model Spectrum
The observed spectrui@(l), is then defined by:

E;
c() = Ro(l,J) Ao(J) fo(3)dJ (6.6)
E;1
where fp(J) is the theoretical model spectrum for each energy chahnét f(E)
is the continuous theoretical model, it has first to be camero the discrete form
using:

=]

fo(J) = f f(E)dE (6.7)
Ej 1

which is in units of photons cnd s™.

These theoretical models can be very complex and can cemdiseveral addi-
tive components (power-laws, bremsstrahlungs, blackbody) and multiplicative
components, which modify the additive components by anggndependent factor
(photoelectric absorption, ...).

6.2 The four most common astrophysical mechanisms for gengr
X-rays

There are four dominant physical processes that produa@yXin an astronomical
context. Each of these has a characteristic spectral sign@ee Figure 6.1 and 6.2).
A more complete description can be found in Charles & Sewaf®9%), Longair
(1992) and Rybicki & Lightman (1979).

6.2.1 Thermal bremsstrahlung

A hot gas which has a temperature aboveKL(kT = 10 eV) is almost fully ionised.
In a gas in thermal equilibrium, the trajectory of the elent is modified by the
electric field of the positive ions. This accelerates theteteis which then emit
‘bremsstrahlung’ radiation. The shape of this bremsstragptadiation spectrum, as
a function of energy is very characteristic and, for a MaXaelelectron distribution,
depends only on the temperature. When the temperaturasesgethe velocity of the
electrons increases and the energy of the emitted radiaéioomes higher.

The spectral shape of the thermal bremsstrahlung is shoviigiire 6.1. The
intensity,l, of the radiation at energf, and temperaturd;,, is given by:

I(E,T) = AG(E, T)Z?nen;(KT) V2 E/KT (6.8)
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wherek is the Boltzmann constar@ is the velocity averaged ‘Gaunt factor’ (a slowly
varying function with value increasing &decreasesy, is the charge of the positive
ions, ne the electron densityy the positive ion density, and A is a constant.

6.2.2 Synchrotron radiation

In the same way as the trajectory of electrons can be modifigtid electric field
of the positive ions, the trajectory of a fast electron camtmelified by a magnetic
field. The electron is then accelerated and also emits fadiakhis radiation is called
‘magnetic bremsstrahlung’ or ‘synchrotron radiation’. eTémitted electromagnetic
radiation depends only on the energy of the electrons, thgnete field strengthB,
and the direction of motion relative to the field.

However, in astrophysical contexts, the magnetic field casdmewhat aligned,
but particle velocities are expected to be isotropic; sotheerved spectrum depends
only on the magnetic field strength and the energy of therelest This spectrum is
described by a power law (see Figure 6.1):

I(E) = AE™® (6.9)

whereA is a constant and is the spectral index. It is related to the electron distribu
tion index,p, by: @ = (p — 1)/2. The larger the value of, the softer the spectrum.

6.2.3 Blackbody radiation

A ‘black’ body is an object that completely absorbs any rdraincident upon it.

The object is in thermal equilibrium and characterized bgrageraturd . The spec-

trum radiated by such kind of object is a well-defined coniimwhich depends only

on its temperature. If increases, the radiation is emitted at higher energies.
The form of the spectrum is shown in Figure 6.1. The intensjtgf the radiation

at energyE, and temperaturd;, is given by the Planck formula:

2E3
h2c2 (eF/KT — 1)
whereh is the Planck constant, amds the speed of light.

I(E,T) = (6.10)

6.2.4 Compton scattering

In the ordinary Compton scattering process, high energyguisacollide with station-
ary electrons and transfer some of their energy and mometattihe electrons. No
new photons are produced but the same photons come out s&tletergy and mo-
mentum, increasing their wavelength. On the other handh &igergy electrons can
scatter on low energy photons. This is called the Inversef@omScattering. In this
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Power law Thermal bremsstrahlung

1000 - Blackbody radiation

T=2x10%K

100

T=2x108K

Relative intensity

Spectral index = —1

0.01 0.1 1 0.1 1 10 100 0.1 1 10 100
Photon energy (keV) Photon energy (keV) Photon energy (keV)

Figure 6.1: Three basic spectra encountered in astrophySicarles & Seward 1995). The
first is a blackbody spectrum for an object at temperature>ofl® K. The second is a power
law with a spectral index of1. And the third is a thermal bremsstrahlung from a thin and ho
gas at temperature of210° K.

situation, the photons gain and the electrons loses enéfagn electron and photon
densities are large enough, the produced spectrum is axcomnti.

A typical spectra observed in astrophysical contexts, ésathe shown in Fig. 6.2
(Rybicki & Lightman 1979). Considering a thermal distritout of nonrelativistic
electrons that experience repeated inverse Comptonsogitihe observed spectrum
can be described by a power-law with an exponentialféuto

x3e™X  forx>1
1(X) = 6.11
» {x3+m forx <1 6.11)
wherex is the photon energy = hy/kT and

3 9 4
m_—EJ_r Z+§ (6.12)

4KT 2
y= @max(r,r ) (6.13)

yis called the Compton parameter and can be defined as tha{p/&actional energy
change per scattering’ multiplied by the ‘mean number oftedags’ (Rybicki &
Lightman 1979), where is the optical thickness of the medium.

The +(-) sign of equation 6.12 is appropriate fpr> 1 (y <« 1), and fory ~ 1,
one must take a linear combination of the two solutions.
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log I,

L 1 > log ¥
kT
h

o

Figure 6.2: The observed emission spectrum produced byntleese Compton scattering of
low energy photons by thermal electrons (Rybicki & Lightni&v9).

6.3 Spectral fits of the brightest sources

In the next section | show the results of spectral fitting & th brightest X-ray
sources inside thB,s optical disk, using XSPEC. | tried several single modelsy@o
law, bremsstrahlung or blackbody) and double models coepby a soft compo-
nent (bremsstrahlung or blackbody) and a hard (power law)poment. Results of
the spectral fitting are shown in Table 6.1, where PO refefpdwer law’, BR to
‘bremsstrahlung’ and BB to ‘blackbody’.

The fits have been made using data from the 3 instruments (@§2vand MOS2),
and both revolutions. The brightest source is the only onefach the hardness ratio
has changed significantly between the first and the secorehaimn. So, except
for this source, | constrain the parameters of the specttialgfito be equal for both
revolutions. The parameter errors have been estimated tigerror command of
XSPEC.

For each of the sources, the pn-fluxes and luminosities buégtized separately for
the 0.3-6.0 keV (Table 6.2) and 0.3-2.4 keV (Table 6.3) gnbands. The flux
uncertainties have been calculated from the spectralditifter freezing thé\y pa-
rameter to avoid overestimation of the uncertainties. Baree #8, in revolution 192,
MOS1 fluxes have been given as the source lies in a pn CCD gap0.Br2.4 keV
fluxes and luminosities are compared to the values giveRB$AT (Read & Pietsch
2001), after that the luminosities have been recalculatetsidering a distance to
NGC 300 of 1.88 Mpc instead of 2.1 Mpc (Freedman et al. 1992jures of the
source spectra and the best fitting model, as well as thespmmneling residuals, are
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also shown.

6.3.1 XMM J005509:9374212, source #1

Source #1 is a very bright object located within the inneradirms of the galaxy (see
Fig. 4.1). Its hardness ratio changed significantly betwegalution 192 (HRaq =
—0.13+ 0.01, HRyst = —0.38 = 0.02) and revolution 195 (HRq = —0.21 + 0.01,
HRsort = —0.25+0.01), indicating that the source became brighter in the madiu-2
keV) energy band. The best fit is an absorbed model composedafer law hard
component and bremsstrahlung soft component. This saaipéte variable: its flux
has increased by a factor eR from the first to the second XMM observation (see
Table 6.2 and Table 6.3). Comparing the 0.3-2.4 keV flux \RESAT, the source
appears to be fainter with respect to the value found by ReRik&ch (2001). Note
that the Eddington luminosity limit for a.4 M, object is 182 x 10°8ergs?! and
the luminosity of source #1 is found close to and above thais Thay suggest the
presence of a neutron star X-ray binary with a mass of at ledsb M,, or a black
hole X-ray binary of several solar masses. Following Readi&seh (2001) the
source is likely a black hole X-ray binary with a mass theyneated~ 5 My, and a
luminosity of 22 x 10¥ergs™.

From the position of the source in the color-color diagranis likely a LMXB.
However, a HMXB cannot to be excluded as black hole HMXBs apeeted to have
similar spectra as the black hole LMXBs and as the sourcedmsfound to coincide,
from the catalogues, with a Wolf Rayet star (see Table 5.2).

Spectra and spectral fitting of the source according to teerhedel are shown in
Fig. 6.3.

Table 6.1: spectral results

source  model Ny KT (keV) T % dof 2
(x10%%cn?)
1(192) PGBR 0087%  0280% 17870% 56653 495 114
(195) 0109% 0439 22502
3 POrBR 0189% 028015  224:03% 12582 116 108
7 PO 03599 1917912 15464 110 141
8 BB 0.11+004 0.061+0.004 7329 53 138

—0.04 —0.003
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Table 6.2: Flux (in units of 1G%ergcnt?s™) and luminosity (in units of 1¥ergs?) of
XMM-newton data in the 0.3-6.0 keV energy band.

source revol. 192 revol. 195
1 flux 2247022 4737053
1 lum. O95f8€2 2.0@8:21
3 flux  09T0% 121705
3 lum. Q3899 051008
7 flux 1297997 0.9970%
7 lum. 0551092 0.42:003
8(MOSI) flux 09102 0447010
8(MOS1) lum. 038911 01953

Table 6.3: Flux (in units of 13%ergcnt?s!) and luminosity (in units of 1¥ergs?) of
XMM-Newton data in the 0.3—2.4 keV energy band and the 0.1-2.4 ROSAT values.

source revol. 192 revol. 195 ROSAT

1 flux 1617555 35703 422+014
1 lum. 069ﬁ8€g 1-51t8ﬁ4218, 1.78+ 0.06
3 flux 07257 0927073 131+0.08
3 lum. OSOjg;gg 0.39j8;82 0.55+0.03
7 flux 0.57j8:8j1‘ 0.44j8;8§ 0.24+0.04
7 lum. Q2473% 019931  0.10+0.02
8 (MOS1) flux 091ﬁ8:§§ 0.44j8;83 0.99+0.08
8 (MOS1) Ilum. 038ﬁ8:ﬂ 0.19_*8:8211 0.42+0.03

6.3.2 XMM J005510-8374834, source #3

Source #3 is the second brightest source withinRagoptical disk. This source is
located at the edge of the disk (see Fig. 4.1). Its hardnéissH&,q = —0.21 and
HRsoit = —0.30 (see Table 5.1), is quite similar to source #1. The bestdithodel is
an absorbed power law plus a bremsstrahlung model. Theestuninosity is quite
constant within the two revolutions but it is fainter wittspect toROSAT data.

Read & Pietsch (2001) suggest that the source is an AGN, bugdbrce seems a
bit too soft for that, so | do not exclude the possibility tovd@an X-ray binary (from
its colors, a LMXB). A counterpart is seen in the optical data except of a radio
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Figure 6.3: pn and MOS spectra of the source XMM J00556%794212 (source #1),
observed in revolution 192 and 195, and the best fit spectrdbmbottom: residuals
expressed inr. Data of MOS1, MOS2 and pn in revolution 192 are shown in hlack
red and green respectively; data of MOS1, MOS2 and pn inugeol 195 are shown

in blue, light blue and magenta respectively.

source no other object seems to be associated. Spectraesihtfitting are shown
in Fig. 6.4.

6.3.3 XMM J005450:2373849, source #7

Source #7 is the third brightest source within the opticakdilt is located close to
the center of the galaxy (see Fig. 4.1). With a hardness o&titRn,g = —0.14 and
HRsort = +0.28 (see Table 5.1), the source is harder than the previows dhe best
fitting model is an absorbed power law model.

The source flux seems to have slightly decreased betweengharfd the second
revolution, and inXMM-Newton data, the source is2 times brighter than in the
ROSAT observation. A counterpart is seen in optical and radio Vesngths. Thus
the source is either a candidate for a background AGN and@etaty binary. This
last hypothesis is suggested by Read & Pietsch (2001).
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normalized counts/sec/keV

channel energy (keV)

Figure 6.4: pn and MOS spectra of the source XMM JO0551878834 (source #3),
observed in revolution 192 and 195, and the best fit spectrdbmbottom: residuals
expressed ir. Data of MOS1, MOS2 and pn in revolution 192 are shown in hlack
red and green respectively; data of MOS1, MOS2 and pn inugeol 195 are shown

in blue, light blue and magenta respectively.

Spectra and spectral fitting using the best model are shoWwigir6.5.

6.3.4 XMM J005510-8373854, source #8

This source is characterised by an extremely soft spectitsinardness ratios HRq =
0.01 and HRy;t = —0.97 (see Table 5.1) make this source the softest one of the cat
logue. ltis located at the very bottom of the color-colomlaan (Fig. 4.3). The best
fitting model is an absorbed blackbody with a temperaturelod¥ This source has
also been analysed by Kong & Di Stefano (2003a). Their béstdispectral model
for the XMM data is also an absorbed blackbody with a tempeean the range of
57 to 67 eV.

The luminosity decreased by a factor-at between the first and the second revo-
lution and theROSAT flux is similar to the flux found in revolution 192. Kong & Di
Stefano (2003a) measured an unabsorbed luminosityxof @8 erg s for the first
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normalized counts/sec/keV

channel energy (keV)

Figure 6.5: pn and MOS spectra of the source XMM J00545873849 (source #7),
observed in revolution 192 and 195, and the best fit spectrdbmbottom: residuals
expressed inr. Data of MOS1, MOS2 and pn in revolution 192 are shown in hlack
red and green respectively; data of MOS1, MOS2 and pn inugeol 195 are shown

in blue, light blue and magenta respectively.

observation and.1 x 10®erg s* for the second observation, anc1L.0* erg s* for
the ROSAT data. They conclude that the source is a SSS and is ultratwrsi.e.,
characterized by an unabsorbed luminosity exceedid®°erg st). However, for
revolution 192, | found a unabsorbed luminosity which is @daof ~ 2 lower than
that, while for revolution 195 my value is similar to what yhi®@und. The high lu-
minosity value found by Kong & Di Stefano (2003a) in revotutil92 is likely to be
caused by a wrong correction of the presence of the sourbe imiddle of a pn CCD
gap.

No counterparts is visible in the optical data and no objatsfound close to the
position of the X-ray source in any of the catalogues. | agrite the identification
made by Kong & Di Stefano (2003a), and proposed by Read & ¢hig001), sug-
gesting that the source is a Super Soft Source, but the ageats to be too faint to
establish the ultraluminous nature of the source.
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Figure 6.6: pn and MOS spectra of the source XMM J005568794212 (source #8),
observed in revolution 192 and 195, and the best fit spectrdbmbottom: residuals
expressed ir. Data of MOS1, MOS2 and pn in revolution 192 are shown in hlack
red and green respectively; data of MOS1, MOS2 and pn inugeol 195 are shown

in blue, light blue and magenta respectively.

Spectra and spectral fitting using an absorbed blackbodghaoel shown in Fig. 6.6.

6.4 Light curves of the brightest sources

Fig. 6.7 to 6.10 show the light curves for the 4 brightest sesy separately for rev-
olution 192 and 195, including MOS and PN data after backgdatorrection. The
gap in the data of revolution 192 for source #1 correspontisa@eriod of high low
energy proton flux. For the other sources, only data befasegdp are shown. The
time bin size is of 300 sec for the brightest source and 100@mse¢he others.

To test the significance of the sources variability, | fit astant value to the light
curves using the IDL routingoly_£fit. From the resulting?, | determine the prob-
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Figure 6.7: pn and MOS light curve of the source XMM_J00586874212 (source #1), ob-
served in revolution 192 (top) and revolution 195 (bottofif)e horizontal line shows the fitted
mean value.

ability (P) that the source is variable:
P=y(v/2.x%/2) (6.14)

wherey is the number of degrees of freedopi,is the chi-square value, ands the
incomplete gamma function:

_ 1 * —tia—1
y(a,b)_@fb e 't dt (6.15)

wherel is the gamma function:

r'(n) = fo ) u™tetdu (6.16)
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Figure 6.8: pn and MOS light curve of the source XMM_J00581%74834 (source #3), ob-
served in revolution 192 (top) and revolution 195 (bottoff)e horizontal line shows the fitted
mean value.

Results of these fits are shown in Table 6.4. Note that thdtsedapend on the
binning size.

The lightcurve of source #1 is quite interesting. Duringolation 192 the flux does
not present important fluctuations but it increases siganfily after the data gap. In
revolution 195 the mean flux increases gradually, whiledangdulations are present.
In both cases, the probability of variation is of 100%, angl ibr error of the mean
value are almost as large as the values themselves.

Light curves for source #3 and source #7 do not show largeufiticins in any of
the revolutions. For source #3 in both revolutions and se#f€ in revolution 195
the relative erros are of1/4-1/5. For source #7 in revolution 192, this value is only
of ~1/9. The probability of variation for source #3 are of 76% andadt 100% for
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Table 6.4: Results of the light curves fit with a constant gathe columns show: the source
ID, the mean fitted value and itgrlerror, they? and number of degrees of freedom, and the
corresponding probability of variation.

source (revol.) mean value (tks) y?/dof Prob. variation (%)
1(192) 29.72: 2251 73679 100.00

1(195) 67.66: 51.06 339030 100.00

3(192) 12.38: 2.52 2718 76.30

3(195) 16.31 3.61 7637 99.98

7 (192) 16.64+ 1.81 918 3.27

7 (195) 11.66+ 2.79 6237 99.42

8(192) 9.16+ 2.18 2718 73.29

8 (195) 6.66+ 3.03 13037 100.00

revolution 192 and 195, respectively. For source #7 in it®Ikgion 192 the light
curve is well fitted by a constant value (the probability ofiion is only 3%), while
in its revolution 195 the probability of variation is of 99%.

For source #8 the light curve is relatively flat in revolutit®? and exhibits some
hump around B x 10*ksec from the start of the observation; the relative error is
~1/4. In revolution 195, the light curve present some modutatend the relative
error increased te 1/2. The probability that the flux is variable is of 73% and 100%
for revolution 192 and 195 respectively.

The light curves of source #8 were analysed by Kong & Di Stef@®03a). Using
Lomb-Scargle periodograms (Lomb 1976; Scargle 1982), fiblegt a modulation of
5.4 h with a confidence level above 99.9% in revolution 195.nd& Di Stefano
(2003a) conclude that this modulation correspond to th@adnberiod of the binary
system. However, the data are too sherfl(l h) to establish the presence of a periodic
signal, and the statistics is too low to perform Lomb-Scapmgriodograms.

Analysis of the light curves using periodograms is not gulesas the statistics is
too low (short exposure times and low count rates). | alsocbea for short-time
periodic modulation using the Epoch-folding and Bayesiathuds, but no evident
periodicity has been found. Results are shown in Fig. 6.18.1d. Descriptions of
both methods are given in Appendix B.
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Figure 6.9: pn and MOS light curve of the source XMM_J00525873849 (source #7), ob-
served in revolution 192 (top) and revolution 195 (bottofif)e horizontal line shows the fitted
mean value.
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Figure 6.10: pn and MOS light curve of the source XMM_J005843¥3854 (source #8),
observed in revolution 192 (top) and revolution 195 (boftoifhe horizontal line shows the
fitted mean value.
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Figure 6.11: Neperian logarithm of the Bayesian posteniobability for the range of periods
(full line) and the corresponding chi-square (dashed Jifigx) the pn and MOS data of the
source XMM_J005509.9-374212 (source #1), observed inutwa 192 (top) and revolution
195 (bottom). The units are arbitrary.
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Figure 6.12: Neperian logarithm of the Bayesian posteniobability for the range of periods
(full line) and the corresponding chi-square (dashed Jifigx) the pn and MOS data of the
source XMM_J005510.8-374834 (source #3), observed inutwa 192 (top) and revolution
195 (bottom). The units are arbitrary.
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Figure 6.13: Neperian logarithm of the Bayesian posteniobability for the range of periods
(full line) and the corresponding chi-square (dashed Jifigx) the pn and MOS data of the
source XMM_J005450.2-373849 (source #7), observed inutwa 192 (top) and revolution
195 (bottom). The units are arbitrary.



106 CHAPTER 6. THE BRIGHTEST SOURCES

In(B.P.P.)/x* (arbitrary units)
o
IS

Sl b b A L

0.2 gy | \
M‘*\,Hv‘ﬁ\ i ,\\ Il‘ by \ S
il 1 oy \
A | \ /
0.0 fling e Vo \
lib v
T T R TS U B A SN v ‘o
-0.2 1N LS ‘Y I . RN
5.0x10° 1.0x10* 1.5x10*

period (sec)

\
|
|

In(B.P.P.)/x* (arbitrary units)
o
IS

0.2 Y ~, \ e —
AT ! . \ ~ , ]
T TR (I VAN 1
0.0 i Vo 1
: mee o i
[ I Vo
gt ]
' N ]
-0.2 N L L
1x10* 2x10* 3x10*

period (sec)

Figure 6.14: Neperian logarithm of the Bayesian posteniobability for the range of periods
(full line) and the corresponding chi-square (dashed Jifigx) the pn and MOS data of the
source XMM_J005510.8-373854 (source #8), observed inutwa 192 (top) and revolution
195 (bottom). The units are arbitrary.



CHAPTER 7

Conclusions and future work

7.1 Conclusions

In this PhD work, | have attempted to characterize, clasmifg, when possible, to
identify the X-ray population belonging to the normal spigalaxy NGC 300. In
Chapter 4, | gave global X-ray properties for the 86 souredsaed inside the optical
disk, above a maximum likelihood threshold of 10 in the 0.Be¥ energy band. For
sources with more than 20 net counts, the color-color diagiféig.4.3) is derived
and, via a theoretical diagram (Fig.4.4), the correspapdjpectral model and flux
are determined. These are ranging from 4813 erg cnt? s! for the brightest
one to 7.0%107% erg cnT? s7* for the dimmest. Two sources have been found to be
variable within the two revolutions (i.e. within 6 days). dihID numbers are: 1 and
7. Source #1 is the only source for which color changed sigifly between the two
observations. A summary of all these results can be foundlieTs. 1.

From the position of the sources in the color-color diagremmparing the diagram
with those from other galaxies and cross-correlating theatb with catalogues (see
Chapter 5), | attempted to classify the sources in 6 categ@¢tcording to criteria
given in Table 4.1. | found 2 foreground stars, 6 AGNs, 1 S3SSNIRs, 39 LMXBs
and 9 HMXBs. LMXBs seem thus to be dominant in the X-ray binaopulation of
NGC 300. The two variable sources are all found in the LMXBsslaAgain this is
only an attempt for classification, as there can be overlapgden categories due to
similarities of spectra aridr because of absorption. Selection criteria used for othe
spiral galaxies (Soria & Wu 2003; Jenkins et al. 2005; Priestwt al. 2003; Pietsch
et al. 2005, 2004) are consistent with my data.

The luminosity function of the softer sources (mainly SN&) the harder sources
(mainly X-ray binaries) have been compared with the lumilydanction derived for
several classes of galactic objects. The plots show thasdfter sources, as the
galactic SNRs can be fitted by a power law function. On therdtlhed, the harder
sources, as the galactic LMXBs can be described by a modifieeeiplaw which

107
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takes into account the gradual steepening of théNlelggS relation towards higher
fluxes. The logdN-logS diagram for all sources inside the optical disk has a slope
(1.15+0.17) which is similar to other nearby spiral galaxies (i&fiths et al. 2004;
Humphrey & Buote 2004; Colbert et al. 2004; Kilgard et al. 2D0

| also characterized the centralffdise emission spectrum with a 2-component
thermal emission from a collisionally ionized plasma, wiémperatures okT =
0.2+ 0.01keV andkT = 0.8 + 0.1keV. Similar results have been found for the
nearly face-on spiral galaxy M101 (Kuntz et al. 2003).

The second part of this work is focused on the optical copaigs of the X-ray
sources using wide field images from the ESO archive. | firstected the X-ray
coordinates for a systematic shift between X-ray and optiata: — 1’25 + 0731 in
RA and-0’17+ 0’31 in DEC. This is close to what has been found fromXwhé\V-
Newton astrometric calibration (Guainazzi et al. 2004). Using ibé idlphot
photometry library, | searched the optical counterpadsifthe corrected X-ray po-
sitions within a 2 X-ray position area. Coordinates and magnitudes for alcapt
counterparts have been calculated and are given in Tahle 5.2

| then cross-correlated the X-ray sources and optical ewpatts with SIMBAD,
USNO-A2.0 and radio catalogues. 14 sources had alreadydiEsmved in X-rays,
there are 9 SNRs or suspected SNRs, 11 radio sources, froch ®lare associated
with SNRs. Other sources match with associations of stans,(idnized) regions,
with regions close to Cepheid variable stars, or with stdise brightest source is
found to be associated with a Wolf Rayet star. Many sources ha USNO-A2.0
optical counterpart. The results can also be found in Talde 5

In the last part of the work, | focused on the spectral and taadmnalysis of the
four brightest sources. Source #1, located in the one ofrtherispiral arms of the
galaxy, is variable in flux and in colors with the 6 days sefiagahe 2 observations.
Its flux is close tg¢higher than the Eddington limit for a 1.4 Mtompact object. Its
spectrum can be described by a power law and a bremsstratdamgonent, and the
light curve shows important fluctuations. The source can heuwtron star or a black
hole X-ray binary. Itis likely a LMXB, but a HMXB cannot be eicled as a Wolf
Rayet star is found to coincide with its position.

Source #3, located at the edge of the disk, has a flux whichightll variable
within the 6 days. Its spectrum is also described by a powealad a bremsstrahlung
component, and the light curves do not show large fluctuatiormny observations.
An optical counterpart has been detected and a radio sosimarielated from the
catalogues. From its relatively soft spectrum, the sowwoedre likely a X-ray binary
(LMXB) than a background AGN.

Source #7, located close to the center of the galaxy is a lanmts. Its flux is
variable within the 6 days and the spectrum can be descripedpure power law.
The light curve in revolution 192 is almost constant, whibe fevolution 195, it is
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more variable. As for source #3, a counterpart is seen inptiead data and a radio
source is associated. The source can be either a backgréaiNaAan X-ray binary.

Finally, source #8 is characterized by an extremely softtspm. This is described
by a blackbody model with a temperature of 61 eV. The source S and no
optical counterpart is visible from the ESO images and nedlig associated from
the catalogues. In revolution 195, there is some modulaifahe light curve, but
because the observation time of the data is too short, | ¢arentify the presence of
a periodic signal.

| also searched for short-term periodic signals using treckgolding and Bayesian
methods, but no evident periodicities have been found.

7.2 Future work

NGC 300 has been re-observed on 2005 May 22 and another abiearis planned
for November 2005. These new data will allow me to make deapalysis of the
galaxy. The main topics will be:

1. Studying the long-term flux evolution of the point sourceswill allow to dis-
criminate between transient sources, such as black hodg/Xinaried. MXBs
in outburst, persistent HMXBs, and neutron stars LMXBs. Apezxially im-
portant source is the supersoft source (source #8), whistbban shown to
be strongly variably on timescales from minutes to yearsn(ké& Di Ste-
fano 2003a). According to Kong & Di Stefano (2003a), betwi#en2000 De-
cember and the 2001 January observations, the unabsorkeaf this source
changed from a high state value with ~ 10°erg s to a lower flux state with
Lx ~ 10°8ergs?, where they found a periodic signal of 5.4 hr. Further data
are necessary to study these large luminosity variatiodglacorresponding
X-ray spectrum, and to understand the phenomenology ofsoftsources.

2. Identifying background AGN and spectral analysis the contamination of
the luminosity function by background AGN is very problemnagspecially
outside of the bulge. To discriminate between AGN and NGCR6t sources,
| will use spectral variability analysis. State changes distinct changes of
their spectral properties are rare for AGNs but common foBXR

3. Increasing the X-ray inventory of NGC 300 to lower luminosites. Dou-
bling the total observing time of NGC 300 will push the deimctlimit to
lower luminosities (18 erg st) and will increase the number of sources in my
catalogue. Source positions and colors for the alreadgetkd sources will
also be improved. As in this work, | will use our ESO data toniify optical
counterparts and study the multiwavelength propertiebkedgéd sources.
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4. Studying the galaxy cluster CL0053-37will be possible thanks to the slightly
modified pointing. This cluster has previously been studisithg the optical
data set (Schirmer et al. 2003). It consists of two condegagbetlumps which
are likely in a pre-collision phase and there is strong evegdor two extended
filaments, along which a possible matter infall could ocdtnis indicates that
we see a very young cluster in formation. In the previous XMbservations
of NGC 300 only the outermost X-Ray halo of the cluster fallghie field of
view, missing the two central clumps and the filaments.



APPENDIX A

Optical counterpart images

Fig. A.1 to Fig. A.6 show the resulting optical counterpamtshe merged optical
image, for the 86 X-ray sources detected within the opticsit see Section 5 for
more details.)
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@

radic

Figure A.1: 18 x 15” optical images of the region centered on the correctediposif the 16
brightest X-ray sources inside tibgs optical disk. The circle indicates therdositional error
of the X-ray coordinates, the thicker circles show the @btsources found within the X-ray
error circle for X-ray sources which have a position error< 1”5. Catalogue sources having
a distance of less thart 5rom the X-ray position are shown with a box.
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Figure A.2: Same as Fig. A.1 but for the 17th to 32th brighsesirces.
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WsNO

Figure A.3: Same as Fig. A.1 but for the 33th to 48th brightesirces.
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Figure A.4: Same as Fig. A.1 but for the 49th to 64th brighsesirces.
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Figure A.5: Same as Fig. A.1 but for the 65th to 80th brightesirces.
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Figure A.6: Same as Fig. A.1 but for the 81th to 86th brighsesirces.



APPENDIX B

Epoch folding and Bayesian methods

Here a description of two methods are given which are usedadrching periodic
signals in time series: the epoch folding method and a Bagpg®ériodic signal de-
tection method.

B.1 Epoch folding method to search for periodicities

The epoch folding method is a technique to search for a piersighal in time series.
It is more dficient that the traditional Fourier Transform to find nonsioidal pulse
shapes, which are characteristic for X-ray pulses. Anadldeantage of this method
is that it is less sensitive to data gaps, and that it can bigealtp cases of non evenly
sampled data.

The main operation is to fold the data modulo a trial perio@ns§idering a time
series ofN observationsy; (i = 1,...N), folded at a trial period intd! phase bins,
then the epoch-folding statistics can be defined by (Da@89 1l eahy et al. 1983):

M
(5 - %7
QZ — Z Jo—2
J

(B.1)

=1

wherex; is the mean ok; in the jth phase bin, and]? is the population variance of

X. The epoch-folding statisti@?, for each tested period will have approximatefy’a
distribution withM — 1 degrees of freedom, and a periodicity in the data is indicat
by anomalously high value @?.

B.2 Introduction to Bayesian inference

Bayesian methods are an alternative to epoch folding takdar periodic signals.
Here | give a short overview of the Bayesian theory and itdieafon to the tem-
poral analysis of data. A good description of Bayesian da#dyais can be found in
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Gregory (2005) and Loredo (1990).

B.2.1 Frequentist and Bayesian view of defining probabditi

There are two dierent ways of assigning probabilities, both used in physitiance.
In conventional statistics, the probability of an eventdsritified by the long-run
relative frequency of occurrence, in a sequence of idemegeeats of an experiment.
This is commonly called the ‘frequentist’ view.

In the Bayesian probability theory the definition of ‘prolday is much more
general. This is regarded as a real number measure of thsilglay of a proposi-
tion/hypothesis, given the truth of some a priori information.ddéirse, none of the
probability definition is more correct than the other. Theick for one definition
depends on the type of the problem one can encounter, soesetioth approaches
are appropriate.

B.2.2 Bayes’' Theorem

There are two fundamental mathematical operations for pudatting probabilities.
These are the sum rule, _
P(A|B)+ p(AlB) =1, (B.2)

and productrule,
P(A.B|C) = p(BIC)p(A| B,C) = p(A|C)p(B| A,C) (B.3)

where the symbold, B, C, represent propositioné, represents the denial & and
two symbols separated by a commaA,(B’) means that both propositions are true.
The vertical barj, is the conditional symbol, indicating what informatioreissumed
to be true for the assignment of a probability.

From a rearrangement of the terms in the product rule, we fiad t

p(BI1 A C)

P(A1B,C) = p(A| C) (B 0)

(B.4)

This is Bayes’ theorem.

Let A= H, an hypothesis that we want to test de D, some data that is relevant
to the hypothesis. LeE = |, some prior (‘a priori’) information indicating the way in
which H andD are related, and also specifying any alternatives we mag taM.
The usual form of the Bayes’ theorem then becomes:

p(DIH.1)
p(D 1)

Bayes’ theorem provides a model for a learning processtistus that our posterior
(‘a posteriori’) probability ofH, p(H | D, 1), is obtained by multiplying our prior

p(HID.I)=pHII) (B.5)
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probabilityp(H | 1) by the probability of the data assuming the truth of the hilipsis,
p(D | H,1), and dividing it by the probability that we would have seée tata
anyway,p(D | ). The factorp(D | H, 1) is also called the likelihood functioh(H),
andp(D | 1) is sometimes called the global likelihood, and usuallygle role of a
normalization constant.

Note that ‘prior probability,’ and ‘posterior probabilitdo not refer to temporal
connections, but to logical ones.

B.2.2.1 The Principle of Ingference

The next point consists of deciding how prior probabiliéeuld be assigned. This
is done via the Principle of Infference. This rule is defined for the assignment
of probabilities to a finite, discrete set of propositionattare mutually exclusive
and exhaustive. The principle asserts that if there is ndadola evidence providing
any reason for considering one proposition to be more orliksly than a second
proposition, then one should assign equal probabilitibeth propositions. It follows
that if one hasN mutually exclusive and exhaustive propositions, and ndexie
distinguishing them, each proposition should be assigrittdanprobability of IN.

B.2.3 Parameter estimation and marginalization

We consider a single parametémand assume that a hypothesis is true for some un-
known value of this parameter. LBta proposition asserting that the data are actually
observed andl the prior information specifying, for example, how the hitpesis and

the data are related. From Bayes’s Theorem, we have:

_ p(D|6,1)
p@|D,1)=p(@| I)—p(Dl )

wherep(d | 1) is the prior probability for parametérand p(D | 6,1) is the corre-
sponding likelihood. Note thgd(D | I), the global likelihood, plays the role of a
normalization constant.

The diferent values of the paramete(?,, 0-,...), must satisfy the condition:

PO [1)= )" p(@ 1 HP(D 1 6:,1), (B.7)

(B.6)

or, if 6 is a continuous parameter:

mmn=]¥wMMDmnw. (8.8)
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B.2.3.1 Marginalization

Consider a problem where we have two parameteandg, but that we are interested
only in the parametef. The second parametef, is called a ‘nuisance paramater’
and can be eliminated by an operation (integration) caliedrginalization’. The
marginal distribution fog is (Loredo 1990):

_ 1
“p(D1)

B.2.4 Model comparison and Ockham’s razor

We consider now thatl possible models\;, M,,. .. My) can assert that an hypothe-
sisis truth. These models may, for examplé&etiin form or in number of parameters.
From the Bayes theorem, the posterior probability of a mddjes:

p(D | M;, 1)
p(D11)

In the case we have no prior information prefering one mogel ¢the others, the
prior probability for each mode¥l;, p(M; | I)=1/N.

In a model comparison problem, we focus on the ratio of thégpims probabilities
of the models rather than the probabilities themselves. raties are called ‘odds’.
The odds in favor of modeé¥; over modelM; is written:

p(e | D, 1)

f D@ | )P 6. 1)p(D | 6. . 1)do (8.9)

p(Mi | D, 1) = p(Mi | I) (B.10)

O”:%%%%% (B.11)
i S((:\\/IAJ j 3 e 'l\\/I/IJII; (B.12)
[ Teenn
{%%%{&i (B.14)

where the factor in brackets is the called ‘prior odd&’; is called the Bayes factor
and,f; andé; are the parameters of the modél and M; respectively.

This Bayesian calculation automatically includes a quative Ockham'’s razor:
‘simple models are automatically preferred unless a morepticated model pro-
vides a significantly better fit to the data’ (Loredo 1990).
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B.2.5 Application: detection of a periodic signal of unkmoghape and period in
case of Poisson noise

I now will apply the previous analysis to our problem: therseaof a periodic signal
of unknown shape and period, when dealing with Poisson nBisethis part, | refer
to the article of Gregory & Loredo (1992). The same conclasjdut applied in the
case of Gaussian noise, can be found in Gregory (1999).

B.2.5.1 The data

We consideiN events, arriving at timg, with an arbitrary time-dependent ratig),
over some observing interval of duratidn The data ar® = t;,i = 1,...N. From
the Poisson distribution, the probability to seevents in a small time intervalt,
about timet is (Gregory & Loredo 1992):

_ [rtAfnerOA
pr(t) = ——

We have assumed that the rate does not vary substantialinveach small time
interval At, so the average ratio in the interval is approximately etmahe rate at
any time within the interval.

(B.15)

B.2.5.2 Constant and periodic models

We define our models for a periodic signal as following: wesider a stepwise
function with a constant rate in each of thebins per period (wheren > 2). As we
have diferent possible value fan, we deal with a class of modelld,,. Each of these
models hasrt+2) parameters: an angular frequengyor equivalently a periodp,
with w = 27/P), a phase specifying the location of the bin boundaries (please note
that¢ does not réfer to the phase of the eventual founded signal), mnelues,r;
specifying the rate in each phase bin, wjta 1,...N.

The value of the subscriptfor any particular time is given by (Gregory & Loredo
1992):

j(©) = int{1 + m[(wt + #)mod2r] /2r} (B.16)

where ‘int’ denotes the integer value of the expression.

Form = 1, the data arrive with a constant event rate; we have thusrestant
modelM;. The odds ratios in favor d¥l,, with respect to the constant moddli, in
the case of unknown period and phase is (Gregory & Loredo)1992

1 N+m-1\" “hi Qe (2 mN
Omlzznvln(whi/w.c,)( N ) Xfw Ufo g B0

lo
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with

N!
W, = B.18
m(w, #) m!ng! ... .Ny! (B.18)
wherewn andw), are the maxima and minima value for v = mynax— 1, N is the
total number of events amg = nj(w, ¢) is the number of events that fall into bjn|

refer to Gregory & Loredo (1992) for the full demonstratidriteese equations.

B.2.5.3 Estimation of the frequency

Assuming the truth for a particular modél,,,, Bayes’ theorem, applied for the pos-
terior distribution for the frequency is (Gregory & Loredi®@2), see the article for
a full description of the calculation):

P(w | D, Mr) = p(w | My) ERl0te)

C 1
w f d¢ Win(w,¢)

(B.19)

whereC is a normalization constant:

whi ey (2T 1
C= — dp——
U o fo W, 9)

The best frequency can be found, for example, by calculdtiagposterior mean for
w:

-1
(B.20)

(w) = fdwwp(w | D, M) (B.21)

The standard deviation is given by:

(00) = V(w?) —(w)? (B.22)

B.3 Application on simulated data

| simulated a time serie containing 1280 events, whose tighte is represented in
fig B.1. The signal has a periodicity of 10 sec and the data haee simulated such
that the pulse profile is described by 10 bins.

| calculated the posterior probability for the period usamgiation B.19. The tested
period goes from 8 to 12 sec using 100 steps and the positakpha ¢/(2r), runs
from Oto 1in 10 steps. | consider a class of modéjsto describe the data, whemg
the number of bins is going from 2 to 20. The results are shoviAilg. B.2. The mean
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Figure B.1: Light curve of the simulated time serie.
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Figure B.2: Bayesian posterior probability for the testedqds.

value for the posterior probability of the peridd, (P) = 10 sec (with an associated
errorop = 1.35x 107°).

Fig. B.3 shows the odds ratio (eq. B.9) as a function of the lmemof bins, with
a maximum at 10 bins. Thanks to these odds ratio, the algofithd automatically
which is the best number number of bins that describe thegarisfile.

| then calculated the posterior probability for data camgeli280 events (4 periods),
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Figure B.3: Odds ratios as a function of the number of bingesl
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Figure B.4: Bayesian posterior probability for data comgal 280 events (full line), 1920 events
(dotted line) and 2560 events (dashed line).

1920 events (6 periods) and 2560 events (8 periods). Reseltshown in Fig. B.4.
The mean value for the posterior probability of the periodRs ~ 10 sec with an
associated errarp = 8.99x 104, op = 1.69x 10° andop = 2.67 x 1077 for
the 3 event sets, repectively. This indicates that when t#gsscs increases, the
uncertainty associated with the posterior probabilityrdases rapidly.
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