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1 Abstract

Radio observations of irregular dwarf galaxies (dIrr) in the 21 cm-line emission reveal
morphological features in their interstellar medium (ISM) which are known as shells,
bubbles or holes. The origin of these shells is still a matter of debate. A commonly used
explanation for these shells is the creation by energetic stellar events, such as stellar
winds or even supernovae. These stellar events produce hot gas (typically T~ 10° K)
which expands into the ISM, forming a shell filled with hot gas (coronal gas). The
coronal gas can either break out of the neutral gas disk or it is confined by the swept
up material, depending on the energetic input, the scale height of the disk and the
gravitational potential well of the galaxy. I will refer to this scenario as the “standard
model”.

The first part of this thesis at hand will test this model using observations in the X-ray
regime performed with the XMM-Newton and CHANDRA telescopes. For this aim
a new data reduction method is introduced for the XMM-Newton data. The issues of
data filtering and correction of the vignetting effect are the crucial steps in this method.
A new software tool provides filtered light curves on an user adjustable significance
threshold. Although the outer field of view beyond 20/0 from the optical axis are still
not matching the observations the enhanced exposure maps, making use of the in—
flight performance of XMM-Newton, are more reliable than the ones provided by the
XMM-Newton software.

The standard model is evaluated on a sample of eight nearby dlrrs. The sample com-
prises the galaxies Holmberg I, IC 2574, Sextans A, Holmberg II, NGC 1569, NGC
4214, NGC 4449 and NGC 5253 which are concerned to be members of the local vol-
ume. The analysis of the diffuse soft X—ray emission shows that the standard model
probably applies for a small number of individual shells in the neutral gas (e.g. the
prominent shell in the northwest of IC 2574). However, the majority of shells is not
filled with coronal gas. On the other hand there is evidence for coronal gas in the
disk/halo interface of five galaxies in the sample. X-ray spectra are taken from these
gas phases which give estimates for the temperatures, cooling times and sound speeds.
The temperatures are in agreement with the framework of the standard model. Based
on the cooling times and sound speeds an estimation is given whether or not the gas can
be vented into the halo of the galaxies. This is supported by an investigation concern-
ing the escape temperature (Martin, 1999). These findings support the results from the
cooling time and sound speed estimations. According to the standard model the ma-
jority of the coronal gas phases can escape the corresponding galaxy. Accordingly, the
standard model is far from being ruled out but it surely provides not the only process
to create shells in the neutral gas of a galaxy.

In addition, Holmberg1 is taken as an example of how to account for the foreground
emission produced by the Milky Way. The soft X—ray background (SXRB) model by
Pradas (2004); Pradas et al. (2003); Kappes et al. (2003) is evaluated. It turns out that
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the model can be fitted to a background field of Holmberg I. This model is applied to
the diffuse X—ray emission of the galaxy and the derived parameters of the coronal
gas are thus in better agreement with the findings of Ott et al. (2001); Vorobyov et al.
(2004). Whether or not the SXRB model is included in the investigation, the results
do not change qualitatively.

The second part of the thesis concerns the X—ray point source population of the dlrrs.
The point source detection is improved in contrast to the frequently used automated
search algorithms in the sense that more faint point sources can be identified. In the
present work the point sources are identified by eye after the processed images are
smoothed in order to have a good estimation of the background variation and a higher
signal-to—noise. Only sources exceeding a 4-0 background noise are considered as
detections.

The X-ray luminosity functions (XLF) for all galaxies are derived from the point
source fluxes. In contrast to previous work the XLFs now are much better constrained
because of the higher number of detected point sources. Together with the star for-
mation rate (SFR) different correlations are investigated. The HI mass correlates with
the SFR in the cases where the XLF is unbroken. The galaxies with a broken XLF
exhibit star bursts and hence a non—uniform star formation history. It is shown that
the correlation between the number of HMXB and the SFR is best for a luminosity
limited sample of HMXB. This is tested against a different sample of late—type galax-
ies, studied by Grimm et al. (2003). It turns out that the correlation in both samples is
qualitatively real but for the dIrr sample the slope is flatter which is attributed to the
different calculation of the SFR.

Finally, the spacial distribution of X—ray point sources in the dIrr sample suggests that
the larger dlrrs (r > 4 kpc) show their most luminous sources in the center while the
smaller galaxies show a constant luminosity of X—ray point sources for all galactocen-
tric distances. The results concerning the XLF, SFR and spacial distribution suggests
a non—universal formation process for these dIrr galaxies.
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The universe shows agglomerations of matter on very different scales. The largest
structures known are the so—called superclusters which are extended over several hun-
dred megaparsec. These huge superclusters consist of clusters of galaxies which are
assumed to be gravitationally bound. Cluster of galaxies, or galaxy groups, consist of
a mixture of different galaxy types.

A typical example of a galaxy cluster is shown in Fig.1, the Virgo cluster with the
central galaxy M 87. The central galaxy is a giant elliptical surrounded by galaxies
of different sizes and morphologies. The formation of these clusters and galaxies and
how they evolve is still a matter of debate.

Basically, the large structures form by merging of small structures. In a galaxy cluster
for example, one would expect that the smallest galaxies are more numerous than large
evolved galaxies. This is indeed observed and thus the smallest galaxies are assumed
to be the “building blocks” of the universe.

The present thesis examines a special type of “building block™ the so—called irregular
dwarf galaxies, abbreviated frequently as “dIrr”. Their spatial distribution and dy-
namic, as discussed below, is a first hint for the structure formation outlined before.
Here, the dlrrs will be analyzed with respect to their X—ray emission, which will high-
light the energetic processes in the halos of these galaxies, as well as the evolved stellar
population of dlrrs. See also Charles & Seward (1995) for a nice description of galaxy
clusters in the context of X—ray astronomy.

2.1 Irregular Dwarf Galaxies

Dwarf galaxies in general are the most numerous objects in the (local) universe. The
family of dwarf galaxies range from ultra compact dwarf galaxies (UCD), dwarf ellip-
tical galaxies (dE), dwarf spheroidal galaxies (dSph) to dwarf irregular galaxies (dIrr)
(see the review article by Mateo, 1998). All these objects are in general of low surface
brightness. At least in the local group seems to be a morphology—position relationship:
dIrrs are found more in the low density outskirts while the dEs and dSphs are located
preferentially in the high density center of the local group (Pasetto et al., 2003). This
implies that dlrrs are stripped while propagating through the group and hence they
become dSphs. This is likely due to ram—pressure stripping as reported by Lee et al.
(2003); Grebel et al. (2003). In that picture dwarf galaxies are thought to be the “build-
ing blocks” of massive galaxies.

In 1979, Heiles (1979, 1984) discovered hole-like structures in the neutral gas phase
of our Galaxy. Similar structures were reported in other galaxies like M 31 (Brinks
& Bajaja, 1986) or Holmberg Il (Puche et al., 1992). Today these structures are well
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Fig. 1: The DSS image of the Virgo galaxy cluster shows a mixture of different member
galaxy morphologies. The central galaxy M 87 is a giant elliptical galaxy. Different galaxy
morphologies can be identified and also different sizes.
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known in galaxies and they are frequently referred to as shells, rings, loops, holes,
bubbles or cavities. It turned out that the analysis of these structures has advantages
when they occur in dwarf galaxies: The dwarf galaxies have a shallow gravitational
potential well and hence the shells, once formed, can grow to large sizes. Since the
dwarfs are slow rotating and exhibit neither shear nor density waves, the shells are not
deformed or destructed by the galactic rotation. Therefore they are expected to live
longer than in grand design spirals (see e.g. Walter & Brinks, 1999; Ott et al., 2001,
and references therein).

The origin of these shells, frequently cited as the “standard model”, is thought to be
due to stellar activity such as stellar winds or supernova explosions in e.g. an OB
association. As pointed out by Walter & Brinks (1999) the potential caveats of this
standard model are the following: a substantial fraction of F and A stars are expected
to be found within the shells, however these could not be found in observations (see
Radice et al., 1995; Rhode et al., 1999). A way out was the idea by Efremov et al.
(1998) that gamma-ray bursts may form the shells. As they pointed out, the empty
shells could be gamma-ray burst remnants and the old stellar population is then hard to
detect. Another caveat is the energetic input provided by stellar winds and supernovae.
Occasionally this input may be too low for forming large shells. Here, the way out was
proposed by Tenorio-Tagle et al. (1987). They claimed that the infall of HI clouds can
produce shell-like structures in the ISM of galaxies. The observational evidence was
given by van der Hulst & Sancisi (1988).

Up to now a lot of shells are found also in the dwarf irregular galaxies of the local group
(e.g. Puche et al., 1992; Staveley-Smith et al., 1997; Kim et al., 1998; Walter et al.,
1998; Walter & Brinks, 1999). Within the framework of the standard model coronal
gas emitting X-rays is expected to show up in the halo of dIrrs (Martin, 2003). Latest
CHANDRA observations of nearby starburst dwarf galaxies like NGC 1569 (Martin
et al., 2002) or the moderately active NGC 3077 (Ott et al., 2003) show that galactic
winds are important to deduce a comprehensive picture of IGM! metal enrichment and
the evolution of the universe as a whole.

Diffuse soft X-ray emission in dIrr galaxies is expected and indeed detected. The
ROSAT mission was successful in detecting several nearby dwarf galaxies in the X—ray
regime (e.g. della Ceca et al., 1997; Hensler et al., 1998; Kerp et al., 2002). In the case
of our closest neighbor galaxy, the Large Magellanic Cloud, ROSAT revealed huge
structures which are filled with hot X-ray emitting gas as well as the corresponding
energetic stellar population (Chu & Mac Low, 1990; Bomans et al., 1994; Chu et al.,
1995; Blondiau et al., 1997). This is an impressive demonstration for the potential
of X-ray observations of dlrr galaxies in general and is a major motivation to study
other nearby galaxies in greater detail. In this thesis the standard model is tested for
the dIrrs Holmberg I, IC 2574 and Sextans A, with additional archival X—ray data of
Holmberg II, NGC 1569, NGC 4214, NGC 4449 and NGC 5253.

lintergalactic medium
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During the analysis of these three galaxies a further issue emerged. It turned out that
the number of X-ray point sources may be correlated with the star formation rate (SFR)
of the host galaxy. This connection was proposed by Grimm et al. (2003) for distant

galaxies showing X—ray luminosities exceeding a luminosity Ly = 2 x 1038 ergs 1.

Hence, this connection is analyzed for the dlrrs of the sample in this thesis. Since in
the first three galaxies (Holmberg I, Sextans A and IC 2574) only one source exceeding
the luminosity limit was found, I increased the number of galaxies (taking CHANDRA
and XMM-Newton data from the archives) to have better statistics. It turned out that a
statistical approach for X—ray point sources in dIrrs and their spacial distribution was
not performed yet.

In particular, the X—ray point sources of each galaxy are investigated with respect to
their deprojected distance from the galactic center versus the number of point sources
per square kiloparsec. Also the source flux versus radius is investigated. Converting
the fluxes to luminosities results in the X—ray luminosity function. Together with the
SFR, all these figures are analyzed in order to see whether a universal star formation
process is working in these galaxies or not.

The thesis is organized as follows: After a short introduction to X-ray astronomy, the
properties of the XMM-Newton satellite are discussed and a brief description of radi-
ation processes in the X-ray regime is given (Chapter 3). The general data analysis of
XMM-Newton data is presented in Chapter 4 together with the caveats of the standard
data reduction pipeline. Chapter 5 explains the results of the dIrr investigation for each
galaxy separately. The correlation of the data output of Chapter 5 is finally presented
in Chapter 6 together with an interpretation of the findings with respect to the standard
model. The thesis closes with a summary in Chapter 7.



3 X-ray Astronomy

3.1 X-ray Telescopes

X-ray photons can be divided into several general energy ranges or bands. In this thesis
photons with an energy of about 0.2 — 1.0keV are referred to as soft X—rays whereas
photons with a higher energy than 1.0keV are called hard X—rays. This categorization
is somewhat arbitrary and hence the limit of 1.0keV for the soft regime and also the
upper limit for the hard part of the X-ray spectrum is not sharp.

The main obstacle to overcome in X-ray astronomy is the absorption of photons by
the earth atmosphere (see Fig.2). This absorption depends on the photon energy (& o<
E—8/3 where o is the cross section of the photoelectric absorption process). Photons at
30keV are already observable above 35 km altitude whereas photons at 3 keV can only
be observed in > 80 km altitude. For the soft energy regime (< 1keV) the minimum
altitude is about 200 km (Charles & Seward, 1995).

The first carrier devices which were capable to elevate the X-ray detectors to sufficient
altitudes were balloons and rockets like the V2-rocket (Charles & Seward, 1995).
With these, the first X-ray source was observed: our Sun. However, the detectors
used in that experiment had a low sensitivity and were not able to detect any extrasolar
X-ray source. Improvement in both detector technology and launchers allowed the
observation of the first extrasolar X—ray source, namely Sco X—1 (Gursky et al., 1966).
The detector sensitivity was improved by a factor of 10 and Riccardo Giacconi and
his group measured an X-ray flux of ~ 100 photonscm~2s~! coming from Sco X—1.
Since then, astronomers discovered more and more X-ray sources like the crab nebula
(Tau X-1) and eventually launched the first satellite UHURU which performed the first

all-sky survey in X-rays (Charles & Seward, 1995).

The next cornerstone in X-ray astronomy was the detection of the first extra galactic
object in 1965: M 87 (e.g. Friedman & Byram, 1967). Further quasars (e.g. Ku et al.,
1980), active galactic nuclei (AGN) (e.g. Dopita, 1997) and galaxy clusters (e.g. Kel-
logg et al., 1973) were identified in the X-ray regime. Moreover, a soft and diffuse
X-ray background was discovered by Bowyer et al. (1968) often referred to as the soft
X—ray background (SXRB).

Many imaging X-ray telescopes have been placed in the orbit since then. In order to
derive an image of the observed sky area, the ability to determine the location of an
X-ray photon in two dimensions is a major goal. Such detectors were the Imaging Pro-
portional Counter and the microchannel plate detector. The EINSTEIN satellite (see
Giacconi et al., 1979) was the first X—ray telescope with imaging capabilities. In 1990,
the famous European ROSAT mission (see Triimper, 1982) provided the most sensitive
all-sky survey to date(!) with a factor of 1000 higher sensitivity than UHURU. Sub-
sequently, more sensitive detectors including CCD spectrometers and CCD imaging
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Fig. 2: Opacity of the earth atmosphere. Unlike the visible and radio bands the X-ray band
(on the left side marked by the satellite symbol) is strongly absorbed. Therefore, the X-ray
telescope has to be elevated above the atmosphere, i.e. in the earth orbit. In former times,
balloons and rockets were the first telescope carriers. [Image taken from Infrared Processing
and Analysis Center & the SIRTF Science Center www page|

devices have been employed. For a more detailed history of X-ray astronomy I en-
courage the reader to visit the WWW pages of NASA High Energy Astrophysics Sci-
ence Archive Research Center? (HEASARC) at Goddard Space Flight Center.

Nowadays, astronomers have access to two advanced X-ray telescopes, CHANDRA
(NASA) and XMM-Newton (ESA). The former provides the highest angular resolu-
tion available (0.5”) while the latter has the largest collecting area. This makes the
XMM-Newton satellite the most effective telescope for soft diffuse X-rays. Both
telescopes provide high end CCD—-detectors for imaging and spectroscopy. The the-
sis presented here is based on data obtained with the XMM-Newton satellite while
CHANDRA data is only used if higher angular resolution is needed. Therefore, the
next section provides a deeper description of the technical aspects of ESA XMM-
Newton (for differences to CHANDRA see Tab.1).

3.1.1  XMM-Newton: Technical Specifications

Launched by an Ariane 5 rocket in 1999 XMM-Newton orbits the earth in a highly
excentric orbit with an apogee of ~ 115000 km and an perigee of ~ 6000 km. Besides
a small UV—telescope, the satellite carries 5 detectors for observing X-rays.

Zhttp://heasarc.gsfc.nasa.gov/
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The XMM-Newton telescope in fact consists of three distinct co—aligned imaging tele-
scopes with a focal length of 7.5 m. The overall assembly is sketched in Fig.3 where
the three mirror units for the three different telescopes are on the left and the focal
instruments on the right. The three instruments can be operated simultaneously. Each
of the mirror units consist of 58 concentric nested Wolter—type—I mirrors. The effective
area depends on the photon energy and moreover on the off—axis angle under which the
photon enters the mirror assembly. The collecting area of all mirrors is about 4300 cm?
at 1.5keV and 1800 cm? at 8 keV. In other words a photon entering on—axis “sees” the
whole mirror area while an off—axis photon only “sees” the projected mirror area. For
the energy dependence it turns out that a low energy photon experiences a larger mirror
area than a high energy photon (chromatic mapping). The critical angle under which
total reflection of the photons can be achieved is 6, «< A - VZ = E~1.\/Z where Z is
the atomic number of the mirror material and E the energy of the incident photon. The
effective area of the mirrors itself is displayed in Fig. 4.

Two of the mirror units (the upper two in Fig.3) contain the so—called Reflection Grat-
ing Assemblies (RGA) and in combination with the dedicated focal cameras they
constitute the two Reflection Grating Spectrometers (RGS). The RGSs provide high
spectral resolution X-ray spectroscopy (E /AE from 200 — 800) over the energy range
0.35—2.5keV (5 —35A) unsurpassed by any X-ray detector in orbit. The RGAs in-
tercept about 50% of the X—rays passing through the mirrors. The reflected X—rays are
directed onto linear arrays of 9 CCD chips (384 x 1024 pixels each, backside illumi-
nated) forming the focal cameras. Spherical abberation contaminating the detector im-
ages is minimized by the chosen geometry. The light diffracted by the gratings enters
the camera which takes a picture of the spectrum. This appears as an 1-dimensional
image across the width of the detectors. This spectrum reflects the physical processes
which are at work in the source, e.g. line emission, continuum emission. However, in
the thesis at hand the RGS is not used.

The most important instruments for the investigation presented here are the imaging
devices namely the EPIC-MOS and EPIC—pn cameras. These cameras are designed
to encompass the full energy range of the mirrors from 0.1 — 15 keV. In addition to the
imaging capabilities they also provide energy resolution at 6.5 keV of E /AE ~ 50. The
angular resolution of the CCDs itself is sufficient to resolve the mirror performance of
6.0” FWHM? for the EPIC—pn and 5.0” for the EPIC-MOS (according to 15.0” and
14.0” HEW%). The values of the HEW represent the size of the PSF> of the telescope
which itself can be approximated by a King profile. According to the Nyquist sample
theorem the PSF is fully sampled by the pixel size of the EPIC-MOS (40 um, 1.0” on
the sky). For the EPIC—pn the core of the PSF is slightly undersampled (pixelsize of
150 um, 4.1” on the sky). Both camera types provide a wide range in different data
collection modes. For example one can use a so—called PrimeFullWindow mode to

3Full Width Half Maximum
“Half Energy Width
>Point Spread Function
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Tab. 1: Comparison of characteristic values for different X—ray telescope missions. [Taken
from XMM-Newton User’s handbook]

Mission Mirror PSF  Mirror PSF Erange A, at 1keV Orbital target

FWHM["] HEW["] [keV] [cm?] visibility [hr]
XMM-Newton 6 15 0.15-15 4650 40
Chandra 0.2 0.5 0.1-10 800 50
ROSAT 3.5 7 0.1-24 400 1.3
ASCA 73 174 0.5-10 350 0.9

have the maximum FOV® or one can use only the inner CCD which has a smaller FOV
but the data can be read out faster, which is interesting for rapidly variable sources.
Different filters (Thin, Medium and Thick) can be moved into the light path to dilute
long wavelength optical and UV radiation to avoid the detection of unrelated emission.

Each of the two EPIC-MOS cameras consists of 7 single CCDs with 600 x 600 pixels.
They are arranged as displayed in Fig.5. The position of the chips in the vertical direc-
tion samples the curved shape of the focal surface providing a large FOV (30/0). There
is also an overlap of the individual CCD chips but the rims of these are scientifically
unusable areas which in fact are associated with apparent gaps in the images. This
small drawback is corrected by the fact that the two EPIC-MOS cameras are rotated
by 90° with respect to each other. In practice, as the reader will see later in Sec. 4, the
gaps are still an issue to deal with. The EPIC—pn camera is made of a single silicon
wafer carrying the 12 individual CCD chips. The geometric layout is shown in Fig. 6.
In contrast to the EPIC-MOS chips the EPIC—pn chips are illuminated from the back-
side which leads to a different quantum efficiency (QE). In practice, the energy band
width of the EPIC-MOS instruments is limited by the QE towards high energies while
the EPIC—pn instrument reaches up to ~ 15 keV. This is clear from Fig. 7: The EPIC-
MOS camera QE drops down steeply above ~ 3.5 keV while the EPIC—pn cameras are
still operating up to energies of about 10keV with an QE of 90 %.

Combining all three cameras and different filters for the optical photon rejection, the
effective area of the complete X-ray telescope is displayed in Fig. 8. Here, the re-
sponse function of the detectors are incorporated as well. Finally, in Tab. 1 the
XMM-Newton key specifications are listed together with other X—ray missions for
comparison.

%Field Of View
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11

Fig. 3: Sketch of the principal layout of the XMM-Newton satellite payload. The mirror
assembly with the three mirrors are visible on the lower left. Two of them are equipped with
the reflection gratings for spectroscopic purposes. The third is the entrance window for the
EPIC—pn camera. On the right hand side the focal plane instruments (EPIC-MOS with the
horn shaped radiators and EPIC-pnwith the central plate radiator) are mounted as well as the
reflection grade spectrometers with their radiators left and right of the EPIC—pn radiator. The
optical monitor is obscured by the EPIC-pn mirror unit. [Image taken from XMM-Newton
User’s handbook]
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Fig. 4. Upper Panel: The mirrors were tested in the PANTER X-ray test facility at Max—
Planck-Institut fiir extraterrestrische Physik (MPE) Garching. This plot shows the effective
area of a full aperture illuminated mirror depending on the photon energy. The “test radiation”
is an X-ray line radiation between 0.28 and 10 keV, using a ROSAT PSPC as focal plane
detector. The sharp drop off at ~ 2 keV is due to the coating of the mirrors (Au M—edge). The
figure shows the on-axis effective area of one XMM-Newton mirror without (solid line) and
with (dot—dashed line) the reflection grating in the light path, while the lower Panel displays
the change of the effective area with increasing off—axis angle for different photon energies as
given in the upper right corner. Note that the effective area in the lower panel is the sum of all

three mirrors. [Image taken from XMM-Newton User’s handbook]
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Fig. 5: The CCD array of the EPIC-MOS camera. Note that the vertical offset of the chips
is exaggerated. The central chip indeed is offset by a few millimeters with respect to the outer

ones, matching onto the slightly bended focal surface of the telescope. [Image taken from
HEASARC www page]

MPE-XMM-CD

o Version BT ¢

Fig. 6: The 12 CCD chips of the EPIC—pn camera are produced onto a single silicon waver.
Since there is a cross shaped gap in the very center of the chip array which might interfere
observations of sources on—axis, the whole unit is shifted slightly with respect to the optical
axis of the X—ray telescope. This makes sure that more than 90 % of the source energy is

collected by the EPIC—pn camera when it is observed on-axis. [Image taken from HEASARC
www page]
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MOS?2 dashed line) as a function of photon energy drops steeply for photons exceeding 3.5 keV.
This drop off limits the energy band width towards higher energies in the EPIC-MOS case.
Compare these curves to the lower panel: Here, the quantum efficiency for the EPIC—pn cam-
era versus photon energy is shown. Even for the high energy regime (=~ 10 keV) the photons
are detected with an efficiency of about 90 %. [Image taken from XMM-Newton User’s hand-

book]
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Fig. 8: Combined effective area for all three imaging telescopes with different filters. The

curve uses the detector quantum efficiency as shown in Fig. 7. [Image taken from XMM-
Newton User’s handbook]

3.2 Radiation Processes in the X—ray Regime

Back in the year 1895 Wilhelm Conrad Rontgen was the first who worked on a radi-
ation which was able to penetrate certain materials. At that time, Rontgen and others
investigated cathode rays in glass tubes. It was known that the cathode rays were un-
able to penetrate the glass tube. However, Rontgen identified a fluorescence of barium
platinocyanide coated paper plates when placed in front of a running glass tube. He
was sure that the fluorescence could not be produced by the cathode rays but by an-
other new kind of radiation he called “X-rays”. The term X—rays was used to indicate
that the nature of these rays was still unknown at these times. From subsequent ex-
periments it turned out that the X—rays show up whenever cathode rays hit another
material. Later, Max von Laue showed that these X-rays are of the same nature than
electromagnetic waves such as light but with a higher frequency and thus, higher en-

ergy.

From that time on, X-rays were used especially in the medical setting (diagnostics) and
later on also in other industrial environments (product inspection systems). Later some
astronomers were curious to find out whether X-rays can be generated in a natural way.
Since the energy of an X—ray photon is higher than the energy of an optical photon (a
factor of ~ 10%) the generation process must be connected to high energies and so,
only a few astronomers believed in the possibility of natural generated X-rays.

Nowadays, X-rays from natural sources (i.e. astronomical sources) are well known
and still a matter of science. Here, the reader will be introduced to the different gener-
ation processes and properties of X-rays. Astronomical X-ray sources can be divided
up into two distinct major classes: thermal and non—thermal sources. The physical
nature of these will be discussed in the following two sections.
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3.2.1 Thermal Radiation

Basically, the emission of (electromagnetic) radiation can originate from accelerated
charged particles. If the spectrum of this radiation is only dependent on the tem-
perature, we call it “thermal radiation”. The prototype of this thermal radiation is a
so—called “black body”. A black body is a perfect absorber for radiation. Moreover,
in thermal equilibrium the black body radiates with a characteristic spectrum, known
as the Planck—spectrum, which only depends on the temperature of the black body.
To be more precise: the frequency at the maximum flux is directly proportional to the
black body temperature. This spectrum cannot be explained in classical terms but with
quantum mechanics. In Fig. 9 the black body spectrum is shown in dependence of the
temperature.

The so—called (non—relativistic) bremsstrahlung is a thermal radiation process if it
takes place in a plasma. Here, thermal electrons following a Maxwell-Boltzmann
velocity distribution are decelerated in the (static) Coulomb-field of an ion for ex-
ample. After the deceleration the electron leaves the ion (free—free radiation) with a
lower velocity and the difference kinetic energy is transformed into radiation. Since
the velocity of the electrons depends on the plasma temperature this process is also a
thermal one. The bremsstrahlung generates a continuous spectrum with a characteris-
tic shape and an energy cut—off (wavelength minimum) which is associated with the
maximum kinetic energy of the electrons. Additionally, lines from K—shell electrons
are superimposed on the continuum as shown in Fig. 10. Here, a mixture of radia-
tive processes leads to the observed spectrum. If the temperature is sufficiently high
enough (7 > 5 x 106 K) the line radiation is suppressed and the “plasma component”,
1.e. the bremsstrahlung is dominant. If the plasma is optically thin selfabsorption is
negligible; if the plasma is optically thick it radiates with a brightness of a black body
at the plasma temperature. Note, that bremsstrahlung generated in an X—ray tube is not
strictly thermal; the accelerated electrons do not have a Maxwellian velocity distribu-
tion and especially the decelerating material is not a gas but a solid body having less
degrees of freedom. This leads to a slightly different spectrum and therefore this type
of bremsstrahlung is a borderline case between thermal and non—thermal.

A further thermal process in plasmas is radiative recombination. Here, an ion captures
a free electron from the plasma and binds it with subsequent radiation of photons. Both
continuum and spectral lines can be produced in such a recombination as the electron
passes from the continuum levels into the (upper) bound levels of the ion (free—bound
radiation) and then cascades down to form a ground state ion. This process can appear
in a slightly different fashion: the continuum level electron can be bound without the
need for radiation. In fact, the electron releases its energy to excite a low state electron
which in turn emits X-rays when it decays. This process is frequently called dielec-
tronic recombination. Further, an excited ion can emit two photons simultaneously if
the transition is highly forbidden (two—photon continuum). Finally, a continuum elec-
tron can excite an inner shell electron at high energies and then the excited electron
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Fig. 9: The black body spectrum versus wavelength for different temperatures. It is important
to note that the spectrum only depends on the temperature alone. [Image taken from the www
pages of the New Jersey Institute of Technology]

decays by a non—radiative Auger—process where an electron is released. This process
is called Excitation—Autoionization.

There is a caveat about the radiative recombination to state: The process itself clearly
acts to remove energy from the plasma since the thermal electrons are captured. There-
fore, it acts as a cooling mechanism. However, recombination removes the low—energy
electrons from the plasma and so would increase the kinetic energy per remaining elec-
tron. This in turn appears as a heating mechanism. The effects on the thermal structure
of the plasma are hence not straight forward. For further details of the radiative recom-
bination see Jacobs et al. (1977).

3.2.2 Non-Thermal Radiation

Compared to the thermal radiative processes, the non—thermal radiation is not de-
pendent on temperature as a characteristic parameter. As already mentioned above
bremsstrahlung when generated in a solid body is on the step to a non—thermal pro-
cess.

But even bremsstrahlung from a hot plasma can be non—thermal in the case that the
gas is relativistic (kT >> mc?). In the non—relativistic case the radiation is produced
by electron—ion interactions while in the relativistic case electron—electron interactions
become important (Alexanian, 1968).
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Fig. 10: The X-ray spectrum consists of a continuous bremsstrahlung spectrum (dashed line)
with a characteristic shape, cut—off energy and superimposed lines which originate basically
from K-shell electrons. With increasing electron energy (i.e. increasing temperature in a
plasma) the continuum moves to the right. [Image taken from the www pages of the Lawrence
Livermore National Laboratory]
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When (relativistic) electrons move in a magnetic field they spiral around the magnetic
field lines and therefore are accelerated. The resulting radiation is called “synchrotron
radiation”. The radiated intensity is proportional to the energy E of the electrons
(I =< E~Y) where ¥ is the spectral index. The frequency of the photons is propor-
tional to the magnetic field strength. Spectral profiles of synchrotron radiation can be
described by a simple power—law.

The last major non—thermal process of X-ray generation is the so—called “inverse
Compton scattering”. Here, a low—energy photon gains energy from a scattering pro-
cess with high—energy electrons. The low—energy photon may stem from the cosmic
microwave background for example. The resulting spectral profile again can be de-
scribed as a power—law like in the synchrotron case.

3.3 Cosmic X-ray Sources

After the short introduction to radiative processes some examples are given for indi-
vidual sources. In practice the different processes are not isolated but occur often in
combination.

d Supernova remnants:

These high—energetic stellar events typically release energies of about 10°! erg.

The expansion velocity of the stellar envelope is of the order 10000 — 15000 km s !

and this heats the envelope as well as the surrounding medium to temperatures
well above 10° K. The expansion of the supernova may sweep up the surround-
ing ISM and thus form a shell or bubble in the ISM. This is implied by the
standard model which accounts for the swiss—cheese appearance of the neutral
ISM of galaxies. Here, at least three processes take place: thermal emission
from the hot gas of the expanding debris, synchrotron radiation from the rela-
tivistic electrons accelerated during the early stages of the supernova and also
black body radiation from the remaining object (e.g. a neutron star with a sur-
face temperature of > 10° K). The dominant process may change with the time
evolution of the supernova.

e Stellar coronae:

A star like our Sun has a surface temperature of ~ 6000 K. This temperature is
not sufficient to generate X-rays. But even the earliest observations disclosed
the Sun as a bright X-ray source. Today, it appears to be clear that the X-rays
originate from the corona, which is heated by magnetic recombinations of the
solar or (more general) stellar magnetic field. The spectrum is dominated by hot
plasma emission with superimposed lines.
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» Early-type stars:

O-stars are the most luminous (L~ 103 x L) and most massive stars (M >25 M)
in the beginning. The typical surface temperature is of the order 40000 K and
they radiate in the ultraviolet regime. However, a small fraction of the total lu-
minosity is emitted in the soft X—ray regime. The underlying process is not well
understood but it is thought that the star heatens its surroundings by hot stellar
winds coupled with mass losses. Then the hot gas cools by emitting soft X-rays.

¢ Galactic emission:

Apart from that galaxies are observed in X-ray due to their stellar content, they
also show X—ray emission extending far beyond the stellar body. This so—called
X-ray halo is hot gas (log(T'[K]) = 6.2 for the Milky Way) which is confined
by the galactic potential and hence by the dark matter halo of the galaxy. The
generation process for X—rays is nevertheless thermal bremsstrahlung and/or line
emission. The emission spectrum of a hot plasma can be observed with X-ray
telescopes. The data reduction provides several parameters of the X-ray emitting
hot gas such as temperature and emission measure from which other parameters
can be calculated such as electron density, pressure, mass, thermal energy and
the cooling time. The most commonly used equations to derive these quantities
are provided by e.g. Summers et al. (2004). The equations will be given in
chapter 5 when the diffuse emission of dlrrs is analyzed.

e X-ray binaries:

These objects are close binaries where the X-ray emitting object is a white
dwarf, neutron star or a black hole. Both stellar components interact and ex-
change material. The classification turns out to be at least two fold, depending
on the donator source. If it is a high—-mass early—type star, the object is called
high-mass X—ray binary (HMXB). More specific, the compact object is affected
by a strong stellar wind provided by an early—type star. In the optical only the
early—type star is visible. The driving energy for emitting X-rays is gravity and
therefore the main process is bremsstrahlung. Compared to the HMXB the Low—
mass X-ray binaries (LMXB) have an evolved late—type star which filles its
Roche-lobe. Material is transferred via the inner Lagrangian point to the com-
pact object. Roughly, the generation of X—rays is similar to the HMXB types.
Figure 11 shows a rough sketch of the two types of X-ray binary systems. Due
to the rotation of the compact object around the high—mass or low—mass star, the
X-ray binaries show variable light curves. Partial, as well as total eclipses are
recognized in the light curves. Hence, the systems must be close binaries. Since
these object have accretion disks and also magnetic fields, the generation process
for X-rays is highly complex. The physics of accretion disks is still a matter of
debate. For example the accretion disk rotates very fast around the neutron star.
If the rotational velocity is so high that the centrifugal forces exceed the grav-
itational drag towards the neutron star, the X—ray source turns off. The X-ray
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luminosity at which this happens depends on the rotation period of the compact
object; the faster it rotates the higher the luminosity. Also the accretion disk can
obscure the compact object. The observer then only sees scattered X—rays from
the extended corona around the disk. The impact region of the accreted stream
onto the disk edge gives rise to modulation of the observed X-rays. Also the
mass—losing star can eclipse the coronal region of the disk. Accretion of hy-
drogen onto the neutron star surface can lead to a hydrogen surface layer which
produces helium by thermonuclear burning (see also the cataclysmic variable
stars below). Eventually the helium reaches a critical point and it starts to fusing
into carbon. This process is unstable which leads to a thermonuclear flash which
is observable in the X-ray regime. Finally, the accretion might be stopped by
the magnetic field of the neutron star. The magnetic barrier, however, will break
down when enough material is accreted. The material can propagate towards the
neutron star surface and the energy is released in an X-ray burst. The process
starts again when the material has passed through the magnetic barrier. These
object are called Rapid burster. For detailed information consult the works of
Bondi & Hoyle (1944); Pringle & Rees (1972). LMXB and HMXB are not easy
to distinguish in only X—ray observations although the luminosity is a first hint
for the source. HMXB can reach higher luminosities because the stellar wind,
which is virtual absent in the LMXB case, boosts the radiation of X-rays ad-
ditionally. Having said this, it is always a good choice to have additional data
in other wavelength than X-rays, to distinguish both binary systems. This dis-
tinction will be more clear when the dlrr galaxies will be discussed in Chapter
5.

Cataclysmic variable stars:

These kind of stars are also known as novae or dwarf novae indicating that they
are significantly fainter than X-ray binaries although they are similar to each
other. These objects show prominent outbursts due to thermonuclear burning on
the surface of a white dwarf. The white dwarf itself is feeded by a companion
which implies the system to be a binary one. Since the compact object is not a
black hole or neutron star like in a LMXB the mass transfer is not so efficient.
This leads to a shallow burning of the accreted material producing soft X-ray
emission at the impact region on the white dwarf.

Active galactic nuclei:

AGN or quasars are located in the very center of galaxies. The term outlines
a number of objects namely Seyfert galaxies (type 1 and 11), BL Lac objects,
blazars, quasi stellar objects and quasars. It turned out that these objects are just
different appearances of the same object. All these objects are thought to have
an accretion disk or torus around the “central machine”. The powering central
source is a supermassive black hole. This unified model of AGN was an idea
which was improved by Scheuer (1974); Antonucci & Miller (1985); Barthel
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(1989) and many others. The different manifestations are due to the inclination
angle under which the source is seen by an observer (Fig. 12), different accretion
rates and also different magnetic fields of the AGN. Since they are all accreting
sources the X-rays stem from the heated disk. However, the bremsstrahlung—
spectrum is modificated in a complex way depending on the surroundings of the
central black hole. A very detailed discussion can be found in Dopita (1997).

* Clusters of galaxies:

Galaxy clusters are the most vast coherent structures in the universe known so
far. The gravitational well created by this large amount of matter is often filled
with hot gas at temperatures of tens of million of degrees. This optically thin
plasma phase was discovert in 1971 by X-ray astronomers. The mass of this
gas phase is at least equal to the mass of the “optical” matter. This implies an
additionally hidden mass to confine the visible mass in the gravitational poten-
tial. X-ray observations of the diffuse gas component can help to shed light on
the distribution of the “missing mass”. Since the hot gas is a thermal plasma the
spectrum again is a thermal bremsstrahlung—spectrum.

* Diffuse X-ray background:

Besides the large variety of point sources and plasma agglomerations in space
there exists a source radiating in the soft X—ray regime called the soft X-ray
background (SXRB). The received opinion is that the SXRB is of cosmic origin
since the observed emission is uniformly distributed on the whole sky. With
very high exposure times it is possible to resolve this background into discreet
sources, mainly AGN and quasars. Since the generation process is accretion the
spectrum of the SXRB can be well approximated by a power—law with ' ~ 1.5
(Hasinger et al., 2001).

The previous remarks show that three different kinds of sources can occur: thermal
plasma sources, power—law sources and black body sources. But how can an observer
decide which components are actually visible in the measured spectrum of an X-ray
source? The answer to this question will be given in the next chapter where we discuss
the data analysis of an XMM-Newton data set in detail.
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Fig. 11: Two sketches of X-ray binaries. The upper shows the scenario for a HMXB where
the donator star imposes a strong wind on the compact object. In the lower image the donator
star has filled its Roche—lobe providing material to the compact object via the inner Lagrangian
point. In both cases, charged particles are accelerated in the gravitational field and hence radiate
X-rays. [Image taken from www pages of Cornell University]

Fig. 12: Schematic of the AGN unified theory. Depending on the inclination angle an AGN
appears as different objects: The broad line region corresponds to Seyfert1 galaxies, the narrow
line region to Seyfert 11. Looking right into the jet the object appears as a blazar. [Image taken
from www pages of Department of Astronomy and Physics, Saint Mary’s University]
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4 Data Analysis

In this chapter the standard data reduction and its caveats are discussed. Starting from
the data obtained from the XMM-Newton Science Operations Center (SOC), the sep-
arate steps of data preparation and filtering are described. Although the SOC main-
tains a special purpose software package for the data analysis — the science analysis
software (SAS in version 5.3.3) — one should consider additional software packages
for critical steps in the reduction pipeline. The so—called FTOOLS provided by NASA
HEASARC is an excellent package to create, examine, or modify the contents of FITS’
files. Also MIRIAD and the KARMA-package are used to filter and display the data
and images.

4.1 Data Products and Data Processing

Basically, the SOC offers two different data sets: the observational data file (ODF) and
the pipeline products (PP). The former is the raw uncalibrated data while the latter is a
preprocessed data set including calibrated photon event lists, source catalogs, and also
images. For a rough overview over the data obtained, the PP data is useful whereas it
is more convenient and also advisable to make use of the ODF data. For that purpose
the SOC maintains a calibration data base which is updated continuously.

The raw EPIC ODF contain event lists for all CCD chips (frames) separately. These
event lists are the central data sets which contain all the information of the detected
X-ray photons that is the frame number, the X and Y pixel coordinates of the photons,
and the photon energy measured in each pixel. These event lists are complemented
by the so—called auxiliary file which provides information about the arrival time of a
photon at a specific (X,Y) coordinate in a specific frame. In order to correct the raw
data from the instrumental response one needs the calibration data files. These provide
information about filter transmission curves, bad pixel location, detector efficiencies
(vs. energy), matrices converting from CCD coordinates to sky coordinates, informa-
tion about the PSF, conversion factors to calculate energy from the digitized signal,
and house keeping parameters.

With the dedicated SAS tasks (emchain and epchain) the ODF data of the EPIC-
MOS and EPIC—pr instruments is calibrated. Here, the single frames are combined to
the full FOV of the instruments, the sky coordinates are computed from the calibration
data base as well as the energy conversion in order to receive the “true” photon energy.
Moreover, bad pixels are blanked.

To put this in a more formal way, the instrumental effects introduced by the telescope
response are described by the following expression:

"Flexible Image Transport System
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I(x,y,E) = R(x,y,E) ® O(x,y,E) (1)

Here, I denotes the brightness distribution in the image while O describes the bright-
ness distribution of the observed object. This then is folded by the instrumental re-
sponse R(x,y, E) which is:

R<x7y7E) :Aeff(x7y7E) -PSF(x,y,E) QE(E) FT(E) 'V<9(x7y)7E) (2)

The point spread function (PSF) and the effective area (A.¢) of the telescope which
both depend on the position on the detector and the energy of the incident photon
influence the image quality mainly. The quantum efficiency (QE), filter transmission
(FT) and the vignetting (V) are also included in the instrumental response function
R(x,y,E). Since the observer is also interested in the spectral properties of a source,
there has to be a relation between the counts measured by the energy channels of the
instrument and the actual spectrum. This relation is:

() = / S(E)-RMF(C,E)-dE 3)
0

where C are the measured counts, S is the source spectrum and RMF is the instrumental
redistribution matrix including filter transmission, quantum efficiency, the PSF, and
effective area influence as described in Eqn. 1 (Gondoin et al., 2000). It is to note,
that the RMF does not exactly match the photon energies to the appropriate channel.
This is due to the fact that the electrons read out by the CCD node loose some charge
due to states in the lattice (called "traps") into which electrons can permeate from
the conduction band. Therefore the detected energy becomes lower and also broader.
This then produces a dependency in gain and energy resolution and differences in the
quantum efficiency. All this depends on the photon input energy. This effect is known
as charge transfer inefficiency (CTI) (Ferrando et al., 2003). For further details on the
calibration I refer the reader to Lumb et al. (2002, 2003).

The raw data is also contaminated by instrumental backgrounds such as unrejected
cosmic rays, fluorescence lines (mainly Al K @ 1.4keV for EPIC-MOS and Cu K @
8 keV for EPIC—pn) and electronic noise (see also Read & Ponman, 2003; Marty et al.,
2003). Most of these effects (especially the electronic noise) are negligible since they
occur below energies of 0.3 keV (which is the lowest energy used in the data analyzes)
or they vanish within the broad energy bands used later.

After the calibration tasks have been run the user holds three calibrated event lists, one
for each EPIC instrument. From now, the variety of data can be extracted from these
event lists. As an example the spacial information of the event lists is displayed in
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Fig. 13: EPIC-MOS (left) and EPIC-pn (right) maps right after the calibration files were
applied to the event lists. Especially the EPIC-MOS image shows the illuminated FOV and
the surrounding detector area which is affected by the particle background. Since the event
lists are raw data (no filtering was applied yet) the maps are noisy and show features which
are not related to X-ray emission (e.g. the linear feature at oo = 205°15,6 = —31°78 for the
EPIC-MOS and the bright CCD edges in the EPIC—pn). The displayed energy band amounts
to 0.1 — 15.0 ke V. Note that the EPIC—pn has a higher count rate due to the higher sensitivity
as displayed in Fig. 7. The images show the NGC 5253 data set.

Fig. 13. The maps show the observed photons in the full energy window provided by
the XMM-Newton ranging from 0.1 — 15.0keV. These images are still “raw” images
because they are still affected by unrelated emission and also vignetting, which is the
gradual increase of noise towards the rim of the FOV. These issues will be discussed
in the next sections.

4.2 Background Flares

From the event lists not only images can be extracted but also light curves. These can
be splited in different energy bands®. Figure 14 shows the light curves for different
energy bands as extracted from the EPIC-MOS]1 event list encompassing the complete
detector area. At first glance the light curves have different count rates for the different
energy bands which reflects the spectral properties of the recorded counts. Even so,
the counts do not only relate to X—ray emission but also to a flaring background which
is specifically visible in the first quarter of the exposure time. After that the count rate
drops to a more or less constant value which stays for the remaining observation time.

The origin of the flaring background is frequently addressed to solar activity. Depend-
ing on the spacecraft position in the highly excentrical orbit the flaring background

8The concept of X—ray photon energy bands will be discussed later.



28

4 Data Analysis

counts

counts

T T — 7 T 7

200 [ 0.2-0.5keV ] I 0.5-1.0keV | 400 - 1.0-2.0keV ]

. 1 200 - C 1

150 |- ] i . 1 300 F, -

Fe 1 Moo 1 oy . 1

fy o 0 1 Ls 1 i 1

100 oo . [ % 1 200 % ° —

Lo 1 100 1-.¢ B e 1

g 1 [ 1

50 1 ] 100 =2, -, 7

r ] [ o, ]

§ %1 AT ]

O T ‘ L L L L ‘ L L L L ‘ L T O O O T ‘ L ST L L ‘ L L L L ‘ L T
1.3483 1.34835 1.3484 1.3483 1.34835 1.3484 1.3483 1.34835 1.3484
: e : 500 e

1000 [~ T ] T A ]

2.0-5.0keV | 600 L 5.0—-8.0keV F 0.2—-8.0keV A

i 1 i 1 400 |- .

7:’ ) 1 400 5 o — i : ]

500 = = ¢ - T ] 300 §

L o 1 200 | *r . i ]

o ] IS 1 200 [ ]

g0 °o° ey ‘oo b L ]

g . L e, i r ]

Rx o e L i

0 L1 Uwquwﬁw T I R N R A R 0 | %\b T S R NI 100 L IS Y Y T SN SO BN N
1.3483 1.34835 1%484 1.3483 1.34835 1.%’484 1.3483 1.34835 1.%’484

exposure time [10°s] exposure time [10 s] exposure time [10°s]

Fig. 14: Light curves for different energy bands as denoted in each panel except the last panel
which shows the filtered light curve for the full energy band. The peaks and spikes in the
unfiltered light curve correspond to background flares which have to be rejected. The time bin
size is 50 s. Data are taken from the observation shown in Fig.13.
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varies. When the spacecraft propagates through clouds of charged particles the flaring
background is high as in the light curves shown. Unfortunately it is neither possible to
predict the appearance of the flares nor the spectral shape can be determined. There-
fore, the subtraction of a flare model is not feasible. On that account it is convenient
to blank all counts which are above a certain threshold.

For that purpose, an iteratively acting algorithm for flare—filtering was implemented
in the C programming language (Kernighan & Ritchie, 1988). Here, the idea is to es-
timate the mean count rate of the “real” X-ray emission and reject all excess events.
In order to avoid any rejection of intrinsic intensity variation of bright point sources,
the flare—filtering is evaluated only on CCDs which are free from bright sources. This
procedure is valid since the particles are not vignetted (see Sec 4.3) and so only repre-
sent a constant off—set intensity across the FOV and hence all CCD chips. Certainly,
the final filter is applied to all the data. Marty et al. (2003) gives an overview over
the flare filters being used in the literature. However, none of this is designed to act
automatically with reliable results in contrast to the filter presented here.

First of all, the mean u; of the light curves in the specific energy band is calculated
across the total exposure time available. After that, the user defines a ¢-level above
which the events are flagged at first (typically 1.50). The flagged events are excluded
while the next new mean L, is calculated. Here, y; > u, in all cases. The events
exceeding the new adapted o-level are flagged as well. The iteration stops when t; —
U < /Mo, i.e. the difference of two successive means is smaller than the statistical
uncertainty of the data.

With the flagged and unflagged events the light curve is decomposed into good time
intervals (GTI) and also bad time intervals (BTI). Since the light curves can be much
more contaminated than the one in Fig. 14 it is of importance to keep as much of
the data as possible. This can be achieved when the flagged events are reincluded if
the flare duration is less than a certain time (default 5 minutes). On the other hand,
unflagged events are flagged when the non-flare duration between two flares is shorter
than a certain time (default 50 seconds).

Read & Ponman (2003) and also Lumb et al. (2002) suggested that the flares have
hard spectra. However, from Fig.14 it is clear that the flares show up also in in the
soft bands (see also the hardness ratios of the proton flares in Pradas, 2004). The filter
procedure shown here filters all bands which is more reliable than the procedure used
by others.

After the flares are flagged and rejected, new event lists are generated with the “real”
events and for each energy band separately. The final filtered light curve for the whole
energy band is displayed in the bottom right of Fig. 14. The residual oscillations of
the light curve are due to a bright point source in the FOV. With the flare filtering the
first obstacle in the data reduction has been smoothed out.
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Fig. 15: Left: The azimuthal integrated intensity versus radius from the Lockman hole data
(EPIC-MOS) (Hasinger et al., 2001). The central intensity is normalized and the peaks corre-
spond to point sources within the FOV. Towards the detector rim the intensity drops due to the
increasing off-axis angle and hence, the sensitivity decreases. This vignetting effect has to be
corrected.

Right: Here, the dashed line shows the radial profile of the SAS exposure map (see text) which
ought to correct for the vignetting. However, the profile is inconsistent with the observational
data. For off-axis angles exceeding 50 the exposure map overestimates the vignetting. The
displayed energy range in both view graphs is 0.2-0.5 keV, the uncertainties in the data are less
than 0.1.

4.3 Vignetting

Having the flare—filtered event lists, a further important systematic effect has to be
accounted for. As stated in Sec. 3.1.1 the effective area of the mirror assembly is
changing with photon energy and off—axis angle. This leads to a gradual decrease of
sensitivity towards the rim of the FOV. This behavior is demonstrated in the left panel
of Fig. 15 which shows an azimuthal integrated radial plot of the EPIC-MOS1 camera
observing the Lockman hole (Hasinger et al., 2001).

Normally, the dedicated software can correct the vignetting effect with a so—called ex-
posure map. This is an image which compensates the intensity drop off. The correction
(often referred to as “exposure correction”) itself is just a simple division of the ob-
served image by the exposure map yielding a count rate image. Of course, the exposure
map has to be calculated for each energy band individually since the vignetting is en-
ergy dependent. Unfortunately, the exposure maps calculated by the SAS software are
inconsistent with the observational data as displayed in the right panel of Fig. 15. For
off—axis angles exceeding ~ 50 the SAS—exposure map overestimates the vignetting
which gets even worse towards higher off—axis angles. Since the SAS exposure map
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Tab. 2: Exposure times of the deep observations obtained for the calculation of exposure maps
before and after flare filtering. All observations were performed with the Medium filter in
PrimeFullWindow mode except the last (Thinl filter).

Observation Total exposure [s] Net exposure [s]
Lockman Hole 84019 46940
Lockman Hole 64819 51576

APM 08279+5255 102868 61670
Lockman Hole 49799 33090
LBQS 2212-1759 110018 91179

is unusable, new exposure maps matching the observations have to be generated. The
tasks and details for the exposure map calculation are the same as for the “normal”
data reduction which will be described later on. Therefore, a brief description of the
method to obtain improved exposure maps follows.

4.3.1 Calculating Exposure Maps

From the observers point of view it is desired to derive exposure maps on the basis
of the XMM-Newton in—flight performance. Therefore, deep observations from the
XMM-Newton Science Archive were obtained (> 280ks net exposure time, Tab. 2).
Combining the deep field data is very sufficient to sample the full FOV and moreover it
minimizes the spurious influence of point sources. In the following the data reduction
steps which I use to correct for the vignetting are explained.

After the deep fields are calibrated, images for the various energy bands are calcu-
lated. Included in the SAS are tasks for point source detection which are applied to
every single image. The point sources then are excluded from the images. This can
be achieved with the dedicated SAS—task esplinemap which simply cuts out the
point sources. The resulting image is called cheese image since it looks like a swiss
cheese. Having this, the next step is to refill the holes with photon noise. This means
that the hole area has to be filled randomly with artificial photon counts which meet
the following constraints: 1) the counts per pixel in the hole area has to be the same
than the counts per pixel in the surrounding area, 11) the density of the artificial counts
has to be comparable to the surrounding as well. This avoids any discontinuities be-
tween the observed and the artificially added photons. Since the SAS provides no task
for this procedure, the dmf i 1t h—task of the software package CIAO® for the CHAN-
DRA X-ray telescope is utilized. Choosing an appropriate background region the task

Chandra Interactive Analysis of Observations
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Fig. 16: Final comparison of the SAS exposure map profile (dashed) with the improved ex-
posure map (dotted) to the observation. The improvement is clearly visible to off—axis angles
up to 10!0. For angles exceeding 10!0 the improved exposure map still underestimates the
correction due to the polynomial fit. Hence, the noise will be increased when the observation
is actually corrected. The displayed energy range is 0.2-0.5 keV, the uncertainties in the data
are less than 0.1.

interpolates the pixels with respect to the background and filles the holes. After that,
the images are free from point sources and they still show the vignetting. Now all
the images corresponding to the same energy band are added and smoothed. In fact
the smoothed images are the desired exposure maps which can be enhanced in a last
step. The azimuthal averaged profile of the exposure maps is fitted with a polynomial
of degree three which is then converted into images again. These then are the final
improved exposure maps. The flow chart of Fig. 17 shows this procedure in a more
visual fashion. Note, that the fit causes deviations in the outer FOV due to the fixed
polynomial degree. In particular, the deviation of the fit increases towards the outer
boundaries of the fit interval. However, this deviation is not crucial since the galax-
ies observed are confined to the inner FOV and thus the deviation is not affecting the
region of interest.

The improved exposure maps have pixel coordinates. If they are used to correct a
specific observation they have to be converted to the corresponding sky coordinates.
This can easily be done by multiplying the improved exposure map with the detector
mask image which is generated during the data reduction as described in the next
sections. Finally, I draw a comparison of the SAS exposure map and the improved one
to the observational data. For that purpose the azimuthal averaged radial profile of all
three maps are shown in Fig. 16. The improvement is clearly visible but it still is not
perfect. For off-axis angles exceeding 10/0 the correction is still not appropriate. The
consequence is then that the noise is raised when the image is divided by the exposure
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Fig. 17: Following the arrows starting in the upper left corner: i) calibrated image, ii) cheese
image (the circles mark the cheese holes), iii) filled hole image, iv) smoothed image, v) final
exposure map. The dotted box displays the SAS exposure map.
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map. However, the galaxies discussed in this thesis do not extend into the edges of the
FOV. Hence the deficiency in the outer FOV is negligible. It should be noted that the
exposure map is assumed to be rotational symmetric for simplicity. Strictly this is not
true. The CCDs number two and five show up with artificially higher count rates (up
to a factor of two) in individual pointings. Fortunately this effect is not visible in the
raw data of the pointings studied here. Moreover the angular extend of the galaxies
of interest is smaller than the affected area in most cases. However one should keep
this in mind when analyzing an XMM-Newton dataset. In the next section we will go
further with the data reduction procedures.

4.4 Energy Bands and Hardness Ratios

Here, we tie up to Sec. 4.1 again. With the improved exposure maps every data set can
be investigated now. After the calibration and flare filtering images for different energy
bands are calculated. The energy bands are defined in Tab. 3. In X—ray astronomy the
energy bands are not well defined as in the optical regime. Mostly they are defined
with respect to the scientific goal. In this case the soft emission is of interest so the
low energy end (0.2 — 1.0 keV) is splitted into two bands B2 and B3. Below this range
the calibration works not well (due to the background effects described in Sec.4.1)
and hence the energy regime below 0.2keV is left out. This also applies to energies
above 12keV. The PS band is used to detect point sources. This broad band gives a
better signal-to—noise (S/N). From the optical it is well known to calculate colors of
the sources in order to analyze their spectral types. A similar tool is known in X—ray
astronomy. In contrast to the optical the intensities in the individual bands are not
divided but the differences and totals of two bands are divided. In a formal way this
looks:

_ M-S _ H-M

where HR denotes the two hardness ratios and S, M, and H are the soft, medium,
and hard energy band respectively. Note that, depending on the spectral properties of
the source considered the bands can be chosen accordingly. By definition the HR are
between -1 and +1.

Having the HR of a real source it is useful to compare it to a model source. If the HR
of both the model and the real source match within the uncertainties one can derive the
physical properties of the real source from the model parameters. This can be done in
the following fashion.

If we calculate a theoretical spectrum of an X-ray emitter and fold this spectrum with
the telescope response (as depicted in Sec. 4.1, Eqn. 1 & 2) and calculate the counts
in the individual bands, we can plot the theoretical HR for that source. Nowadays,
several tools are available for calculating model spectra and count rates for several
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Tab. 3: X-ray band definitions and energy boundaries

Band E,;, [keV] Enax [keV] Comment

PS 0.2 5.0 used for point source detection
Bl 0.1 0.2 not calibrated

B2 0.2 0.5

B3 0.5 1.0

B4 1.0 2.0

B5 2.0 5.0

B6 5.0 8.0

B7 8.0 12.0 not used

B8 12.0 15.0 not used

X-ray telescopes, e.g. the sherpa package coming with CIAO or the WWW pages of
WEBSpec'® and PIMMS!!.

Since the vast majority of X-ray sources are either power law sources or plasma
sources it is useful to calculate the Hardness ratios for two model spectra with different
parameters, i.e. different sources. For a real source there is one effect we have to ac-
count for, namely the photoelectric absorption of the X—rays. The absorbing material
can be an intrinsic absorber (e.g. the accretion disk in an XRB) or the Galactic fore-
ground which comes always into play. The photoelectric absorption of the interstellar
medium (ISM) was studied by Morrison & McCammon (1983) and it is characterized
by the cross section which is displayed in Fig. 18. The cross section is proportional
to E~3 so that the soft photons are more diluted than the hard photons which leads
to an apparent hardening of the spectrum. The physical process here is absorption of
photons in the K— and L—shell of atoms or ions. At higher energies also Compton
scattering and pair production can attenuate the X-ray photons, where the Compton
effect is dominant in the 0.1 — 10 MeV regime and the pair production occurs around
1 MeV, the summed rest mass of an electron and a positron (511keV each).

The main absorbers turns out to be hydrogen and helium. This absorption has to be
accounted for when a model spectrum is calculated. Therefore, the packages provide
an absorption model which can be applied to every plasma model or power law model.
Here, the total absorption is traced by the HI column density. The plasma model has
parameters temperature (7'), metal abundance, and normalization which is the emission
measure of the plasma. The power law model has parameters photon index and nor-
malization. For the absorption only the absorbing column density of atomic hydrogen
is a parameter. Equipped with these tools, we calculate the HR for an absorbed plasma

10http://heasarc.gsfc.nasa.gov/webspec/webspec.html
Uhttp://cxc.harvard.edu/toolkit/pimms.jsp
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Fig. 18: Photoelectric absorption cross section as a function of photon energy. The main
absorption, especially in the soft energy regime below 1keV, is dominated by the hydrogen
content of the ISM. (Morrison & McCammon, 1983)
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Fig. 19: Calculated HR for different model spectra. The solid lines represent power law
spectra while the dashed lines correspond to plasma emission sources. Both types of curves
have increasing absorbing column densities from left to right (1 x 10" cm=2, 1 x 10%° cm ™2,
1 x 10! cm™2). For the power laws the photon index increases from top right (y = 0) to bottom
left (y =4) in steps of 0.5. The plasma spectra have increasing temperature from the bottom
left log T[K] = 5.0) to the right log T [K] = 7.0) in steps of 0.5. Note the degeneracy of the
HR in the fourth quadrant.

of different temperatures ranging from log 7 [K] = 5.0 to 7.0 in steps of 0.5 and for an
absorbed power law with photon indices ranging from O to 4 in steps of 0.5. Moreover,
the absorbing column density has different values 1 x 10'?ecm™2, 1 x 10*°cm~2, and
1 x 10%! cm~2 which leads to three curves for the plasmas and for the power laws each.
The result is shown in Fig. 19.

The shape of the curves depends severely on the telescope response, e.g. using a
thicker filter damps the number of soft photons and hence the spectrum appears to be
harder. This causes the curves in Fig.19 to be shifted to the right. However, there
is still an ambiguity: the high temperature plasma sources (log7 > 6.0) can still be
confused with the highly absorbed power law sources. This ambiguity is not easy to
resolve since the HR are often used when the source has too few photons to extract a
highly significant spectrum. However, the concept of energy bands which leads to the
HR is a very powerful tool to disclose the physical nature of a source even when its
intensity is very low.

In the chapter about the galaxy sample the reader will see that the energy band defini-
tions given in Tab.3 minimize the overlap of plasma models and power-law models in
contrast to the band definitions given in the literature. In this sense the energy bands
defined here provide a better classification of the point sources found.
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4.5 Source Detection and Source Free Images

Now having the calibrated event lists and the different images for the individual energy
bands it is advisable to search for point sources in the observed sky region. This is done
for each camera and each energy band separately with the SAS task eboxdetect.
Here, the exposure map and the detector mask (which is simply an image with value
1 at the pixels which work and otherwise zero) are needed for the input parameter for
eboxdetect. The detector mask can be calculated with the task emask. With this
mask and with the exposure map the sliding box algorithm of eboxdetect generates
a source list which holds the position of the found point sources in pixel coordinates
for each camera.

However, this holds true only for the calculation of exposure maps in the automatic
pipeline. To identify the “real” (i.e. 4-0) sources within an observation it is advisable
to smooth a 0.2-5.0keV image with a 2d-Gauss function with a FWHM of half of the
PSF. This energy interval encompasses the energies predominantly produced by the
bulk of all X—ray point sources. After setting the lower image cut value to 4-¢ above
the background the sources can be identified by eye. The Karma—package provides
the function to get the source position and hence a source list.

The source list, is the input parameter for the calculation of cheese images which are
already displayed in Fig. 17 in the upper right corner. These cheese images are needed
when the diffuse emission is in the scope of the observation performed. Replacing
the bright point sources with the appropriate (integrated intensity and surface bright-
ness) photon noise can disclose the faint extended emission if present. Of course, this
depends on the net exposure time and so on the detection limit which can be achieved.

Cheese images are calculated with the task esplinemap. Here, a two dimensional
spline is fitted to the background including the sensitivity provided by the exposure
map. This leads to the desired cheese images for each energy band and camera.

As with the calculation of the exposure maps, the cheese images of the real observa-
tion, too, has to be filled with photon noise. The source detection provides a list of
source coordinates and also with the cut—out radii of the sources. Unfortunately, the
radii calculated by SAS are wrong, namely too small. This shortcoming was solved
with the development of a small C—routine which takes the cheese image and the co-
ordinate list as input parameters and calculates the radii of the holes. The radii of the
holes typically range between 2 and 20 pixels, whereas the hole radii calculated by
SAS are typically between 4 and 6 pixels.

The routine selects all photons in a circle at the source positions within an initial ra-
dius of 1 pixel. For each selected region the statistic is evaluated, i.e. the number of
encircled photons. If this is zero, the radius is increased by one pixel until the statistic
is different from zero, i.e. the inner rim of the hole has been reached. This iterative
approach is confident since it is performed on the cheese images themselves. With the
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coordinates and cut—out radii of the sources the cheese holes can be refilled with the
CIAO-task dmfilth. The outcome are the desired source free images. The coor-
dinates and cut—out radii can be utilized to calculate source mask images with which
in turn the images containing the point sources can be multiplied. This is useful to
obtain images with the point sources only which makes it easy to derive the counts of
an individual source.

4.6 Spectral Extraction

The EPIC-MOS and EPIC—pn instruments not just have imaging capabilities but also
spectral resolution (E/AE =~ 50 at 6.5keV). This feature makes it possible to extract
an X-ray spectrum out of the event list. Here, the number of counts per PI channel
is extracted. But since the number of counts depends on the position on the chip (vi-
gnetting) and moreover depends on the filter transmission, the quantum efficiency and
the size and shape of the PSF, these counts have to be corrected, i.e. calibrated. There-
fore, the so called redistribution matrix file (RMF) and ancillary region file (ARF) have
to be calculated using the SAS software. These files contain information about the in-
terrelation of PI channels and photon energy in physical units as well as the effective
area in the chosen energy range and chip position. The RMF gives the probability in
which PI channel a photon with an specific energy is found. The formal context here
is given by Eqn. 3.

Spectral extraction can be performed within the SAS package. After the filtered event
list is loaded one can select the region from which the spectrum should be taken. Since
the selected region does not only contain photons from the source but also photons
from unrelated emission one must also select a source free region in the vicinity of
the source of interest. This source free region serves as the background field. Since
the difference of two Poisson distributions (the source and background spectrum are in
fact Poisson distributed) is not a Poisson distribution, it is recommended to model the
background and not subtracting it from the source spectrum! Both fields, the source
and the background, are converted into FITS files holding the spectral information, i.e.
intensity versus energy. After that the RMF and ARF are calculated using the dedicated
SAS tasks rmfgen and ar fgen. Now the user holds four files, the source spectrum,
the background spectrum and the RMF and ARF files. These can be combined or
grouped with the FTOOLS package. The task grppha puts these files into a single
file and lets the user define the binning of the energy channels in order to achieve
a significant signal-to—noise per energy bin. It is also possible to have an adaptive
binning where grppha chooses the bin size in a way that each bin contains at least a
certain number of photons.

In order to analyze the measured spectrum one needs model spectra to compare with.
For this purpose sherpa (Freeman et al., 2001) provides a vast number of models for
emission and absorption related to an atomic database. These individual models have
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to be combined to a source—model. For example, the spectrum of an accreting source
may be described by a power—law component. But since the emitted photons of the
real source are diluted by the Galactic foreground one has to introduce a photoelectric
absorption term to the source—model. In this special case the source model can be
defined in sherpa as:

source = absorption - powerlaw 4)

If the source contains also an additional plasma component the source—-model has to
be expanded to:

source = absorption - (powerlaw + plasma) (5)

With this the source—model setup can be adjusted to the real source. However, the setup
is based on an “educated guess” about the source physical nature. This guess consists
of the parameters of the source components. For example the absorption component
has only one parameter, i.e. the absorbing column density in units of 10?2 cm™2,

After having a physically meaningful source—model it is fitted to the observed spec-
trum by adjusting the parameters of each source—model term, which is automatically
done by sherpa. Again the user can specify which parameters are fixed or thawed, i.e.
free. Moreover the value range of thawed parameters can be adjusted.

4.6.1 Statistics

In general the fitting procedure itself is done by sherpa whereas the fitting method is set
by the user. The different fitting methods decompose into two different types: single—
shot and scatter—shot techniques. The former start from a guessed set of parameters
and then try to improve the parameters in a continuous fashion, the latter try to look at
parameters over the entire permitted range to see if there are better minima than near
the starting guessed set of parameters. The single-shot techniques are much faster
with respect to calculation time while the scatter—shot techniques can locate a decent
minimum over the entire parameter range. It is advisable to use both techniques on the
same dataset and also run the fit procedure more than once to see whether the minima
found are stable.

In X-ray astronomy the number of photons per energy bin is quite low, necessitating
the use of Poisson statistics which is defined as:

D;
Mi oM
D;!

p(Di|M;) = (6)
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This is the probability to find D; photons in bin i if the photons are independently
measured at a constant rate M;. In Poisson statistics the uncertainty o; of the data is
just the square root of the number D; of photons. For data exceeding 5 photons per bin
one can also apply the Gaussian statistics defined as:

_ (D—mp)?
1 202

. i 7
o/om (N

Finding the appropriate model for the observed spectrum is equivalent to find the max-
imum likelihood of the Poisson distributed data which is defined as:

p(Di|M;) =

Z=1[<=]]rDim) ®)

This can be simplified when maximizing the logarithm of the likelihood .Z" since the
Stirling approximation can be applied (logn! >~ nlogn — n) and therefore the factorials
are eliminated. However, the maximum likelihood method provides no goodness—of—
fit which is needed to evaluate the model. Therefore, it is common to use the Gaussian
statistics which provide a goodness—of—fit method by evaluating the 2 statistics which
is defined as:

2 (Di— M)

X = Z 52 ©)
where D, is the source data in bin i, M; is the model data in bin i and o; corresponds to
the estimated error of the i/ datum. The y? approach is in general only valid for Gaus-
sian distributions (i.e. D; > 5 for all i) but sherpas Chi—Gehrels statistics is designed for
low—count data which makes it suitable for X—ray spectra (Freeman et al., 2001). The
goodness—of—fit indicator commonly used is the reduced x> which is sze q= xgbs /P
where P is the number of degrees of freedom. A good fit is characterized by xrze =1

However, the reduced x> can be lower than one. Then the fit is “too good” which
means that there are more free parameters than independent data points. Thus, the fit
has to be optimized so that the reduced y? is close to one. For the case that this is
achieved the statistical conclusion is only that this fit is a possible model, but it is not
the model. Imagine that the fit is based on a physical model of the source of interest.
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5 The Dwarf Galaxy Sample

5.1 Resulis

With the basic data reduction steps explained in the previous chapter, I will now discuss
the sample of dwarf irregular galaxies. Here, the first three galaxies are treated in more
detail to see the data reduction in a more practical way. The remaining five galaxies
are discussed a little more briefly but they are treated with the same attention.

The selection criteria for the galaxy sample of the thesis at hand are a) the angular
size must match the XMM-Newton field—of—view (30/0), b) high resolution H1 data
is available, c) a low attenuating Galactic HI column density along the line of sight
(as derived from the Leiden/Dwingeloo survey by Hartmann & Burton, 1997), d) the
data is free accessible via the archives. In total eight dlrrs are in the sample, star burst
as well as non—star burst dlrrs, which decompose into two subsamples: According
to their HI masses the low—mass sample contains Holmberg I, Sextans A, NGC 1569,
NGC 4449 and NGC 5253 (58-300x 10° M), while the high-mass sample consists of
Holmberg IT, IC 2574 and NGC 4214 (550-640x 106 M) The total mass of a galaxy,
of course, is a better parameter when the issues of galactic winds or outflows are of
interest. However, X—ray point sources will be searched in the HI distribution of a
galaxy. Hence, the HI masses here are a more natural parameter. The main features of
all these and their basic properties as they appear in the literature are given as well as
a short table of key data for each dwarf galaxy.

The first XMM-Newton observations of dwarf galaxies as proposed by Walter & Kerp
(2002) consists of the three galaxies Holmberg I, IC 2574 and Sextans A. The observa-
tional key data (for all galaxies analyzed in the thesis at hand) is given in Tab.4. All of
them were observed in the PrimeFullWindow mode which provides the largest field of
view. This is desired for the following reason. Many authors report on outflows of hot
X-ray emitting gas (in some cases together with Hor) in galaxies (see e.g. Bregman
et al., 1995; Strickland et al., 1997; Shopbell & Bland-Hawthorn, 1998; Strickland
et al., 2002) ranging out to a few kpc. For example, an X-ray outflow of 10 kpc size
in a distance of 3 Mpc appears as a ~10 arcmin feature in the XMM-Newton FOV,
which is 1/3 of the total FOV. Hence, the PrimeFullWindow mode is sufficient for the
analysis performed.

5.1.1 Holmbergl

The well know group of galaxies in the so—called M 81-M 82 galaxy group is the most
nearby condensation in the local supercluster. The group consists of M 81, a massive
spiral, M 82, an irregular star burst galaxy, and also smaller objects like NGC 3077
and NGC2976. HolmberglI and II are irregular dwarf galaxies within that group.
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Tab. 4: Observational key data of the dIrr sample. Total exposure time, Net exposure time per
camera, Filter, Science mode (PrimeFullWindow)

Observation Total [s] MOSI1 [s] MOS2|[s] PN [s] Filter Mode
Holmbergl 26612 17000 19980 17592 THINI1 PFW
IC 2574 21617 19160 17681 14179 MEDIUM PFW
Sextans A 24623 10198 9788 6097 MEDIUM PFW
Holmberg Il 12640 9568 9600 5198 THINI1 PFW

NGC1569 18204 15296 15200 12160 MEDIUM PFW
NGC4214 20272 13568 12840 13888 MEDIUM PFW
NGC4449 15870 13376 14272 11584 THINI1 PFW
NGC5253 47037 34720 36672 28736 THINI1 PFW

Tab. 5: Holmberg I

Morphological type dlrr
Position (J2000.0) & = 09"40™30%61 § = 71911™5559
Distance 3.8 Mpc (Karachentsev et al., 2002)
HI mass (10° Mg) 110 (Ott et al., 2001)

HolmbergI is a metal poor ([Fe/H] ~ —2.0dex) dIrr with a quiet phase of current
star formation showing a prominent hole in its HI distribution in the very center. This
hole or shell is assigned to past stellar activity. Ott et al. (2001) present evidence for
a blow—out of material due to stellar winds and supernova explosions providing an
energy input of about 2.0 x 103 erg. This is equivalent to roughly 200 Type I super-
novae in a stellar cluster. The SFR, calculated from B—band luminosity of the galaxy,
is 0.65Mp yr .

Very recent, Vorobyov et al. (2004) investigated the creation of the center giant shell by
numerical hydrodynamical modeling of supernova—driven shell formation. From the
surface density contrast they can derive the total mass of face—on dlrrs and reproduce
the morphology of Holmberg I. The mechanical input for creating the hole is about
3.0x 103 erg which corresponds to ~300 Type II supernovae. Some basic parameters
of HolmbergI are given in Tab.5.

After XMM-Newton data calibration, the flare filters are applied to the light curves and
a filtered event list is computed for the three imaging instruments separately. The event
lists are calculated in a very conservative way setting FLAG==0 && PATTERN==0.
This setting ensures that no pile—up is present in the point sources which would intro-
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Fig. 20: Left:Smoothed image of the combined EPIC-MOS]1 and 2 Holmberg I maps in the
PS band. The contours show the H1 distribution (starting at 10% of the peak intensity growing
in steps of 30%) shown in grey scale on the right (peak 0.3 Jy/Beam). Circles indicate the
point sources which are above the 4-c limit of the background. Numbers correspond to Tab.6.
Hi1 map published by Ott et al. (2001)

duce wrong fluxes and luminosities. It is to note, that the point source detection, in
contrast to the exposure map calculation, is done by eye throughout all observations
since this procedure is very reliable even for the faintest point sources.

5.1.1.1 X-ray point sources In more detail, for finding the point sources I use
the combined EPIC-MOS]1 and 2 (M1M2) images in the 0.2-5.0keV energy range (PS
band). This broad band provides an improved signal-to—noise (S/N) ratio in contrast
to the narrower bands defined in Tab.3, which is increased further by using two cam-
eras. Of course, the EPIC—pn camera is more sensitive (roughly the sensitivity of both
EPIC-MOS cameras together) since it is not blocked by the RGS but due to the nu-
merous gaps between the CCDs the use of the M1M2 maps is more reliable in the
sense that less point sources are affected by the EPIC—pn gaps. The Combined M1M?2
data has only very few gaps left since both instruments are rotated by 90° relative to
each other. The S/N can further be increased using a 2D—Gaussian to smooth the im-
age. The FWHM of the Gaussian (2 pixels) is half of the telescopes PSF so that the
low intensity sources are not smeared out too much. The averaged background level
in the smoothed M1M2 image outside the HI distribution is 6.441.6 cts pixel ~!. The
numbers are not integers due to the Gaussian filter. In Fig.20 the smoothed map of
the M1M?2 images is displayed. A source is detected if its intensity exceeds the 4-0
threshold above the noise of the background.

Only point sources within the HI distribution, given by the outer contour in Fig.20,
are considered. The point source examination reveals 14 point source above the 4-
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o threshold. Now having the coordinates of the point sources, two different count
rates are calculated: a) the source counts in the broad 0.2-5.0keV band for deriving
the flux of the individual source and b) the source counts in B2, B3 and B4 band to
calculate the hardness ratios (HR) of the sources. All counts are now extracted from
the photon image of the EPIC—pn camera which is in general more sensitive (by a
factor of 2) than the EPIC-MOS cameras. The counts are extracted within a circle
with diameter 3.5 xPSF. This ensures that statistically 99% of the source counts are
included in the analysis. Since these counts are still enhanced by the background of the
SXRB and also instrumental backgrounds, a source free background region outside the
HI distribution of HolmbergI has to be investigated. These counts are then subtracted
from the individual source regions for the fluxes as well as for the HR, giving the
excess photons of the sources.

Note, that the sources are identified in the M1M?2 data, but the counts are derived from
the EPIC—pn data. Thus, a source can be absent in the EPIC—pn data after background
subtraction. Nevertheless, the source is included in the source list, although it might
give zero fluxes for the source in the EPIC—pn data.

The flux of each source can be calculated with the PIMMS package available at the
CHANDRA WWW pages. This converts the excess count rates (cts s~ 1) to flux units
(ergcm™2s™1). For this aim, one has to provide information about the observational
setup, namely the camera and filter used, the input energy band (0.2-5.0keV), the
output energy band (0.2-8.0keV) and also the source model for which the flux should
be calculated. In this case a power—law model is assumed with a photon index of I' ~
1.5. The value for I" here is adopted from the SXRB studies by Hasinger et al. (2001)
which is a reasonable value. A better value can be obtained from the HR diagram.
However, the uncertainties in the HR diagram are up to 50% in some cases (depending
on the source counts in each band). Hence, the uncertainty in the flux calculation
is good within a factor of 1.5. Here, the unabsorbed flux is calculated assuming a
Galactic foreground absorption of 2.5 x 1020 cm~2 taken from the Effelsberg 100 m
single dish data. For the luminosities one has to provide a distance to the galaxy. Here,
the distance given in Tab.5 is assumed. The complete source list is displayed in Tab.6.

After background subtraction some of the sources show none or negative counts in the
B2, B3, B4 energy bands although they are classified as detected in the PS band. This
is because the S/N in the B2-B4 bands is not as good as in the broad source detection
band which is also a combination of two cameras. These sources are marked with a
star in Tab.6. Hence, they are excluded from the HR diagram.

In this regard, the lower flux limits for point sources in the individual bands can be
estimated as follows. The count rate in a background region (>>>1000 pixels) is normal-
ized to 3.5 x PSF!2. The uncertainty of the background is the square root of the counts

2This is the diameter of the PSF times 3.5 which gives the normalization area. This ensures that 90%
of the source photons are detected.
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Tab. 6: The XMM-Newton X-ray point sources found in Holmbergl. The flux units are

107 ergcem

-2 Sil

in the PS band, the luminosity units are 10°7 ergs~!, the luminosity uncer-

tainty is of the order of the relative flux uncertainty. The stars mark sources with zero or less
counts in one band after background subtraction. The last three columns give the background
corrected counts in the corresponding band.

ID  Right Ascension Declination Flux Luminosity B2 B3 B4
(J2000.0) (J2000.0)
¥ 09"40™20571 71°13' 5525  2.45 £ 0.65 0.42 1 6 0
2 09140™25521 71°13 4220  4.02 +0.84 0.69 3 11 3
3% 09M40™m31552 71°13' 24778  1.57 +0.52 0.27 7 -1 -2
4 09"40™11571 71° 12/ 06”48  2.62 + 0.68 0.45 4 3 3
5 09"40m51531 71° 1202”700  2.80 +0.70 0.48 4 4 2
6*  09"41m02598 71° 11" 14701 0.52 +0.30 0.09 0O 0 -2
7 09"40m55578 71°11' 14”10 3.32 £0.76 0.57 7 6 1
8" 09M"40™44509 71°11' 01”716 1.92 +£0.58 0.33 3 2 0
9% 09"40m28580 71°11' 31769  4.54 +0.89 0.78 13 10 O
10 09"40m34519 71°10' 43782 10.48 + 1.35 1.81 14 25 11
11 09"40m21%61 71°10' 52755 3.67 +0.80 0.63 12 8 1
12 09"40m43518 71°10' 26737  9.78 + 1.31 1.68 6 16 20
13*  09"40m46576 71°09' 55”89 2.10 £+ 0.61 0.36 36 4
14 09"40m24530 71°09' 42795 4.19 +0.86 0.72 9 7 1
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Tab. 7: HolmbergI flux limits for individual XMM-Newton bands. The flux units are

1075 ergem™2 57!

Band background counts flux limit

B2 5+0.5 0.57+0.06
B3 4£0.3 0.29£0.02
B4 4£0.3 0.41£0.03
PS 15+1.4 2.77%£0.26

found in the large background region, which is then also normalized to the 3.5 xPSF
area. A source then is significant when the total counts of a source (including the back-
ground) is above the background itself. This is true for all sources found. Hence, the
background corrected fluxes in Tab.6 represent the excess fluxes of the sources. The
flux limits for point sources are given in Tab.7. The flux limits for all dIrr observations
are derived in the same fashion as explained here using large background regions. In
the case of CHANDRA observations the number of pixels in the background field are
even larger (>60000 pixels) since the higher angular resolution require smaller pixel
sizes.

As every observation in the X-ray regime is contaminated by the overall X-ray back-
ground (XRB) radiation one has to disentangle the point sources found in a galaxy
from the extra galactic contribution. The XRB consists of superposed individual ob-
jects such as AGN and quasi—stellar objects (Hasinger et al., 2001). Unfortunately the
XMM-Newton does not allow one to resolve faint sources because the telescope is
confusion limited due to the angular resolution of the mirrors. The overall spectrum of
the superposed XRB sources can be described by a power-law with I(E) «< E —T' with
I' ~ 1.5 (see also Gendreau et al., 1995). The number of XRB sources at a certain flux
level is given by the log(N)-log(S) relation in Hasinger et al. (2001) which is based
on the XMM-Newton observation of the Lockman hole (Lockman et al., 1985). To
demonstrate that the point sources found in HolmbergI are not dominated by XRB
sources, the log(N)—-log(S) relation for the Holmberg I data is shown in Fig.21.

Furthermore, the X-ray colors, i.e. the hardness ratios(HR), are studied to find out
whether or not XRB sources are detected. Sources unrelated to the galaxy (cosmic
background sources) are strongly absorbed by the total gas content, preferentially by
the HI, of the galaxy. Hence, they will appear as hard X—ray sources in the B3 and B4
bands, because the photoelectric absorption cross section 6 o< E 3. For that aim, the
HR of all sources with non—negative and non—zero counts in any band are plotted in
Fig.22, together with the theoretical curves for thermal plasma and power—law sources.

The distribution of the X-ray point sources in the HR diagram in general shows that
the sources are roughly of the same kind. There is considerable scatter which may
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Fig. 21: The cumulative log(N)-log(S) relation for Holmberg I (XMM-Newton data) scaled
to the area of 1 square degree in order to compare to the data obtained from the XMM-Newton
Lockman hole observation by Hasinger et al. (2001) (thick line). The Holmberg I data is well
above the XRB data and hence the contamination with XRB sources is negligible. The dotted
vertical line corresponds to the flux limit in the PS band. Note, that the XRB data corresponds
to a foreground absorption given by the column density of the Lockman hole, which is the
lowest column density region on the sky. Thus, the thick line is an upper limit.

Holmberg [

0.5 |- B

@ L
m -
o L
R
a r 4
~ 0 t : =
() L
i L
1 ~
a I 1 =1

—05 | / |

-1 -0.5 0
(B3-B2)/(B3+B2)
Fig. 22: XMM-Newton HR for the point sources found in Holmberg I. The numbers corre-
spond to the IDs of Tab.6. All errorbars correspond to an uncertainty of 1-c. The dashed and
solid lines are described in detail in the caption of Fig.19 and the accompanying text.
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reflect the few photons detected in each source. Source ID 2 whose errorbars are not
in the power—law regime compared to the underlying model curves may be the only
outlier. This source is most likely a plasma source with an absorbing column density
of at least 1 x 102 cm~2 according to its position in the HR diagram. But since the
Galactic foreground is 2.5 times higher it is more likely to be ~ 1 x 10! cm~2 which
is consistent within the 1-o errorbars. All other sources are most likely power—law
sources which argues for the classification of X-ray binaries, some of them (IDs 7,
11, 14) with very steep photon indices. This argues for relatively soft sources and
indeed they do not have high count rates above 1.0keV. Source ID 12 is the hardest
source found. Its photon index ranges between I' ~ 1.5-2.0. The flux is estimated
t0 9.78 £ 1.31 x 10~ ergem™2s~! according to a luminosity of 1.68 x 1037 ergs~!
(assuming a distance of 3.5 Mpc). The luminosity is comparable to X—ray binaries
which typically range between Ly (0.1 —2.4keV) ~ 1036 — 1037 ergs—!.

To disentangle the nature of the sources, a search for optical counterparts is feasible
because the optical monitor (OM) of the XMM-Newton was used during the observa-
tion. This small telescope operates in the UV regime with a band pass of 160-600 nm.
According to the XMM-Newton handbook this detects mostly BO and A0 stars which
radiate in the UV at high temperatures. Therefore, their lifetime is short and so the
OM traces young stars probably in star forming regions.

In Fig.23 the point source locations are shown as circles on top of the OM image. The
contours resemble the HI distribution. At the high UV emission also the highest HI
column densities are present. Moreover, Ott et al. (2001) find that the bulk of the Hot
emission is located right at the location in the southeast where the UV is found. These
regions are very close to the location of the brightest X—ray point sources found by
XMM-Newton (except source ID 1 which is at the opposite side of the galaxy). The
fainter sources appear to be more uniformly spread across the galaxy. This is also true
for the old red stars as pointed out by Ott et al. (2001). Here, we have a first hint for
the distribution of X-ray point sources.

The peculiar source ID 12, which is the second brightest, shows hardly UV emission.
Also a SIMBAD'3 database lookup gave no hint to any counterparts in other wave-
length. Since it is located at the outer rim of the large central HI shell where the
column density is moderate, it may be an XRB source because the log(N)-log(S) rela-
tion only tells statistically that the data is not contaminated. However, since the source
is the second brightest in the galaxy I assume it to be a HMXB (according to its lu-
minosity). These (especially when they are isolated) do not have to show up in the
OM.

Source ID 2 is very close to source ID 1 in the smoothed M1M2 image. The angu-
lar offset from peak to peak is only 28”0 (about twice the PSF). Both have no OM
counterparts and also SIMBAD gave no results in other wavelength. Here, it may be

Bhttp://simbad.u-strasbg.fr/Simbad
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Fig. 23: The OM map of Holmberg I with H1 contours and the source positions. In the south-
east prominent UV emission is clearly visible. This is associated with the brightest X—ray point
sources found in the galaxy.

possible that both sources are in fact one single extended source. But, as pointed out
before, ID 2 is likely a plasma source while ID 1 has significant counts only in the B3
band. In addition their fluxes differ by a factor of 1.6. Within the flux uncertainties
they differ by 0.08 x 10~13ergecm=2s~!. Within 2 — ¢ uncertainties they are equal
but still the difference in the individual bands is present. In the Hor data published by
Ott et al. (2001) one can spot a little emission feature which spatially agrees with the
position of ID 2. Also the HI shows a shell-like structure at this position. This argues
for ID 2 to be a supernova remnant but the luminosity, according to Tab.6 is far below
the value given by Fabbiano (1996). So far, the nature of ID 1 and 2 remains unclear.

Sources ID 8 and ID 10 have optical counterparts. ID 8 is clearly seen in th OM while
ID 10 is not, but both show up in the DSS2!* red and DSS2 blue images provided by
the Catalogs and Surveys Branch of the Space Telescope Science Institute. As well
as for the X-ray sources a 4-¢ clip level is applied to the DSS2 images. ID 10 shows
the highest luminosity of all Holmberg I X-ray sources and from the HR diagram it is
characterized as a power—law source with index ~ 3 and an absorbing column density
of at least 1 x 102! cm™2. This, again, speaks for an X—ray binary, maybe even a
HMXB. Source ID 8 is also an peculiar source since the counts in the B2 and B3 band
are quite low and B4 has no counts at all, but it is associated with the UV and DSS2
sources. The luminosity is in the range of X-ray binaries so likely it is one.

4Digitized Sky Survey
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Fig. 24: Left: The radial number density distribution of XMM-Newton point sources declines
with increasing radius, with the morphological center taken as the origin. The dotted line is
an exponential fit to the data. The bin size is 1 kpc. Right: Radial distances as a function
of XMM-Newton source flux with the morphological center as the origin. Although the sig-
nificance is not very high due to the low number of point sources, a general trend becomes
apparent: the luminous sources tend to show up at smaller radii than the fainter ones. Numbers
correspond to the source 1Ds.

All remaining sources (ID 3,6,9,13) do not show up in the HR diagram. Sources ID 3
shows up in the DSS2 blue and DSS2 red. All others do not have any counterparts in
the optical but from their luminosities and/or hardness ratios, it is concluded that they
may be isolated X-ray binaries as well as ID 3.

According to the standard model of the HI shells found in dlrrs it is expected to find X—
ray emission within the shells. Comparing the point source positions with the HI data
shows that none of the X-ray sources is located in HI shells, except source ID 2 which
is also associated with Hoe emission. Only the OM shows emission in the HI shell
in the south of the galaxy located at €=09"40™35509, §=71° 10’ 0733 (J2000.0) with
a linear size of 0.5 kpc. The column density at this position is Ng; = 6 x 1020 cm™2.
Quoting Ott et al. (2001) the number of SNe explosions, based on the energetic input
of 1.7 x 10°! erg, can not be higher than two. As pointed out by Kerp et al. (2002)
the soft X-ray emission of SNe is absorbed in situ by the shell when the HI column
density exceeds a value of Ny; = 5 x 102 cm™2. This may be the cause why X-ray

emission is not detected in this particular shell.

As seen from the previous investigation, the point sources represent a heterogeneous
mixture of different types. In this case the sources are most likely X—ray binaries which
trace the old stellar population and therefore the evolution of the stars as a whole.
To study the properties of the X-ray source population, their spatial distribution is
regarded.

In Fig.24 the radial distribution of the found sources is shown. Having the morpho-
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Fig. 25: XLF of Holmberg I (XMM-Newton data). The dotted line is a fitted power—law with
index —1.06 +0.10. Within the uncertainties the XLF appears to be unbroken, implying that
no intense star burst occurred in the galaxy. Incompleteness due to the detection limit occurs
at0.25 x 10%7 ergs~!.

logical center as the reference point the number density of the sources decreases with
increasing radius. This is also seen by Ott et al. (2001) for the optical stellar sur-
face brightness distribution. Also the reported change in slope of the surface bright-
ness distribution with respect to the morphological center is suspected in the number
density distribution. The radius at which the slope changes in both distributions is
about 1.2kpc. Of course, the errorbar for the point below 1kpc is too large to con-
strain this reliably. An exponential fit to the data gives an characteristic radius of
ro = 1.94+0.8kpc. The radial distribution can be constrained more, when regarding
the fluxes of the sources.

The radial distance as a function of flux is displayed in the same view graph on the
right hand side. Here, a general trend may become apparent, that the luminous sources
tend to show up at smaller radii than the fainter ones. The lifetime of X-ray binaries
depends on the companion star. For HMXB the companion has a lifetime of 10%-107 yr.
In contrast LM XB have longer lifetimes and thus they remain active longer but at lower
luminosities (Wu, 2001). Here, the bright sources may still be associated with the
young star forming regions whereas the faint sources dispersed through the galaxy and
hence reflect the overall star formation history. Moreover, the bright sources exceeding
aflux of 5x 1071 ergecm ™2 s~ ! are located at a radius of roughly 1.4 kpc. This is of the
same order as the radius where the slope changes for the surface brightness distribution
reported by Ott et al. (2001). Although the uncertainties are high, the coincidence is
surprising.

Migrating from fluxes to luminosities one can study the X—ray luminosity function
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(XLF). This provides a tool to investigate the star formation history. If the star for-
mation was continuous and uniform then the XLF should appear unbroken whereas
a star burst would form new HMXB and hence the XLF will show a break in its
slope. In general, spiral galaxies, for example, show a steeper slope than ellipticals.
In Fig.25 the XLF for HolmbergI is given. Within the uncertainties the XLF ap-
pears to be unbroken when a power—law is fitted to the data. The power—law index
is —1.06 £0.10. Deviations from the power—law only show up at the very low lu-
minosity end (=~ 0.25 x 1037 erg s~!) which has to be attributed to the detection limit
for the faint sources. The derived slope is comparable to galaxies like NGC 1291 or
NGC 3184 which themself are spirals. This issue will be discussed later again, when
data from a more extended sample will be studied in order to increase the significance.

So far, only the point sources were regarded. Since the XMM—Newton has a large col-
lecting area and sensitivity it is suspected to detect very low intensity diffuse emission
as well. This issue will be discussed in the following paragraph.

5.1.1.2 Diffuse soft X-ray emission To reveal diffuse soft X-ray emission a
different approach is needed in contrast to the point source analysis. First of all, the
point sources have to be removed from the photon images to make sure that only the
extended emission is detected. This is done by cutting holes at the positions of the
point sources with radii corresponding to the 3.5 xPSF area. The resulting images are
frequently referred to as cheese images (see Fig.17). To avoid any discontinuities at
the edges of the cutted point sources the holes must be refilled. The commonly used
approach here is to fill the holes with artificial photons. This is constrained by two
means: a) the surface density of the artificial data must resemble the surface density of
the surroundings of the holes and b) the counts per pixel of the artificial data must meet
the ones of the surroundings as well. With that, the discontinuities can be minimized.
To do so, the CIAO package provides a task (dmf i 1th) which filles all holes with the
desired artificial data resembled from a source free background region.

The relevant energy regime needed for this analysis is below 1.0keV. This follows
from previous X—ray missions which did not report on any diffuse hot gas exceeding a
temperature of 10’ K which corresponds to a photon energy of about 1 keV. Therefore,
the bands B2 and B3 are used to investigate the diffuse soft emission and the photon
maps of these bands are treated as described.

Equipped with the point source subtracted, refilled images in B2 and B3 the search
for diffuse soft X—ray emission can be performed. Since the images consist of a low
number of individual photons (as compared to radio, IR or optical images with a vast
number of photons per pixel) scattered across the FOV it is nearly impossible to iden-
tify extended emission in the photon maps. A very powerful tool to visualize extended
emission anyway is the so—called adaptive smoothing. Here, the idea is to convolve the
photon image with an automatically adjusted kernel size until a certain S/N is achieved.
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Fig. 26: Adaptively smoothed image of the 0.2-1.0 keV EPIC—pn map. Point sources were
subtracted and detector gaps are filled. The emission is clearly off-set from the central shell by
~ 3.5 arcmin.

The resulting image shows the emission with more or less uniform significance as de-
fined by the minimum S/N. Pixels in the photon image which already are above the S/N
are not smoothed and hence point sources are preserved. Since the photon images are
vignetted they have to be corrected with the new enhanced exposure maps as described
in Sec.4.3. Because of the variety of the smoothing kernels faint X-ray emission might
become detectable even in the vicinity of individual bright X—ray sources.

Caution is advised with adaptively smoothed images. Since the flux is redistributed
across the image, it should only be used for a qualitative impression of the emission
only. For quantitative studies the corrected photon images need to be used. Further-
more, tests with the adaptive smoothing algorithm (in particular the asmooth task
provided by CIAO) showed, that the variability of the kernel sizes can produce posi-
tional off—sets of the diffuse emission in question. This off—set can be about 1 arcmin
in extreme cases.

After the point sources are subtracted the holes and also the gaps between the detector
CCDs are filled. The exposure map correction is applied to the combined B2 and B3
band image of the EPIC—pn image and then adaptively smoothed with a minimal S/N
of 4. Any residual point source contributions are identified and also cleaned from the
photon image and then again adaptively smoothed until no point sources show up. The
resulting image is then clipped to 4-o above the background. In Fig.26 the 0.2-1.0 keV
image of the EPIC—pn camera is displayed.

Diffuse soft X-ray emission is detected and completely located inside the central
10 arcmin of the FOV where the exposure map correction works very well (cf. Fig.
16). To independently test the reality of the diffuse X-ray emission, the number of
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counts within the 4-o limit are integrated and the intensity difference to a background
field (i.e. the excess emission) in the processed photon images is calculated. In the
B2-band there is an X—ray excess of (6.1 £ 0.7) x 10 *ctss~'arcmin~? and in the
B3-band (2.2 & 0.2) x 10~*ctss~'arcmin~2. The higher energy bands do not show
up with excess X-ray emission. Since the emission feature seen in the adaptively
smoothed image is confirmed by the excess counts in the B2 and B3 band, more de-
tails can probably be obtained by considering the spectral information provided by the
EPIC—pn data.

The spectrum is extracted from the EPIC—pn event list considering the 4-¢ contour
of the diffuse emission feature and excluding all point sources. In order to find the
best—fit model different channel binnings are assumed and also different reasonable
source models are fitted to them. In particular, the following emission terms and source
models are evaluated:

The individual terms in the models denote:

AG: Galactic foreground absorption (fixed parameter: column density Nﬁ’i"‘l' =25x%
1020 cm—2)

MP: MEKAL-plasma, accounting for the diffuse emission component (fixed param-
eter: abundance 0.2 solar, free parameters: temperature [keV], thermal normalization,
which is the emission measure (EM) in units [pc cm®))

Al intrinsic absorption, accounting for any absorption related to HolmbergI (fixed
parameter: column density Nji" = 0.5 x 10?! cm~2, mean value of Holmberg1 taken
from Ott et al. (2001))

PL: power—law, accounting for any residual point source backgrounds (fixed parame-
ter: photon index I' = 1.5, (Hasinger et al., 2001))

* Model M1: source = AG- (MP+ (Al-PL))

This approach is based on the idea that all emitters (M P, PL) are attenuated by the
Galactic foreground (AG). In addition any residual point sources are attenuated
by parts of the ISM (A7) of Holmberg I and/or intrinsic absorption in the possible
point source population. The values are given above.

* Model M2: source = AG - (MP+ PL)

Here, any residual point sources are assumed to be situated in front of the ISM or
slightly immerged in the galaxy. However, M1 should yield better results since
the spectrum is not background subtracted due to the statistical implications of
Poisson distributed data (see Sec.4.6.1).

e Model M3: source =AG-MP
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Tab. 8: Different spectral model fits for different binning of the data. The uncertainties in all
values are of the order 10% as calculated by COVAR of the sherpa package.

Binning Model = MP MP PL Al red.x?
kT [keV] EM[103pcem™®] T NI [10?lem™2]
G25 M1 0.05 3.46 L5 0.5 3.34
G5 M1 0.04 17.14 1.5 0.5 0.83
C20 M1 0.07 1.28 1.5 0.5 1.39
G25 M2 0.04 7.80 1.5 — 3.10
G5 M2 0.03 17.14 1.5 — 0.81
C20 M2 0.06 2.79 L5 — 1.31
G25 M3 0.04 15.03 — — 12.50
G5 M3 0.09 45.73 — — 3.84
C20 M3 0.06 2.86 — — 4.81

This is the most simple model that can be assumed, but also here the constraints
mentioned for M2 apply. Even so it is evaluated for completeness, although no
reasonable results are expected.

The MP component in model M1 is not absorbed by the Al term because it must
be located in front of the HI distribution. Otherwise it would not be seen due to the
softness of this component. For the extracted spectrum three different spectral binnings
are evaluated, namely:

* G25: The photons are binned so that at least 25 photons per bin are reached.
* GS5: The photons are binned so that at least 5 photons per bin are reached.

* C20: Here, 20 spectral channels are combined in one bin, i.e. a constant binning.

The used fit method is the sherpa default POWELL method together with the CHI
GEHRELS statistics. In Tab.8 all combinations are listed together with the y? statis-
tics.

No matter which model is assumed, the G25 binned spectrum produces exceptional
high x2 values. Of course, the uncertainties in each bin get quite low since 25 photons
at least are grouped. Therefore, the model is hardly to fit to the data and the deviations
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Fig. 27: The diffuse emission spectrum of Holmberg I (XMM-Newton data points in the upper
panel) together with the best fit model M2/C20 (solid line in the upper panel). The lower panel
shows the ratio of data/model.

between model and data do not agree within the uncertainties, hence the 2 is very
different from one. The y? of the G5 are comparable to the ones of the C20 spec-
trum. For the M3 model all the y? are far away from one which is expected since the
model setup is too simple because it does not account for any residual point sources,
especially the background.

The remaining models are M1 and M2 together with the G5 and C20 binning. Any
residual point sources have fixed intrinsic absorption according to the mean value given
above. Physically it is advisable to set the intrinsic absorption to the column den-
sity value of HolmbergI. This ensures that extragalactic sources are attenuated by the
whole galaxy. However, only a small fraction of the emission region is covered by the
HI disk of HolmbergI, leading to a slightly higher x? value.

Therefore, model M2 is more accurate which does not account for the intrinsic ab-
sorption and thus provides less free parameters which makes it more reliable. From
the statistics only models M2/G5 and M2/C20 are acceptable (x>=0.81 and 1.31, re-
spectively) but model M2/C20 provides a more reasonable emission measure. The
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spectrum is given in Fig.27 together with the fitted model and the ratio of data/model.

According to the M2/C20 model one can calculate the plasma parameters. Therefore,
I adopt the frequently used equations for the plasma parameters as given by e.g. Sum-
mers et al. (2004). These relevant equations for emission integral (EI), electron density
(ne), Pressure (P), equivalent HI mass (M) and thermal energy (E;;) are:

EI = EM x4zD*/1071* (10)
ne ~ (EI/Vf)'/? (11)
P ~ 2nkT (12)
M ~ nmJVf (13)
Ey ~ 3nkTV (14)

where f is a filling factor, EI the emission integral, m,, the proton rest mass and k is
the Boltzmann constant. The volume V of the emitting region is V = 6.55 x 109 c¢m?
(assuming spherical symmetry).

The calculated plasma parameters are then:

T = 10°%K (15)
ne- f12 = 2.67x102cm™3 (16)
P-f 12 = 4.65x10"?dyncm 2 (17)
M-f12 = 15x10°Mg (18)
E;, = 4.57x10%erg (19)

The assumption of spherical symmetry and a filling factor of unity give reasonable
values for n,, P, M and E;;,. However, all plasma properties are calculated assuming
collisionally ionized equilibrium (CIE). As pointed out by Breitschwerdt & Schmutzler
(1999) this assumption is not realized in most astrophysical plasmas, hence the figures
are only estimates.

Not only because of the CIA assumption, the interpretation of these figures given
above turns out to be difficult. The main question is whether the diffuse emission
detected in the imaging instruments of XMM-Newton is related to Holmberg I or not.
A scenario can be outlined referring to previous work done by Ott et al. (2001) as
follows. The central HI depletion is very likely produced by ~ 120 supernova events
which went off on a timescale of 4 x 10’ yr. The age of the shell itself is between
60 and 100 Myr, depending on the analysis, and the energy needed to create the shell
is a few 10”3 erg. Also it is very likely that the shell broke up and blew the mate-
rial out of the disk of HolmbergI. If one now attributes the diffuse X-ray emission
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to the creation of the shell, the cooling time of the plasma has to be estimated to
make sure that the plasma would still be visible. To do so, the cooling function A
of Sutherland & Dopita (1993) is used and the value of the timescale turns out to be
teool = 3/2 - (NkT)/(Anin,) ~ 15 Myr for a 0.2 solar metalicity plasma. Provided the
sound speed in this plasma (93.5kms~1), it could reach 1.5kpc distances on the given
timescale of 15 Myr which is, of course, not high up in the halo. The escape velocity of
Holmberg I is 48 km s ™! taking the total mass of being 8.6x 103 Mg (Ottet al., 2001).
Compared to the sound speed, this in turn argues for the idea that the extended X—ray
emission can be attributed to the creation of the central shell.

The derived pressure corresponds to ~ 900 Kcm 3. According to Breitschwerdt &

Schmutzler (1999); de Avillez & Breitschwerdt (2004) the typical pressure in galactic
halos is about a factor of 5-10 higher. But also they state that the filling factor f is of
the order 0.2. Taking this value the pressure gains to values comparable to the typical
halo pressures. Hence, the diffuse gas can survive in the halo environment.

Very recently, Vorobyov et al. (2004) performed a numerical simulation of an expand-
ing shell in Holmberg I. Their favored model indeed is able to reproduce the HI prop-
erties found by observations. Moreover, this model produces a blow—out scenario with
a mass loss of 1-2 % of the total gas mass. This gas fraction is just the gas which is at
radial velocities exceeding the escape velocities of the galaxy. Provided the total gas
mass being 8.6 x 103 M, the lost gas mass is & 17 X 10° M), when the 2 % estimate
is taken into account. This is in agreement with the gas mass of the hot gas detected in
X-rays. From the blow—out model follows that the shell broke out of the disk 15 Myr
ago which is the same time scale as the cooling time of the coronal gas. Here, we may
see the gas expelled in the blow—out as the hot X-ray emitting gas phase.

A counter—argument here is the spatial off—set of the diffuse hot gas with respect to the
morphological center of the HI distribution. On the contrary, the diffuse emission is
located right at the position where the velocity dispersion of the HI reaches systemat-
ically higher values compared to the rest of the galaxy. Moreover, the morphological
center does not match the dynamical center (Ott et al., 2001), which is off—set towards
the north. From the morphology of the atomic gas the southern edge is sharp as com-
pared to the northwestern side. All this argues for a motion of the galaxy through
the ambient medium towards the southern direction, where the famous M 81, M 82,
NGC 3077 triplet is located. Ott et al. (2001) suggest that ram—pressure compresses
the galaxy at the southern part. This would also explain the disturbed northwestern
part of the galaxy. In the context of the diffuse emission it is likely that, if the hot gas
stems from blow—out from the central shell, it is stripped off in the direction of the
northwest due to the same ram-pressure effects.

But even if no ram—pressure effects are called to account for the off—set it is still possi-
ble to basically explain the off-set. The inclination angle of the galaxy is i = 15 —20°
(Vorobyov et al., 2004). Provided the projected off—set of 2.5 kpc of the diffuse hot gas,
a distance can be derived from the inclination angle. The perpendicular distance then
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is 7 — 10 kpc which is well above the galaxy in the halo. Together with the timescale
of the break out (15 Myr) a mean escape speed of ~ 550 km s~! for the hot gas is cal-
culated. This value, however, is about a factor of 6 smaller than the sound speed in the
coronal gas. Hence, the ram—pressure effect is more likely than the geometric effect
for explaining the off—set.

All these different indications lead to a still not strong evidence. The central HI feature
may be attributed to the diffuse emission in the northwest. However, the distance of
the coronal gas, calculated from the sound speed and the cooling time scale, is too low
to be in good agreement with the blow—out scenario.

5.1.1.3 Summary Observations of HolmbergI in the X—ray as well as in the UV
are presented. The analysis of the X—ray point source population reveals 14 point
source in total above the 4-o threshold, confined to the HI distribution of the galaxy.
Hardness ratios are calculated for all sources having positive counts in all energy bands
considered. All but one of these appear as power—law sources (X-ray binaries) in the
HR diagram, one is more consistent with the emission process of an absorbed plasma
source (Ni ~ 1 x 102! cm~2). According to the optical counterparts, ID 8 and 10 show
up in the UV range making them good candidates for HMXB whereas the remaining
sources are more likely LMXB.

An analysis of the spatial distribution of the point sources is presented as well. The
radial distribution of the X—ray point sources, with respect to the morphological center,
shows a decline towards larger radii when the fluxes of them are ignored. This is
consistent with what Ott et al. (2001) found for the surface brightness profiles in the
optical. The faint sources tend to be distributed at larger radii than the bright ones. The
implication here is, that the bright sources are associated with the star forming region
in the southeast, which is located nearer to the morphological center, whereas the faint
sources are wider distributed - they have propagated through the galaxy body.

The luminosity function appears to have no breaks within the uncertainties. It can be
approximated by a power—law with slope -1.06+0.10. The absence of breaks means
that no burst of star formation has occurred over a time scale of about 107 yr, which is
the typical nuclear time scale of an HMXB (see e.g. Grimm et al., 2003).

Point source subtracted images are calculated to reveal any diffuse emission associated
with the galaxy. At the soft energy regime (0.2-1.0keV) diffuse emission is detected
in the northwest of the galaxy where the velocity dispersion of the neutral gas reaches
maximal values.

A spectral analysis of the diffuse emission is performed, taking into account the Galac-
tic foreground absorption and also any residual point source contribution due to the
X-ray background. Modeling the diffuse emission with a MEKAL—-plasma model, the
best fit model of the extracted spectrum yields a temperature of log(7'[K]) = 5.8 and a
corresponding HI mass of 15 x 10° M. This value is in agreement with the mass loss
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calculated by Vorobyov et al. (2004). The origin of the blow—out scenario proposed
by Ott et al. (2001); Vorobyov et al. (2004) is also suggested by the detection of the
diffuse emission. The derived physical plasma parameters lead to a distance of the
coronal gas of only 1.5 kpc which is not high above the plane. Thus, the blow—out is
still questionable.

The diffuse emission shows a projected spatial off-set from the morphological cen-
ter of Holmberg I. The spatial off—set is about 2.5 kpc. This off—set is addressed to
the movement of the galaxy towards the south through the ambient medium. This is
well confined by the HI study taken out by Ott et al. (2001). The off-set can then be
explained by ram—pressure effects if the hot gas is blown out of the central shell. How-
ever, the inclination angle of the galaxy allows to explain the off—set without regarding
ram—pressure effects. But this geometric explanation is not likely since the distance to
the plane would be too high by a factor of five.

5.1.2 1C2574

The second galaxy in the sample is IC2574. It is also a member of the M 8§1-M 82
group of galaxies. As well as the HolmbergI and II dlrrs, IC 2574 shows an ISM
dominated by holes and shells. Up to now 48 shells are known (Walter & Brinks,
1999). These shells are mostly expanding and show star forming regions traced by
Ho emission predominantly located at the rims of the expanding shells. Particularly
for one prominent shell towards the northeast Walter (2001) found that the shell is
associated with a stellar cluster in its center. The ages of the shell and the cluster are
comparable and this, together with the energetic input, argues for the ’standard model’,
1.e. massive star clusters can create super giant shells in galaxies.

Within this shell X—ray observations with ROSAT, XMM-Newtonand CHANDRA
revealed a point source of ~ 8 pc size (upper limit) which can be attributed to a cooling
neutron star (Brinks et al., 2003). Besides the power-law component there is also
a plasma component in the X-ray spectrum which can be attributed to a supernova
remnant having an upper age limit of about 2000 yr. It is very likely that this SNR 1is
one of the shell forming objects.

This ’standard model’ is also supported by the work of Sdnchez-Salcedo (2002). They
derived kinematic ages for the shells and an asymmetry between the approaching and
the receding side is found. Together with their photometry and the HI properties they
claim the ’standard model’ to be correct since all alternative scenarios are facing prob-
lems to explain the measured abundance and properties of the expanding shells.

As with Holmberg I in the previous section the same analysis steps are applied to the
data observed by the XMM-Newton telescope. The observational key data is displayed
in Tab.4, basic parameters are given in Tab.9. The difference here is the use of the
MEDIUM filter in contrast to the THINT1 filter used in the Holmberg I observation.
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Tab. 9: IC 2574
Morphological type dlrr
Position (J2000.0) o = 10M28™27540 § = 68924™44578
Distance 4.0 Mpc (Karachentsev et al., 2002)
HI mass (10° M) 600 (Walter & Brinks, 1999)
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Fig. 28: Left:Smoothed image of the combined EPIC-MOS1 & 2 IC 2574 maps in the PS
band. The contours (starting at 10% of the peak intensity and growing in steps of 20%) show
the HI distribution shown in grey scale (peak 2406 K km s~!) on the right, circles indicate the
point sources which are above the 4-o0 limit of the background. Numbers correspond to Tab.11.
HI map published by Walter & Brinks (1999)

This has to be accounted for when deriving hardness ratios or dealing with spectra.
In the latter case this is done automatically since the RMF and ARF are calculated
accordingly. The first task performed is the detection of X-ray point sources

5.1.2.1 X-ray point sources The smoothed M1M2 image in the PS band is
examinated to find point sources exceeding the 4-¢ background threshold. Restricting
the galaxy body to its HI distribution 36 point sources are identified. In Fig.28 (left)
the location of these point sources are superimposed on the smoothed M1M2 image.
The right hand side of the figure shows the HI map with the point sources overlayed
as circles.

Equipped with the coordinates of each point source, the counts of each can extracted.
Again different energy bands are considered: the PS band for flux calculation and the
B2-B4 bands for the HR. As performed for Holmberg I the counts are extracted from
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Tab. 10: IC 2574 flux limits for individual XMM-Newton bands, taking at least 7000 pixels

outside the Hi distribution into account. The flux units are 10~"3 ergcm™2 57!

Band background counts flux limit

B2 5403 0.63+0.04
B3 4 £0.3 0.35£0.03
B4 4 £0.2 0.49+0.02
PS 18+0.6 2.934+0.09

the EPIC—pn data. The detection limits for the individual bands are given in Tab.10.
Here, the limits are comparable to the ones of the HolmbergI observation although
they are slightly higher given the lower exposure times in the bands as shown in Tab.4.

Given the background corrected counts in th PS band the fluxes are calculated using a
Galactic foreground absorption of 2.1 x 10?° cm~2 and a power—law index of I' = 1.5
which is again a mean value. From the fluxes one can derive the luminosities adopting
a distance to IC 2574 of 4 Mpc (Karachentsev et al., 2002). In Tab.11 I summarize the
X-ray point sources found, giving the coordinates, fluxes, luminosities and counts in
the B2-B4 bands.

The source list provides the following information. From the 36 sources found in the
PS band of the M1M2 images, 15 source turn out to be insignificant in the B2-B4
bands of the EPIC—pn data. This can be addressed to the lower exposure time in the
EPIC—pn data. Especially two sources (ID 3 and 15) show negative counts even in the
EPIC—pn PS band data. They only show up in the smoothed M1M2 PS band. In the
B2-B4 bands (each of which is less significant than the PS band) both have virtually
zero counts after correcting for the background emission. All remaining 21 sources
are considered to be detected.

The contamination of the data by XRB objects is evaluated with the help of the log(N)-
log(S) diagram. Figure 29 shows that the IC 2574 data points are well above the extra
galactic background. This positive off—set makes sure that statistically no point sources
from the XRB contribute to the point sources found. However, it is still possible to have
one XRB source in the data. Contamination occurs below 1.0 x 10~ ergecm™2s~ 1.
Now, hardness ratios can be calculated for the detected sources. The HR diagram
is show in Fig.30 where the model curves are nearly the same as explained in the
caption of Fig.19. The only difference here is that now the MEDIUM filter is used
and therefore the theoretical models have to account for this. Since the thicker filter
dilutes the X-rays especially in the soft energy regime the curves appear “harder” and
accordingly they are shifted to the right in the HR diagram.

The interpretation of the HR diagram turns out to be not as straight forward as in the
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Tab. 11:
1075 ergem™

2

The XMM-Newton X-ray point sources found in IC2574. The flux units are
s~! in the PS band, the luminosity units are 10°” ergs~!, the luminosity un-

certainty is of the order of the relative flux uncertainty. The stars mark sources with zero or
less counts in one band after background subtraction. The daggers mark peculiar sources in the
HR diagram. The last three columns give the background corrected counts in the corresponding

band.
ID Right Ascension Declination Flux Luminosity B2 B3 B4
(J2000.0) (J2000.0)
1 10P29™m30575 68° 30/ 05”766 12.79 + 1.67 2.45 12 26 13
2 10M29™44575 68° 26’ 19703 9.32 + 1.42 1.78 11 16 10
3*  10P29™10%91 68° 28 39”14 — — 0O 2 0
4 10M29m24521 68° 25’ 53”53 3.90 + 0.92 0.75 4 4 5
5% 10P29™17588 68° 25 31794 1.08 +0.48 0.21 2 1 0
6  10M28M55502 68° 25" 54”12 3.90 + 0.92 0.75 4 7 2
7 10M28M5453] 68° 28’ 48”13 1.95 + 0.65 0.37 2 3 3
8  10"28m37571 68° 28’ 52766  5.64 + 1.11 1.08 5 6 9
9  10M28M42544 68° 28’ 13747 154.1 +5.78 29.50 121 208 249
10*  10M28™m42543 68°27' 21”27  0.43 + 0.31 0.08 0O 2 0
117 10"28™19553 68°27 43”15  4.77 +1.02 0.91 9 4 8
127 10"28m06588 68° 28’ 13”58  4.55 +0.99 0.87 8 4 8
13*  10M27m46%38 68° 26/ 29”704 0.87 + 0.43 0.17 4 1 0
14*  10h27™18583 68° 24" 44”19  3.47 +0.87 0.66 0 3 13
15*  10M27™m07%91 68° 22/ 1603 — — 0 0 0
16*  10M27m40%12 68° 24’ 22”81  0.87 £ 0.43 0.17 1 1 3
17 10"27™28536 68° 22/ 38723 19.29 + 2.04 3.69 18 35 25
18* 10M27™m41574 68° 22/ 29”73 3.04 + 0.81 0.58 o 7 3
19*  10h27m29523 68° 20/ 05799  7.15 + 1.25 1.37 0 20 8
20 10P27™37590 68° 19 05723 5.42 +1.08 1.04 5 10 6
21 10"28m2520 68° 22 56”01 28.40 + 2.48 5.43 15 49 43
22 10M27m59582 68° 24/ 01725 3.90 + 0.92 0.75 5 3 5
23 10P28™02519 68° 24/ 36”06 15.39 + 1.83 2.95 17 20 18
24* 10M28M15558 68° 24’ 49”15 3.69 + 0.89 0.71 7 6 1
25  10M28M28518 68° 24 09”797 18.86 + 2.02 3.61 5 15 42
26*  10"28™06%93 68° 21 07/28 0.22 +0.22 0.04 1 0 0
27%  10M28M43590 68° 22/ 08”705  0.43 + 0.31 0.08 0 0 1
28 10"28M35523 68°21' 15793 8.67 &+ 1.37 1.66 3 19 11
29  10M28™50%96 68° 21’ 15”77 11.49 + 1.58 2.20 13 17 12
307 10M29M06572 68° 22/ 20”77 11.49 + 1.58 2.20 5 2 12
31 10M27M20%48 68° 22/ 55747  4.77 +1.02 0.91 2 10 7
32%  10"27M52576 68°22' 21”15  1.73 £ 0.61 0.33 4 2 0
33 10M28M]15558 68° 22/ 1255  4.12 +£0.94 0.79 3 7 4
34*  10M28M21587 68° 22/ 03”84 1.52 +0.57 0.29 4 2 0
35 10M28™43588 68° 21’ 24”55  3.90 + 0.92 0.75 6 5 5
36*  10M28M21590 68° 28 39”769  1.30 £+ 0.53 0.25 3 4 0
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Fig. 29: The cumulative log(N)-log(S) relation for IC 2574 (XMM-Newton data) scaled to
the area of 1 square degree in order to compare to the data obtained from the XMM-Newton
Lockman hole observation by Hasinger et al. (2001) (thick line). The data is well above the
XRB data and hence the contamination with XRB sources is negligible. The dotted vertical
line corresponds to the flux limit in the PS band. Again, as for the Holmberg I case, the thick
line is an upper limit.
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Fig. 30: XMM-Newton HR for the point sources found in IC 2574. The numbers (left) cor-
respond to the IDs of Tab.11. All errorbars (right) correspond to an uncertainty of 1-6. The
dashed and solid lines are described in detail in the caption of Fig.19 and the accompanying
text.
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Holmberg I observation. At first glance there are four peculiar sources showing up in
the upper left of the diagram, namely the source ID 11, 12, 22 and 30. These are not
intersecting the model curves within their 1-0 uncertainties. According to the source
list of Fig.11 their luminosities are not unusual and also the counts in the B2-B4 band
are not extremely low. Also the re—examination of the photon images do not show any
special features. The position in the HR diagram is due to the lower counts in the B3
band compared to the B2 and B4 band. Examining the BS and B6 bands it turns out
that ID 30 shows up with 30cts and 8 cts respectively (after background subtraction).
The other 3 sources are not significant. At least ID 30 can be identified with a very
hard source. Together with its luminosity of 2.2 x 1037 ergs™! it is likely an X-ray
binary. However, the nature of the other 3 sources deviating from the model curves
remains unclear. It is speculated that these sources may be faint background sources,
reasonable since the log(N)-log(S) relation is statistical.

All other sources are, within their uncertainties, situated in the power—law regime of
the model curves making them good candidates for being X-ray binaries. But there
is one very prominent source having the maximum luminosity of all sources found in
IC 2574, which is source ID 9. This source is very well known and was observed also
with the CHANDRA telescope (Brinks et al., 2003). The authors claim that this source
is likely a young supernova remnant (SNR) with an absorbed (Ny; ~ 8.0 x 1020 cm~2)
thermal plasma component of kT= 2.4 keV combined with a power—law component.
Its position in the HR diagram is fully consistent with this finding.

To disentangle the nature of the remaining sources, a comparison with the OM and
DSS2 images is performed. The OM image of the UV emission is displayed in Fig.31.
First, the sources which do not show up in either of these three wavelength are IDs
1,2,4,14,15,16,18,20,27,28,29,31,33,35. Except IDs 14-16,18,27 all have hardness ra-
tios which are compatible with power—laws, hence they are regarded as being isolated
X-ray binaries which do not have to show up in the optical. Source ID 15, which
has no counts in the 0.2-2.0 kev range cannot be identified. It also does not show up
at higher energies. The remaining sources (IDs 14,16,18,27) with no hardness ratio
information, have at least luminosities which are also compatible with X-ray binaries.

The sources with optical counter parts in at least one of the three wavelengths are then
IDs 3, 5-10, 13, 17, 19, 21, 23-26, 32, 34, 36. Here, only the sources IDs 3, 5, 10,
13, 19, 26, 32, 34, 36 have no hardness ratios. The classification of them being X—
ray binaries only stems from their luminosities and is therefore questionable. Source
ID 3, cannot be identified due to its zero flux in the EPIC—pn data. The remaining
sources, namely IDs 6-8, 17, 21, 23, 24 do all show up in the OM and hence they
are considered as X-ray binaries, most likely HMXB. At this point I would like to
summarize the correlation analysis in a table (Tab.12).

Some of the sources are in spatial agreement with HI shells. There are six shells (Wal-
ter & Brinks, 1999) which are associated with X-ray point sources. Shell S1 is lo-
cated at oo =10"28M43524, § =68°28'17”81(J2000.0) and the accompanying sources
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Tab. 12: IC 2574 X-ray to optical correlation. Here, the abbreviations denote: L—LMXR,
H—HMXB, S—SNR, [—isolated binary

ID HR OM DSS2red DSS2blue Luminosity [10°"ergs~!] Classification

1 2.45 L
2 1.78 L
3 v v 0.00 ?

4 0.75 L
5 v v 0.21 L
6 v v v 0.75 H
7Y v v 0.37 H
8 v 1.08 H
9 v v v 29.5 S
10 V v v 0.08 L
1y 0.91 I

12 0.87 I

13 V 0.17 L
14 0.66 L
15 0.00 ?

16 0.17 L
17 v 3.69 H
18 0.58 L
19 V 1.37 L
20 o/ 1.04 L
21 5.43 H
2 0.75 L
23 2.95 H
24 v V v 0.71 L
25 v v 3.61 H
26 v 0.04 L
27 0.08 L
28/ 1.66 L
29/ 2.20 L
30 2.20 L
31/ 0.91 L
32 v v v 0.33 L
33/ 0.79 L
34 v 0.29 L
35 0.75 L
36 v v v 0.25 L
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Fig. 31: The OM map of IC2574 with HI contours and the source positions. Numbers were
skipped for clarity. In the north prominent UV emission is clearly visible. This is associated
with the brightest X—ray point source found in the galaxy.

are ID9 in the very center and ID 7,8,10 surrounding this shell. Shell S2 is located
at oo =10M28m22568, § =68°27'1704(J2000.0) with source ID 11 at its northern rim.
Shell S3 has central coordinates o0 =10"27M5950, § =68°24'9”95(J2000.0) with source
ID 22 in the center and ID 23 at the northern rim. The next shell associated with X-ray
point sources is shell S4 at o =10"28™32510, § =68°21/55”10. The X-ray source
near to S4 is ID 28. More far away there are additional point sources (ID 27,34,35)
which may be associated with S4 as well. Shell S5 is centered on a=10M28M49551,
6 =68°26'2029(J2000.0). Here, only ID 6 is in the vicinity at the southeast rim of the
shell. The last shell is S6 with position oc =10P28™21588, § =68° 24’ 14”34(J2000.0),
showing ID 24 and 25 on its rim in the west and east respectively.

To get a better handle on the associated X-ray point sources, the results of Walter &
Brinks (1999) (hereafter WB99) are used. The shells S1-S6 are regarded as the primary
shells while the WB99 shells are smaller, hence, secondary shells. If a point source
is located on the rim of a primary shell it is attributed to this shell unless it is not in
positional agreement with a secondary shell.

Concerning the expansion of the shells only S1 and S6 are found to be still expanding.
Shells S2-S5 are concerned to be total blown out shells. Following WB99 these are
most likely very old shells. It is suggested that the X—ray point sources found on the
rims originated from the old stellar population which created the shells. Due to turbu-
lence the sources are likely be dispersed an swept up towards the expanding direction,
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outwards off the shell. ID 22 in S3 might be a relict source still located inside the shell
or it is located outside the shell on the line—of—sight, but due to projection it appears
inside the shell.

In the case of S6 it is suggested that source ID 25 is associated with the WB99—shell
28 since the positional agreement is perfect within the PSF of XMM-Newton. Note,
that S6 and WB99—shell 28 are not identical but they are tangent to each other. Ac-
cordingly, this source is likely one of the sources driving the WB99—shell 28 and not
associated with S6. For the shell S1 it turns out that ID9 is located in the very cen-
ter and it is very likely being a SNR driving the expansion of the shell as pointed out
by Brinks et al. (2003). However, the associated source ID 7 agrees perfect with the
location of the WB99—shell 42, and ID 10 with that of WB99—shell 33. Hence, they
are not related to shell S1. In contrast to that ID 8 is not correlated with any of the
WB99-shells so it is more likely to be a relic source of S1.

In total there are 14 X—ray point sources associated with HI shells where 4 of them are
in the very centers of the shells taking the PSF of the XMM-Newton. Regarding 10 ks
CHANDRA observation having a much better resolution (1”) the position can not be
constrained further. These four sources are also detected in the UV and DSS2 images
(cf. Tab.12) as well as in the WB99 Ha images which argues for them being HMXB
in young star forming regions, as depicted in WB99.

Having the likely classification of the X—ray point sources, a spatial analysis can be
carried out. The radial distribution must account for two issues, the position angle of
the galaxy and the inclination angle. With this the deprojected distances to the galaxy
center can be derived. I adopt the inclination angle of i = 75° and an position angle
of PA = 52° from Martimbeau et al. (1994). The number density point sources as a
function of deprojected radius is given in Fig.32 (left).

As in contrast to Holmberg I the number density does not decline towards larger radii.
One can spot a significant peak at 4-5 kpc distance from the dynamical center. Below
that peak the number density decreases slightly toward smaller radii and above the
peak it declines towards larger radii. According to the right hand side panel of Fig.32
all sources within the 4-5 kpc range have fluxes below 1 x 10~ *ergcm2s~!. These
are assumed to be LMXB and hence are old objects (=~ 10'° yr) except source ID 9.

If now the positions of these objects in the disk of IC 2574 are regarded, the following
asymmetry turns out. With respect to the minor axis of the galaxy, most sources show
up at the approaching side, which is in the southwest. Only three of the sources are on
the receding side (one of which is ID 9). This asymmetry is not the only one addressed
to IC2574. Recently Sdnchez-Salcedo (2002) studied the ages of the HI shells found
by WBO99. Their conclusion is that the shells on the approaching side are about twice as
old than the shells at the receding side. Moreover, there was less recent star formation
at the approaching side which is in good agreement with the asymmetry found for the
LMXB population at 4-5 kpc radii. Since all other sources, not belonging to the 4-
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Fig. 32: Left: The radial distribution of XMM-Newton point sources peaks at a radius of
about 4.5 kpc. Right: Radial distances as a function of source flux. The radial range where the
peak occurs in the number density is marked by the dotted lines.

5 kpc structure, are distributed uniformly across the whole galaxy, it is concluded that
the 4-5 kpc sources belong to the old shells.

Furthermore, this LMXB population is correlated with an HI ring—like structure (see
Fig.33) at a radial distance of 4.5 kpc. It seems as if the number density of the LMXB
resembles the HI ring. The assumption made for calculating the deprojected radii of
the point sources is that they are all located in a plane. If this assumption is not true,
the correlation is just due to projection effects. This can be examined when the HI data
cube is studied deeper. For example, if the galaxy is warped then also the HI ring is
only a projected effect. Hence, the eye might be cheated by the warp and the projection
on the sky and the correlation is not real. This is also very likely since the LMXB are
old objects whereas the HI (and also the asymmetry in recent star formation, as pointed
out by Sdnchez-Salcedo (2002)) is related to chronological young structures. However,
a tilted ring analysis (e.g. Begeman, 1989) of the HI data cube is beyond the scope of
this thesis.

In contrast to Holmberg I, here the radial distance as a function of flux does not show
the tendency to decrease towards higher fluxes. Regarding Fig.32 (right) most sources
are situated outside a 3 kpc range. Only four sources are confined below the 3 kpc
distance. The star formation in the galaxy is not uniformly distributed. Rather the
number of X-ray point sources is low in the center and increases towards the outer
parts of the galaxy, showing also the 4-5kpc structure with old stellar populations.
Also the 4-5kpc sources seem to be an underlying old population in contrast to the
younger and smoother distributed sources. Hence, a break feature is expected in the
XLF.

To study the issue of star formation closer the XLF of IC 2574 is inspected. The XLF
is shown in Fig.34. Different to Holmberg I the XLF shows a kink at 1 x 107 ergs~!.
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Fig. 33: Again the Hl map now showing the positions of the LMXB found in the 4-5 kpc
radius, indicated by the black ellipses. The neutral gas at these positions shows an enhance-
ment in column density, forming a ring—like structure. Also note the asymmetry between the
receding and approaching side of the galaxy (northeast and southwest respectively).
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Fig. 34: X-ray luminosity function of IC 2574 (XMM-Newton data). At 1 x 1037 ergs~! the
slope changes significantly. The dotted lines show the broken power—law fits with slope. The
slopes are f = —0.22+£0.02 and B = —0.90+0.08. Here, the break in the slopes reflects the
different binary populations of LMXB and HMXB.
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The XLF then cannot be fitted by a single power-law but by a broken power—law.
The power—law indices for the sources below 1 x 1037 ergs~! is -0.22-+0.02 and for
the brighter sources it is -0.9040.08. The interpretation of the break turns out to be
difficult since there are no studies of dlrrs regarding this issue.

In general, a break in the XLF can have different causes. Considering a galaxy having
faced a recent star burst, the number of LMXB will increase more than the number of
HMXB. Hence, a break will show up in the XLF. Moreover, for massive galaxies a
break of the XLF at Ly ~ 2 x 1037 erg s~ is reported for the bulge population in M 31
(for anice review see Fabbiano & White, 2003, and references therein). It is suggested,
that the break marks episodes of star formation. There are also reports of a break near
the Eddington-limit. Assuming a neutron star of 1.4M, the Eddington—luminosity is
2x10%8 ergs~!. In this regard, a break is attributed to a transition between neutron
star and black hole binaries. Another cause for breaks in the XLF is a confusion
effect with cosmic background sources (i.e. detection incompleteness). As reported
by Humphrey & Buote (2004) the break in the XLF can be eliminated by applying
Monte Carlo simulations.

However, all the reported effects for breaks in the XLF are at luminosities exceeding
the break luminosity found in IC 2574 by at least one order of magnitude. Interestingly,
below the break luminosity I find 10 sources in total (ID 5, 7, 13, 16, 19, 26, 27, 32, 34,
36). Six of them belong to the 4-5 kpc—ring sources (ID 13, 16, 26,27, 32, 36) and only
three of the sources are on the receding side of the galaxy (ID 5, 7, 36). The sources
above the break luminosity are distributed uniformly across the galaxy. I conclude
that the break in the XLF is caused by the underlying old population of LMXB in the
4-5 kpc ring found in IC 2574 and also reflects the different star formation rates in the
two halves of the galaxy (Sdnchez-Salcedo, 2002).

5.1.2.2 Diffuse emission The search for diffuse emission is carried out in the
same fashion as in HolmbergI. Indeed, an extended soft component in the B2 and
B3 band is found, displayed in Fig.35 together with the HI contours and the point
source positions marked by circles. To make sure, that the emission is real, the
number of excess photons in the region of interest is calculated with respect to a
source free background field. The excess in the B2 band turns out to be (2.1 £0.3) x
10~*ctss~! arcmin=2 and in the B3 band (2.9 +0.3) x 10~*ctss~! arcmin=2. The
higher energy bands do not show up with excess emission.

To find out whether or not the diffuse emission is related to IC 2574, the plasma prop-
erties are derived from the spectral information contained in the EPIC—pn data. For
this purpose the spectrum is extracted from a 4-o region excluding the point sources.
The spectrum is again grouped to the G25, G5 and C20 binning as described in the
Holmberg I section. The models assumed for the diffuse emission are the same as for
the Holmberg I data, i.e. the argumentation here is the same. The figures for the fitting
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Fig. 35: Adaptively smoothed image of the 0.2-1.0keV EPIC—pn map. Point sources were
subtracted and detector gaps are filled. The features outside the HI distribution are due to the
exposure map correction which raises the noise at the outer FOV.

is given in Tab.13. The intrinsic column density is the mean value for IC 2574 adopted
from Martimbeau et al. (1994).

The model in favor here is M1/C20 owing to the 2. The spectrum and the fitted model
is given in Fig.36. In contrast to Holmberg I where the XRB is hardly attenuated by
the galaxy itself, here the diffuse emission is completely within the galaxy. Thus the
XRB is attenuated by the whole galaxy. Therefore, the M2 models are not physically
meaningful. From that M1/C20 values, the other parameters can be calculated using
equations 10 to 14. They turn out to be:

T = 10%'K (20)
ne- 2 = 7.12x103cm ™3 Q1)
P-f Y2 = 247x10""2dyncm? (22)
M- = 1.0x10" Mg (23)

E, = 5.75x10%erg (24)

Again, spherical symmetry is assumed and the filling factor f is assumed to be one.
Therefore, the same precautions are recommended as in the Holmberg 1 study, with
regard to the figures. Having the plasma properties the question now is whether the
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Tab. 13: Different spectral model fits for different binning of the data. The uncertainties in all
values are of the order 10% as calculated by COVAR of the sherpa package.

Binning Model MP MP PL Al red.y?
kT [keV] EM[103pcem™®] I NI [10?!cm—2]

G25 M1 0.10 0.54 1.5 1.1 1.33
G5 MI 0.10 0.56 1.5 1.1 0.45
C20 MI 0.11 0.41 1.5 1.1 0.80
G25 M2 0.09 0.48 1.5 — 1.62
G5 M2 0.09 0.50 1.5 — 0.49
C20 M2 0.10 0.35 1.5 — 0.96
G25 M3 0.12 0.39 — — 9.83
G5 M3 0.12 0.40 — — 1.55
C20 M3 0.13 0.35 — — 6.12
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Fig. 36: The diffuse emission spectrum of IC 2574 (XMM-Newton data points in the upper
panel) together with the best fit model M 1/C20 (solid line in the upper panel). The lower panel
shows the ratio of data/model.
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emission can be attributed to IC 2574 with its large number of shells. The linear size
of the plasma is 4.5 kpc which gives a volume of the emitting region of about V =
1.55 x 10% cm?.

All calculated plasma parameters are higher than for the Holmberg I case. However,
the assumption of spherical symmetry and not least the uncertain filling factor impose
overestimations on the pressure and the mass of the plasma. From the plasma param-
eters one can calculate characteristic timescales and from that, upper limits for the
height the plasma can reach. The cooling time of the plasma for 0.2 solar metalicity is
~ 110 Myr where i make use of the cooling function by Sutherland & Dopita (1993).
The speed of sound in that plasma is =~ 130km s ~!. Based on these figures the plasma
can reach an upper limit distance perpendicular to the plane of ~ 15 kpc.

Morphologically, the peak of the plasma emission is located at the WB99 shell 20. But
since IC 2574 is inclined this positional coincidence must not be real. The position
of the plasma also depends on the height of the plasma above the galactic plane (if
it was produced in a blow—out scenario). The plane of the disk is inclined by 70°.
For this fixed angle the projected position of the plasma is a line parallel to the minor
axis, when the perpendicular height of the plasma is varied from 0-15kpc. Hence,
good candidates for the origin of the plasma are WB99 shell 22 and 26, since these are
located on this projection line.

The deprojected linear distance between WB99 shell 20 and the plasma peak intensity
is 1.5kpc. This distance is too low leading to a perpendicular distance of the plasma
of about 2kpc. Additionally, WB99 shell 20 did not suffer from a total blow—out
according to WB99. WB99 shell 26 is further away (about 4 kpc deprojected) and for
the deprojected distance of the plasma it gives 4.2 kpc.

The pressure of the plasma has to be of the order of the halo pressure. If the plasma
pressure is higher, the plasma would expand and cool down adiabatically. If the plasma
pressure is lower than the surrounding pressure, it cannot break out of the shell. The
pressure consideration of the plasma gives a pressure of 2.47x10~'2dyncm™2. This
corresponds to ~ 1000 K cm > which is suitable to let the plasma survive in the halo of
the galaxy (see Breitschwerdt & Schmutzler, 1999; de Avillez & Breitschwerdt, 2004).
The escape velocity of IC 2574 can only be calculated as an lower limit since the total
mass is unknown. From the HI mass alone the escape velocity gives ~ 30kms™~.
Compared to the speed of sound in the plasma the diffuse emission component can be
driven into the halo.

The mass of the diffuse gas is about 1% of the HI mass of the galaxy. Together with
the thermal energy of the plasma it is more likely that the plasma stems from more
than one shell forming event, i.e. from more than one shell in the ISM of IC 2574.

5.1.2.3 Summary XMM-Newton observation of IC 2574 are presented together
with the UV image taken by the OM. The analysis of the X-ray data revealed 36



5.1 Results

77

point sources in the HI distribution of IC 2574. Two sources must be excluded due to
their low signal-to—noise. Confusion with the extra galactic background is statistically
unlikely. The hardness ratios exhibit four peculiar sources one of which is classified
as an X-ray binary whereas the other three are unclear.

One source (ID 9) has a hardness ratio which is fully consistent with the findings of
Brinks et al. (2003). In total there are 14 sources associated with HI shells four of
which are in the very centers of shells. These are considered to be high—-mass X-ray
binaries.

The spatial analysis reveals an excess of predominantly old (10'° yr) population in a
4-5 kpc galactocentric distance. These point sources can be identified with an HI ring—
like structure. Nearly all of these sources are on the approaching side of the galaxy
where predominantly old shells are found. This asymmetry in age is reflected in the
asymmetry in old X-ray point source populations.

Six of these ten old sources are below a break in the X—ray luminosity function. It is
argued that the break stems from the underlying old stellar population of LMXB on
the approaching side of the disk, giving rise to different star formation rates in the two
halves of the galaxy. However, the global origin of the asymmetry remains unknown.

The careful analysis of extended soft X—ray emission shows a hot plasma (7' = 105! K)
component projected on the HI disk of IC 2574. The inclination of the disk makes it
difficult to pin down the origin of the plasma component. From the plasma parameters
follows that the gas cannot be higher than 15kpc above the plane. Regarding the
inclination of the galaxy a value of ~ 4 kpc is calculated for the case that WB99—shell
26 is the origin of the plasma. However, the thermal energy and mass of the plasma
leads to to the picture that more than one shell produced the hot gas.

5.1.3 Sextans A

Sextans A is a dlrr located at the edge of the local group. Its HI distribution is domi-
nated by two distinct clumps where the star formation is taking place (Skillman et al.,
1988). According to Wilcots & Hunter (2002) it has an unusual HI structure which
argues for an undisturbed galaxy (see also Barnes & de Blok, 2004), at least for the
last 6 to 10 Gyr. Hence, the star formation is triggered by internal processes. However,
the average star formation derived from the B-band luminosity is =~ 5.0M, yr L.

This is also supported by the distribution of stars in Sextans A. van Dyk et al. (1998)
found that the young stars are situated at the inner rim of the prominent HI shell
whereas the oldest population shows a uniform distribution across the galaxy. Hence,
the internal processes are very likely star formation due to supernovae events resulting
in neutral gas pile—up and compression with sequential star formation in recent times.
According to Skillman et al. (1988) Sextans A has a high HI surface density and they
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Declination (J2000)

Tab. 14: Sextans A

Morphological type dlrr
Position (J2000.0) o = 10M11™1596 § = -04941™18543

Distance 1.4 Mpc (Dolphin et al., 2003)
HI mass (10° Mqo) 58 (Skillman et al., 1988)
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Fig. 37: Left:Smoothed image of the combined EPIC-MOS1 & 2 Sextans A maps in the PS
band. The contours (starting at 10% peak growing in steps of 10%) show the HI distribution
shown in grey scale (peak 0.6 Jy/Beam) on the right, circles indicate the point sources which
are above the 4-0 limit of the background. Numbers correspond to Tab.15. HI map by Skillman
et al. (1988)

suggest that this may be an important factor to massive star formation in dlrrs. Basic
data of Sextans A is given in Tab.14.

The XMM-Newton observation of Sextans A has the lowest net exposure times in the
sample so far (cf. Tab.4). This, of course, is due to the contamination of unrelated
X-ray counts in the light curves. However, the same techniques as in the previous
observations are used.

5.1.3.1 Point sources After clipping the MIM2 data to a 4-c background level,
9 X-ray point sources are detected within the HI distribution of Sextans A. The M1M2
map together with the neutral gas map and the positions of X-ray point sources are
displayed in Fig.37. Also the ID s of the point sources are plotted and refer to Tab.15.

As with two sources in IC 2574, the counts for source ID 3 are negative in the EPIC—pn
PS band. Comparing to Tab.4 the exposure time here is about 6 ks leading to a lower
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Tab. 15: The XMM-Newton X-ray point sources found in Sextans A. The flux units are

107" ergem™

2

s~! in the PS band, the luminosity units are 10°” ergs~!, the luminosity uncer-

tainty is of the order of the relative flux uncertainty. The stars mark sources with zero or less
counts in one band after background subtraction. The last three columns give the background
corrected counts in the corresponding band.

ID Right Ascension Declination Flux Luminosity B2 B3 B4
(J2000.0) (J2000.0)
1*  10M10™57525 -04° 38/ 4410 2.47 +0.87 0.05 o 3 3
2% 10M11™00575 -04° 40/ 06775  3.09 4+ 0.98 0.06 2 6 -1
3% 10M0™57584 -04° 41/ 0330 — — 302 4
4% 10M0™50856 -04° 40" 19779 525 +1.27 0.11 0 0 12
5 10M0™46%49 -04° 42/ 08754 7.71 + 1.54 0.16 39 10
6  10M1™11522 -04° 41’ 46780 8.95 4+ 1.66 0.18 6 4 14
7 10P11™11580 -04° 42/ 08”55  14.19 £+ 2.09 0.29 15 16 8
8 10M11™11522 -04° 42/ 30730  9.56 + 1.72 0.19 7 17 2
9  10M1™m05%69 -04° 44’ 10735 19.13 £2.43 0.39 11 14 21

Tab. 16: Sextans A flux limits for individual XMM-Newton bands.

1075 ergem™2 s

2 —1

Band background counts flux limit
B2 5+0.3 1.82+0.11
B3 6+0.3 1.27+0.06
B4 7+£0.4 2.04+0.12
PS 31£1.0 12.41+0.37

The flux units are
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Fig. 38: The cumulative log(N)-log(S) relation for Sextans A (XMM-Newton data) scaled to
the area of 1 square degree in order to compare to the data obtained from the XMM-Newton
Lockman hole observation by Hasinger et al. (2001) (thick line). The data is well above the
XRB data and hence the contamination with XRB sources is statistically low. Note, that the
Thick line refers to the absorbing column density of the Lockman hole, hence it is the upper
limit for the XRB.

signal-to—noise in the EPIC—pn data in contrast to the combined M1M2 data. There-
fore, ID 3 disappears in the EPIC—pn data. The detection limits are given in Tab.16.
Due to the lower exposure time, the flux limits are higher in the individual bands,
as well as in the broad PS band. However the limiting luminosities in the individual
bands are comparable to the other observations presented so far. In this regard the
contamination by XRB sources is carried out in the log(N)-log(S) plot displayed in
Fig.38.

Although the flux limits are higher than in the previous observations, the number of
sources per square degree at a certain flux is higher than the XRB sources. Therefore,
the detected point sources of Sextans A are statistically belonging to the galaxy. With
the individual source counts in the B2—B4 band the hardness ratios can be calculated
for sources with more than zero counts in each of these bands. The hardness ratios in
a graphic fashion are shown in Fig.39.

Sources ID 9,5 and 7 are located on the power—law tracks. Source ID9 is situated
left of the power—laws with the lowest absorbing column density. Since the Galactic
foreground column density is 3.1 x 102°cm™2, source ID9 is expected to show up
more to the right. Within 2-0 uncertainties this is fulfilled. Only from the HR these
three sources are concerned to be X-ray binaries. In contrast, source ID 8 is found in
the plasma—-model regime. The absorption at the source positions in the HR plot is
degenerated but fully consistent with the Galactic foreground. Source ID 6 is located
in the upper left of the HR diagram. This area is not covered by the model lines
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Fig. 39: XMM-Newton HR for the point sources found in Sextans A. The numbers correspond
to the IDs of Tab.15. All errorbars correspond to an uncertainty of 1-o. The dashed and solid
lines are described in detail in the caption of Fig.19 and the accompanying text.

because this would require an absorption which is far too low, compared to the Galactic
foreground. Also the source does not show up at higher energies (B6-band). So far,
the nature of the source is unclear. Since the log(N)-log(S) relation provides only
statistical information, the source may be a background source.

To get a better handle on the physical origin of the sources a correlation analysis with
other wavelengths is performed. Again, the XMM-Newton observation was carried
out using the OM. Three sources also appear in the UV image of the OM, namely
ID 2,3 and 8. The same holds true for the DSS2 red and blue images. Therefore,
and also because of their luminosities, the sources ID?2 and 3 are concerned to be
LMXB. Source ID 8, however, is classified as a plasma source according to its HR.
In the UV it is detected down to a wavelength of ~ 250 nm. The X-ray luminosity
is 1.9 x 103 ergs~! and the temperature ~ 107> K. These values argue for an old
supernova remnant, which is also confirmed by the fact that the source is not variable.

Source ID 6 has no optical counter parts and hence it is likely a background source.
The sources which do not show up in the HR (due to their low counts in the bands) or in
the optical can only be evaluated on basis of their luminosities. These are compatible
with the luminosities of accreting X-ray binaries, most likely LMXB.

To carry out the spacial analysis I adopt a distance to Sextans A of 1.3 Mpc (Dolphin
et al., 2003) and a face—on orientation (Barnes & de Blok, 2004). In Fig.40 the radial
distances of the X-ray point sources is plotted against their fluxes. As one can see
from the diagram nearly all sources are located outside a 1.0 kpc distance from the
geometric center defined by the HI distribution of the galaxy. Only two of the nine
sources are inside the high column density region in the west. These two sources (ID 2
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Fig. 40: Radial distances as a function of source flux (XMM-Newton data). Nearly all sources
are located outside a 1 kpc radius.

and 3) are associated with the boxy shaped stellar body of the galaxy.

The star formation history of Sextans A was studied by Dohm-Palmer et al. (1997a,b,
2002). From their work it follows that the star formation was very uniform in the last
100 to 600 Myr. Recently, i.e. younger than 100 Myr the star formation is gained by a
factor of 20. The most recent star formation (< 50 Myr) is more densely concentrated
than the star formation of the past, which is distributed across the whole galaxy.

Moreover, the star formation seems to avoid the center of the galaxy which is con-
firmed by the distribution of the X-ray point sources. In general, the X—ray point
sources resemble the old population and appear in the outer parts of the galaxy. The
actual star formation is concentrated at the densest HI clump (Skillman et al., 1988) as
well as the brightest HII region (Hodge et al., 1994), where virtually no X-ray point
sources are found. The few X-ray point sources show that there was no prominent
burst of star formation in Sextans A which is also satisfied by the fact, that it did not
interact with other objects in its environment (Wilcots & Hunter, 2002; Barnes & de
Blok, 2004). The origin of the star formation is attributed to a bar feature, which is
aligned with the central HI depletion (Skillman et al., 1988). This bar then is assumed
to trigger the star formation at its outer parts where the X—ray population is concen-
trated. Hence, since a bar in a galaxy produces non—circular motions of the material in
the center (e.g. Bosma, 1981), it is concluded that the X-ray point sources are in the
outskirts of the galaxy due to dissipation and internal diffusion.

The result that the X-ray point sources mimic the old population, which is produced
in a uniform star formation across long time scales (1 Gyr) should also be reflected in
the XLF. It is expected that the XLF shows no breaks as discussed in the context of the
IC 2574 observation. In Fig.41 the XLF of Sextans A is shown. It turns out that the
XLF, indeed, has no breaks. The power—law fit gives a slope of § = 0.72+0.14.
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Fig. 41: X-ray luminosity function of Sextans A (XMM-Newton data). The dotted line shows
the power—law fits with slope B = —0.72+0.14. Here, the XLF has a constant slope which
reflects the uniform star formation history.

5.1.3.2 Diffuse emission Examining the point source subtracted, vignetting cor-
rected XMM-Newton images gives no indication of diffuse soft X—ray emission. This
can have two different causes. First of all, the exposure time of the observation may
be too short to reveal diffuse emission. Second, there is no diffuse emission associated
with Sextans A. I like to discuss the effect of lower exposure time first.

The exposure time is related to the limiting fluxes which can be detected in an obser-
vation. Referring to Tab.16 the limiting fluxes in the B2 and B3 bands are of the order
10~ erg cm 2 s~! whereas the flux limits in the Holmberg I and IC 2574 observations
are an order of magnitude lower.

Provided the distance to the three galaxies, one can convert the flux limits to luminosity
limits. It turns out, that the limiting luminosities are of the order 103 ergs~! in all
three cases. Especially the limiting luminosities for Sextans A are about a factor of 3.5
lower than for the other observations (in the B2 band) and a factor of 2.0 lower in the
B3 band. It follows that the shorter exposure time for the Sextans A observation is not

the cause for the non—detection of diffuse soft X-ray emission.

This then implies that there is virtually no diffuse soft X—ray emission associated with
Sextans A down to the luminosity limits given from the exposure time and distance.
However, this finding is satisfied with the low star formation in the past of the galaxy.
Since there were no times of star bursts in the past which could have produced coronal
gas, the non—detection fits well into the evolution of Sextans A.
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5.1.3.3 Summary The XMM-Newton observation of Sextans A gives the follow-
ing picture. Above the 4-0 threshold nine X-ray point sources are detected in the
MIM2 map (PS band). The contamination with the extra galactic X-ray background
is negligible argued on the log(N)-log(S) relation. All sources turn out to be X-ray
binaries except one source (ID 8). This is classified as an old, already cooled down
(T ~ 10°7 K) supernova remnant, based on the non—variability and the position in the
hardness ratio diagram. The nature of one source (ID 3) remains unclear, since it has
too less photons in the B2—B3 bands and no optical counterpart in the UV and DSS2
red and blue images.

The spacial analysis of the X-ray point source population agrees very well with the
findings of Dohm-Palmer et al. (2002). The distribution of the X—ray point sources
fits to the star formation history of the galaxy and the dynamics suggested by Skillman
et al. (1988). This is furthermore confined by the X-ray luminosity function which
shows no breaks. The single power—law fit gives f = 0.72 + 0.14 for the slope.

Diffuse soft X—ray emission is not found within the galaxy or its vicinity. Since the
limiting luminosities in the B2—B4 bands are lower than in the Holmberg I and IC 2574
observations (due to the small distance of Sextans A) it is concluded that there is no
such extended emission component. This also follows from the shallow stellar activity
in the past of Sextans A.

5.1.4 Holmbergll

Holmberg II is a well studied dIrr with a prominent ISM showing holes and expanding
shells in the HI distribution. The HI gas mass is six times higher than for Holmberg I.
The holes were studied with ROSAT (Kerp et al., 2002) to find evidence for hot gas
in the vicinity of the shells. Since it is thought that these holes correspond to stellar
activity it is expected to find hot gas but up to now this is not found. The reasons may
be insufficient sensitivity for small holes or may be the gas is blown out in the case of
large holes and cannot be detected anymore. Bureau & Carignan (2002) investigated
Hi1 data of Holmberg II and found that ~80% of the total mass is dark which is true for
most dwarf galaxies. Also there is more mass in the gas than in the stars. However,
the galaxy is dark matter dominated only in the outer parts which is a common feature
of massive spirals.

The question how star formation is triggered in dwarf galaxies like Holmberg II was
studied by Stewart et al. (2000). They claim that massive star formation is not smoothly
distributed across the galaxy. The FUV profile of Holmberg I appears to be flat, as well
as the profiles in other optical bands arguing for local processes which trigger the star
formation in dlrrs. The ages of star forming regions were analyzed with B, Ho, and
FUV photometry which give a preference for young regions in dense HI regimes and
old regions in HI voids. They conclude that local star formation on the one hand is
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Tab. 17: Holmberg IT

Morphological type dlrr, Im
Position (J2000.0) «a = 08"19™11521 § = 70943M39561
Distance 3.1 Mpc (Karachentsev et al., 2002)
HI mass (10° M) 644 (Bureau & Carignan, 2002)

triggered by the energy input of massive stars ionizing their surroundings and produce
compact HII regions around aging clusters. The large—scale star formation on the
other hand is triggered by supernovae which give enough energy input to account for
the properties of HI holes seen in Holmberg II.

Another interesting feature about HolmbergIl is an ultraluminous compact X-ray
source called Holmberg Il X—1. It is variable and shows a soft excess which is at-
tributed to blackbody radiation from a disk around the compact core. However, the
major variability is seen in the power—law component of the source spectra (Dewan-
gan et al., 2004). The compact source can be identified with an optical counterpart
which is consistent with a star with spectral type between O4V and B3 Ib (Kaaret
et al., 2004b). The object photoionizes its surroundings which show up as an He II re-
gion. The lower bound of the X—ray luminosity is ~ 5.0 x 10*° erg s~!. With respect to
the Eddington limit the compact object has at least a mass of 25 M. Basic properties
are listed in Tab.17.

The XMM-Newton data of Holmberg II is the first one in this thesis obtained from the
archive. After proton filtering the exposure times are about 9.6 ks for the EPIC-MOS
instruments and 5.2 ks for the EPIC—pn. The OM was used in this observation and
data at other wavelength are available, such as Her, L and C band radio data, DSS2 red
and blue optical data. These will be used to identify X-ray sources in addition to the
hardness ratios.

5.1.4.1 Point sources Taking the smoothed M1M?2 image in the PS band reveals
62 X-ray sources in total. The image is given in Fig.42 (left), on the right hand side
the HI distribution is shown. Since the brightest source in the galaxy outshines all
other sources, a logarithmic representation of the grey scale is used. As one can see
the bright source ID 4 shows a star shaped pattern around its center. At this point it is
not clear whether this star like shape is the intrinsic shape of the X-ray emission or an
artefact from the mirror support structure, which has also a “spider” shaped pattern.
The identification of point sources in the vicinity of this bright source is therefore
not unambiguous. To get a better handle on this issue the mirror support structure is
overplotted on the blow up of the bright source in Fig.43 (left). Here, the pattern of the
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Fig. 42: Left:X-ray point sources within the H1 distribution of Holmberg II. The grey scale
image is a logarithmic representation of the M1M2 PS band data, the circles mark the 62 point
sources detected above 4-0 background level. Right: The H1 column density map with the
X-ray point sources overlayed as circles. The peak is 491 Jy/Beam-m/s. HI map by Kerp et al.
(2002)

support structure seems to be correlated with intensity enhancements in the image, but
it is still not clear whether these are artefacts or not.

There are 11 peculiar sources surrounding the central bright source ID 4 (Fig.43). From
their symmetric distribution and also from their equidistant offset from the central
source (within the PSF) they are most likely artefacts from the mirror supports. Since
the spacial resolution of the XMM-Newton telescope is not appropriate to disentangle
the “spider” feature, CHANDRA data is taken from the archive to reveal the point
source distribution in the very neighborhood of the ID 4 source. The CHANDRA event
list is filtered with respect to the PS band. Then the image is adaptively smoothed to
improve the signal-to—noise, gaining the signal of possible point sources.

The image is given in Fig.43 (right) clipped to the 4-0 background threshold. As one
can see, no sources show up in the vicinity of the bright source ID4. The different
detection limit of the CHANDRA data yields a limiting flux in the PS band of § =
2.76 x 10717 ergem™2s~! for a background area of ~52000 pixels. With respect to
this flux limit no point source at the “spider” location is found in the CHANDRA data.

Nevertheless, sources ID 1, 55, 56, 57 and 58 show a little bridge—like feature which
connects the sources to the “spider” structure and hence they are more isolated than
the other surrounding sources. It is concluded, that the source ID 2, 3, 6 and 58 are
artefacts due to the spider shaped mirror support structure of the XMM-Newton tele-
scope. Accordingly, these sources are excluded from further analysis. The remaining
sources and their parameters are given in Tab.18. Sources ID 5, 7 and 8 can be identi-
fied with the ROSAT sources 9, 11 and 7 respectively found by Kerp et al. (2002) (see
their Tab. 2).
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Fig. 43: Left: Zoom in of the bright X-ray source observed by XMM-NewtonThe overlayed
spider-like lines corresponds to the mirror support structure of the telescope. Sources ID 1, 2,
3,5 6,7, 8 55 56, 57 and 58 are peculiar since they may be artefacts from diffraction due
to the mirror supports. However, ID 1, 55, 56, 57 and 58 are more isolated and further off the

central bright source. Right: Adaptively smoothed CHANDRA image in the PS band showing
the same region.
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Fig. 44: The cumulative log(N)-log(S) relation for Holmberg I (CHANDRA data) scaled to
the area of 1 square degree in order to compare to the data obtained from the XMM-Newton
Lockman hole observation by Hasinger et al. (2001) (thick line). The data is well above the
XRB data (which is an upper limit) and hence the contamination with XRB sources is statisti-
cally low, especially since the thick line is an upper limit.
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Tab. 18: The X-ray point sources found in Holmberg II (CHANDRA data). The flux units are
107" ergecm™2 s7! in the PS band, the luminosity units are 10°” ergs~!, the luminosity uncer-
tainty is of the order of the relative flux uncertainty. The stars mark sources with one or less
counts in one band after background subtraction. The last three columns give the background
corrected counts in the corresponding band.

ID Right Ascension Declination Flux Luminosity B2 B3 B4
(J2000.0) (J2000.0)
1 08"19™36.03 70° 43" 42.60 25.71+ 3.83 2.86 12 21 10
4 08119m29.01 70° 42 19.94 5765 + 57.39 641.64 2308 4070 2889
5 08"19™14.10 70° 41’ 58.13  43.98+ 5.01 4.89 27 29 17
7 08"19™22.00 70°41/10.32  62.83+ 5.99 6.99 18 50 34
8 08"19m24.61 70° 43’ 33.88  22.28+ 3.57 2.48 13 15 9
9 08118™26.43 70° 47" 06.26  6.86 + 1.98 0.76 6 8 2
10*  08M"18™44.93 70° 47 06.63 5.71 + 1.81 0.64 3 8 0
11 08"18™40.57 70° 46’ 10.00 30.27 4 4.16 3.37 12 20 13
12 08"18™58.17 70° 46/ 23.32  10.28 +2.42 1.14 10 3 4
13 08M"18™56.42 70°4557.20 514+ 1.71 0.57 4 3 3
14 08"19™10.49 70° 46' 45.20 14.28 4-2.86 1.59 7 2 9
15* 08M"18™45.03 70° 44’ 3873  9.14 +£2.29 1.02 6 10 1
16  08M"18™18.61 70°4512.97 6.86 + 1.98 0.76 4 5 3
17 08M"18™15.22 70°43' 2412 229 +1.14 0.25 3 0 0
18 08M18™27.54 70° 42/ 53.98  29.13 + 4.08 3.24 13 17 15
19 08"18™35.49 70°42'01.95 4.00 + 1.51 0.45 8 4 -1
20 08"18m23.29 70° 40’ 30.33  8.00 & 2.14 0.89 7 5 4
21 08"18™m47.72 70°43'24.82  5.14 £ 1.71 0.57 4 5 2
22*  08"18™m47.76 70°42'15.22  3.43 +1.40 0.38 3 5 0
23 08"18™m54.81 70° 41’ 36.18  10.85 +2.49 1.21 10 5 5
24*  08"18m46.93 70°41'01.26  1.71 £ 0.99 0.19 -2 5 0
25%  08"18™m45.22 70° 40 00.33  0.57 +0.57 0.06 -3 -1 -1
26" 08"18™54.88 70°39'16.98  3.43 £+ 1.40 0.38 5 0 2
27  08"19m01.87 70°39'43.17 12.57 +2.68 1.40 8 10 4
28* 08"18™m57.48 70° 40 13.56  6.28 + 1.89 0.70 5 8 0
29  08"19m03.56 70° 42/ 06.73  9.14 +2.29 1.02 4 10 2
30 08M"19™00.04 70° 42" 41.49  8.57 £2.21 0.95 7 6 4
31*  08"18™57.39 70° 43 07.56  0.57 +0.57 0.06 3 1 -1
32* 08"19m02.64 70°43'42.42 229+ 1.14 0.25 3 5 -1
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Tab. 19: Table.18—continued

ID Right Ascension Declination Flux Luminosity B2 B3 B4
(J2000.0) (J2000.0)
33 08"19m18.44 70° 45" 18.25 10.28 +2.42 1.14 10 7 2
34 08"19m14.93 70° 44’ 52.13  9.71 +2.36 1.08 9 5 2
35  08"19m22.85 70° 44’ 26.08 13.14 +2.74 1.46 5 14 2
36 08"19m36.91 70° 44" 47.85 7.43 +£2.06 0.83 10 4 3
37*  08"19™m37.80 70° 46’ 14.85 1.14 +0.81 0.13 2 2 0
38 08"19m47.48 70° 46' 01.77 12.57 4= 2.68 1.40 8 7 7
39  08"19m51.87 70° 45" 18.25 5.14+1.71 0.57 35 2
40*  08M20™11.24 70° 45 44.17  0.57 +0.57 0.06 20 -1
41*  08M20™12.91 70° 42/ 58.85 1.14 £ 0.81 0.13 2 3 -1
42¢  08h19™54.49 70° 43/ 51.23  6.86 +1.98 0.76 13 2 1
43* 08h19m58.87 70° 43 25.10  0.57 +0.57 0.06 o o0 3
44 08M"19™53.60 70° 43/ 12.09 12.57 4+ 2.68 1.40 7 8 9
45  08M"19m48.33 70° 43/ 33.87 19.99 + 3.38 2.22 10 18 8
46*  08"19™59.72 70° 41’ 45.04  8.00 +2.14 0.89 9 1 2
47*  08M19™55.32 70° 41’ 01.58  9.14 +2.29 1.02 9 5 0
48*  08"19m45.67 70° 40/ 26.83  5.71 + 1.81 0.64 3 8 0
49*  08M"19m42.16 70°39'38.99 2.29 4+ 1.14 0.25 32 0
50 08"19m32.53 70°39'17.25 8.57+2.21 0.95 9 5 3
51 08M"19™23.76 70° 40’ 18.13  33.70 4 4.39 3.75 21 23 13
52 08"19m22.89 70° 39 38.98 19.99 + 3.38 2.22 15 20 2
53 08"19m09.78 70° 38/ 20.59 26.28 + 3.87 2.92 15 18 11
54 08M"19™09.79 70° 37" 50.14  35.99 4+ 4.53 4.01 16 30 9
55 08"19m10.57 70° 42 32.90 23.99+ 3.70 2.67 11 18 15
56 08"19m12.32 70° 43/ 12.06  22.28+ 3.57 2.48 11 23 5
57  08M"19™42.17 70° 41’ 01.64 14.28+2.86 1.59 11 13 2
59  08"19m10.61 70° 40 39.80 17.14 +£3.13 1.91 6 15 8
58  08"19m48.31 70° 41’ 32.07 6.28 +1.89 0.70 6 3 3
60 08"19m15.01 70° 39’ 56.33 21.14 +3.48 2.35 11 16 9
61* 08"18m59.27 70° 38’ 59.64 5.71 + 1.81 0.64 7 3 0
62* 08"18™M56.66 70° 38/ 29.15 6.86 +1.98 0.76 9 1 3
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Tab. 20: Holmberg II flux limits for individual CHANDRA bands normalized to the area of
3.5PSF. The flux units are 10~" ergcm™2 57!

Band background counts flux limit

B2 440.2 1.37+0.07
B3 2+0.2 0.48+0.05
B4 2+0.1 0.67£0.03
PS 10+0.5 4.43+0.22
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Fig. 45: CHANDRA HR for the point sources found in Holmberg II. The numbers correspond
to the IDs of Tab.18. All errorbars correspond to an uncertainty of 1-c. The dashed and solid
lines are described in detail in the caption of Fig.19 and the accompanying text.

To make sure that the sources found are related to the galaxy and not to the extra galac-
tic background the log(N)-log(S) relation is evaluated in Fig.44. Again, the sources are
well above the background and hence it is concluded that the contamination is statisti-
cally low.

The limiting flux for point sources is again calculated for the 3.5 PSF area. Separate for
all the bands, namely PS and B2-B4, the limiting flux together with the background
counts is given in Tab.20. From the B2—-B4 counts the hardness ratios are calculated.
In contrast to the previous sections here the HR diagram is given in two versions, a)
the sources with their ID number corresponding to Tab.18 and b) the sources with their
uncertainties. According to Tab.18 the sources marked with stars have one or less
counts in either the B—bands and hence they are not regarded for the HR diagram. The
resulting HR diagram is shown in Fig.45.
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The HR diagram reveals a large number of sources related to accreting power—law
models. Deviating from this are the sources ID 12, 14, 29, 35 and 52. Sources ID 12
and 14 are in the upper left corner where no models are physically meaningful. Within
the 2-0 uncertainties source ID 12 is compatible with a power-law model, whereas
ID 14 is still off. The investigation of the higher bands BS and B6 does not show any
counts above the background. Hence, the nature of source ID 14 remains unclear.

The three other sources are in the plasma regime of the model curves. They are com-
patible with a absorbing column density of about 1 x 10>! cm~2 and a temperature of
log(T[K])~25.5. From the HR diagram they are supposed to be supernova remnants.

The brightest source ID 4 is located right on the track for a plasma absorbed by a
column density of only 1 x 10'°cm™2. Due to its high counts in the B—bands the
uncertainties are very low so that these do not reach out to plasma models with higher
absorbing column densities. One can read the temperature of the plasma from the
position of the source in the HR to be between log(T[K])=6.0 and 6.5. According
to Kerp et al. (2002) this source was analyzed with ROSAT and their hardness ratio
gave a plasma model with Ny = 3 x 102° cm~2 and log(T[K])=7.0. These figures do
not agree at first glance. However, Dewangan et al. (2004) studied the bright source
very recently with XMM-—Newton. Their results state that this ultra luminous X-ray
source (ULX) is not well described by a single plasma component. They rather favor a
multi—-component model consisting of a plasma, a blackbody and a power—law model
absorbed intrinsically and by the Galaxy. In conclusion the ULX is likely a blackhole
binary which in addition shows a variable flux, which is in agreement with X-ray
observations at different times. The variation is about a factor of four in luminosity
between the high and low luminosity states at April and September 2002, respectively.

Hence, the deviation from the values by Kerp et al. (2002) are not surprising. More-
over, the properties of the ULX are changing with its flux. The observation pre-
sented here is from 2002 April, 10, where the source had its brightest luminosity of
6.4 x 10 ergs~!. According to Dewangan et al. (2004) the source is soft in the low
and hard in the high flux state where the time scale on which the flux changes is about
half a year. Therefore, the position of the source in the HR diagram changes on time
scales of about half a year. However, the flux derived from the observation presented
here is comparable to the results of Dewangan et al. (2004) and Kerp et al. (2002),
which is also true for the luminosity. Hence, the source is most likely a blackhole
binary with variable flux.

The nature of the remaining sources, although they are in the power—law regime of the
HR diagram, will be further studied taking observation at other wavelengths. This is
advisable, as in the previous sections, since the HR of power-law and plasma models
intersect in the diagram. Fortunately, a variety of other observations are available.
These are namely He, radio L-band (21 cm) and C-band (6 cm) and DSS2 red and
blue images. Images of these wavelengths are given in Fig.46-51 with superimposed
X-ray source positions.
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Fig. 46: Holmberg II as seen by XMM-Newton OM. Source positions and ID numbers corre-
spond to Tab.18.

L @®
3

44"+ (g/‘@ @

42'+

Declination (J2000)
w i

40"+

38

! k] Bt
8h20™00° 19™30% 19™00° 18™30°%

Right Ascension (J2000)

Fig. 47: HolmbergII in the DSS2 blue optical image. Source positions and ID numbers
correspond to Tab.18.
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Fig. 48: Holmberg II in the DSS2 red optical image. The emission is more extended than in
the DSS2 blue data. Source positions and ID numbers correspond to Tab.18.
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Fig. 49: Holmberg Il seen in Ha. See also Fig.52 for details of the emission around source
ID 56. Note, that the FOV is smaller than for the other observations. Source positions and 1D
numbers correspond to Tab.18. Map by Kerp et al. (2002)
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Fig. 50: HolmbergII in the radio continuum emission at 6 cm wavelength (C band). Source
positions and ID numbers correspond to Tab.18. The greyscale image is clipped to 0.1-

0.6 mJy/Beam. Map by Kerp et al. (2002)
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Fig. 51: Holmberg II in the radio continuum emission at 21 cm wavelength (L band). Source
positions and ID numbers correspond to Tab.18. The greyscale image is clipped to 0.2-

0.7 mJy/Beam. Map by Kerp et al. (2002)
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Starting with the Hoe data, which traces young star forming regions, there are two
sources located at Ho regions, namely ID 4 and 56. These two are also seen in the
radio continuum data and the DSS2 images. With the discussion above concerning
ID 4 it is expected that this source shows up in all these wavelength. Source ID 56 is,
according to its HR, a plasma source with a temperature of about 10°- K. Comparing
its position with the HI data, it is located at a high column density region between three
shells (Puche et al., 1992). Its appearance in the radio continuum bands indicates that
the source or at least its environment produces synchrotron radiation. From the L and
C-band data one can derive the spectral index of the sources ID 4 and 56. These give
o = —0.66 and o0 = —0.05, respectively. The former spectral index argues for ID 4
being a supernova remnant while the latter spectral index is consistent with a non—
thermal emission for source ID 56, likely an HII region (for a discussion on spectral
indices, see e.g. Uyaniker et al., 2004, and references therein). In addition ID 56 shows
up in the OM which also supports the idea of an HII region.

ID 56 shows the following picture (see also Fig.52): in Ha appears a bow-like struc-
ture surrounding a depleted region in the neutral gas. This might be a small HI shell
which is not described in Puche et al. (1992). The radio continuum investigation gives
a spectral index which is characteristic for non—thermal emission, typical for HII re-
gions. The X-ray peak intensity is situated at the HI depletion although this is uncer-
tain because the PSF size is of the order of the shell size in HI. However, the HR of
the X-ray source is in agreement with a plasma model which indicates that the source
is a supernova remnant. The radio emission peak is located on the Ha peak intensity,
where also the OM data has its maximum. In summary, ID 56 is maybe hot gas filling
an HI cavity and on the rim of the cavity new stars show up in an HII region, where
also the DSS2 maps show their peak intensity. If this picture applies, then source ID 56
would be a fine example for the “standard model” of shells in dwarf irregular galaxies.
However, this is probably not the creation process for all shells in Holmberg 11, espe-
cially not for the shells at the outskirts of the galaxy HI distribution (see e.g. Bureau
& Carignan, 2002).

Regarding the radio continuum images source ID 8 (ROSAT source 7 in Kerp et al.
(2002)) is associated with C-band and L-band emssion. In the Ho maps this source
is not detected. The power—law index is in agreement with the one found by Kerp
et al. (2002) making it likely beeing an X-ray binary. Also sources ID5 and 7 are
in agreement with the findings of Kerp et al. (2002) who identified them as X-ray
binaries.

Source ID 30 is associated with faint Hoe emission in the southeast of its position.
This Hoe region is again located on the rim of an HI shells and indicates probably
star formation due to swept up material from the shell creation by stellar activity, as
described by the “standard model” of these shells. Source ID 30 is also visible in the
DSS2 maps and according to its HR it fits well to a power—law model with index I' ~ 2
and an intrinsic absorption of more than 102° cm~2. Last its luminosity is in agreement
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shape around a shell feature in the neutral gas where the peak of the X-ray intensity is situated.
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with an XRB and it is seen in the OM data, which makes it a good candidate for a
HMXB.

In the remaining DSS2 images there are more sources associated with the optical wave-
lengths. Here, source ID 43 is related to emission in both, the blue and red filter as well
as in the OM. However, the source shows only 3 counts in the B4 band and no counts
in any other band after background correction. The flux is close to the detection limit
and hence the classification remains unclear.

Several sources are located within the stellar body of Holmberg II which are ID 29, 31,
32,55. Sources ID 31 and 32 show only counts in the B2 and B3 bands which makes a
classification impossible. Sources ID 29 and 55 are located at the rim of two HI shells.
The hardness ratio of ID 29 is comparable to a plasma model with Ny > 1 x 102! cm 2
and a temperature of log(T[K])> 5.5. Together with its luminosity it is concerned to
be a supernova remnant. Source ID 55 has a HR which is in the “unclear” region
where power—law and plasma model curves overlap. If one assumes it to be a plasma
source, the parameters are Ny > 1 X 102! cm~2 and log(T[K])> 6.0 with a luminosity
of Ly =2.67 x 1037 ergs~!. These figures are reasonable for a supernova remnant.
But also if one assumes the source to be a power—law source (i.e. XRB) the values
yield Ngr > 1 x 10! em™2 and " ~ 1.5 and these are also in the physically allowed
range. Together with its appearance in the OM also the interpretation of the source
being an HMXB is possible.

The remaining sources have no counterparts in other data than X-rays. Hence, their
nature can only be evaluated on the basis their luminosities and of the hardness ratios
which is, as stated previously, not unambiguous. The likely classification of all sources
is given in Tab.21 together with the respective luminosities and correlations with the
other observations.

With the classification performed, now the statistical properties regarding the spatial
distribution can be evaluated. First of all, the X—ray sources within HI shells, based on
the studies by Puche et al. (1992) are identified. It turns out that only a few sources are
in the very center of HI shells. These are ID 5, 11, 37 and 61. Source ID 5 is situated in
the center of Puche et al. (1992) shell 32 and according to its HR it is an X-ray binary.
Source ID 11 is inside shell 8 of Puche et al. (1992). In the vicinity there is also a
radio continuum source with a spectral index of & = —1.46 indicating that this source
is a non—thermal synchrotron source. From the hardness ratio of ID 11 it can also be a
plasma source which would fit nicely into the picture of the standard model. However,
the radio continuum spectrum is very steep and it is more likely that the radio source
is a background source not associated with Holmberg II. Both other sources ID 37 and
61 are not showing up in the hardness ratio diagrams and hence their nature remains
unclear.

Nearly all other X-ray sources are on the rims of shells except sources 1D 20, 40, 41,
46, 47 which are at the very edge of the HI distribution. Source ID 20 is compatible
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Tab. 21: Holmberg Il X-ray to optical/radio correlation and X-ray luminosities. Here, the
abbreviations denote: L—LMXR, H—HMXB, S—SNR, I—isolated binary, — —no classi-
fication. The sources with empty fields do only show up in the X-ray images and they are
assumed to be XRB since no other types of sources can be related to these.

ID HR OM DSS2red DSS2blue Ha  C-band L-band Luminosity ~ Classification
[10%7 ergs™1]

1 Vv 2.86 L

4 Vv Vv Vv Vv Vv 641.64 S

5 Vv 4.89 L

7 Vv 6.99 L

8 Vv 4 vV 2.48 L

9 Vv 0.76 L

10 0.64

11 Vv 3.37 S?

12 4 1.14 L

13 Vv 0.57 L

14 Vv 1.59 —

15 Vv 1.02

16 Vv 0.76 L

17 0.25

18 Vv 3.24 L

19 0.45

20 Vv Vv 0.89 H

21 vV 0.57 L

22 vV 0.38

23 Vv Vv 1.21 H

24 vV 0.19

25 0.06

26 0.38

27 Vv 1.40 H

28 0.70

29 Vv vV Vv 1.02 S

30 Vv Vv Vv Vv Vv 0.95 H

31 vV Vv Vv 0.06 —

32 Vv Vv Vv 0.25 —
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Tab. 22: Table.21—continued

ID HR OM DSS2red DSS2blue Ha  C-band L-band Luminosity  Classification
[10%7 ergs™']

33 Vv 1.14 L

34 Vv Vv 1.08 H

35 Vv 1.46 S

36 Vv 0.83 L

37 0.13

38 Vv 1.40 L

39 Vv 0.57 L

40 0.06

41 Vv 0.13

42 0.76

43 Vv Vv Vv 0.06 H?

44 Vv 1.40 L

45 222

46 0.89

47 1.02

48 0.64

49 0.25

50 Vv 0.95 L

51 Vv 3.75 L

52 Vv 222 S

53 Vv 2.92 L

54 4.01 SorL

55 Vv Vv Vv Vv 2.67 SorH

6 vV v v v v v 2.48 S

57 Vv 1.59 S

59 1.91 SorL

60 Vv 2.35 L

61 0.64

62 0.76
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Fig. 53: Left: The radial distribution of CHANDRA point sources. The dotted line shows
an exponential fit to the data, excluding the very uncertain point in the center. Right: Radial
distances as a function of source flux.

with a power—law source, the other four have no HR. The vast majority of all X—ray
sources are on the rims of HI holes which is not surprising, since the neutral gas of
Holmberg Il is dominated by holes and shells. Interestingly, the X—ray point sources
fit very well into the picture of induced star formation on the rims of the HI shells. In
general, the creation process of the shells itself is unclear in most cases, since most of
the shells are empty (Bureau & Carignan, 2002).

As with the previous data, the radial distribution of the sources is investigated. Cor-
rected for the inclination of i = 47° the distribution of the point sources with respect
to the morphological center is shown in Fig.53 (left). The radial distribution shows
a general decline of the point source density towards the outer regions of the galaxy.
The data, excluding the uncertain point in the very center, is fitted with an exponential
function of the form f(r) = a-exp(r/r,), giving a = 0.4+ 0.08 and r, = 3.6 £0.9.
The general exponential decline is also seen in the R, B, U and FUV profiles (Stewart
et al., 2000).

Up to 4 kpc the distribution follows the exponential decline while it is slightly off out-
side the 4 kpc radius. This small deviation disappears if one regards 2-0 uncertainties
to the data points. Hence, it is attributed to the general appearance of the galaxy: it is
dominated by the shells in the neutral gas and the point sources are more on the eastern
than on the western side of the galaxy. This is also reflected in the distribution of the
X-ray sources as a function of flux, as displayed in Fig.53 (right). Here, the point
sources do not show any particular behavior concerning the dependency on the flux.

To get a deeper insight in the star formation of Holmberg Il the XLF is evaluated.
In Fig.54 the XLF is plotted. As in the IC2574 case the XLF shows a break at
~ 0.8 x 10°” erg s~ !. Hence, a broken power—law is fitted to the data giving two slopes
B =—0.18+0.02 for Ly < 0.08 x 1037 ergs~! and B = —1.27 4-0.05 for higher lu-
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log N (>Ly)

log Ly [1037191@ s’l]] 10
Fig. 54: X-ray luminosity function of Holmberg Il (CHANDRA data). The dotted lines
correspond to a fit of a broken power—law with a break at 0.8x1037 ergs™! and slopes of

B =—0.1840.02 for Ly < 0.08 x 10’7 ergs~! and B = —1.27£0.05 above this value.
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minosities. Following the discussion of the IC 2574 XLF the break luminosity here is
also too low to be explained by a recent star burst or confusion effects. According to
Stewart et al. (2000) the star formation in Holmberg II is sustaining and had no major
burst in the past ~ 10 Myr, although the star formation was not distributed uniformly
across the HI body.

Moreover, the sources below the luminosity break are more concentrated at the south-
western part of the galaxy and less at the northeastern part. This distribution is also
traced by the FUV as reported by Stewart et al. (2000). The young star forming regions
(2.5-4.5Myr) are located at the highest HI column density region in the southwest,
whereas the older ones (> 4.5Myr) are in the north. Hence, the break in the XLF
is attributed to the different ages of the X-ray point source population, reflecting the
non—uniform star formation.

5.1.4.2 Diffuse emission Examination of the data with regard to diffuse soft
emission in the X-ray regime covered by the B2-B4 bands gives no detection. With
the net exposure time of 5198 s in the EPIC—pn data, the faint emission of coronal gas
is hardly detectable. The flux limit in the B2 band for example yields a luminosity limit
of about 1.6 x 10%® erg s~!, but this refers to point sources since the flux is normalized
to 3.5xPSF. For extended emission the flux limit in the B2 band amounts to 1.6 X
10~ erg s~! arcmin~2 equivalent to a luminosity of 2.0 x 1036 erg arcmin~2. Down
to this limit no diffuse soft emission is found in the processed data.

Following the argumentation of Bureau & Carignan (2002) this nondetection is to ex-
pect. They argue that the standard model, where supernovae and energetic stellar pop-
ulations create the shells, is only valid for a small fraction of the holes found by Puche
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et al. (1992). This is satisfied by the considerations outlined by Bureau & Carignan
(2002):

The correlations presented by Puche et al. (1992) reflect physical properties of the
host galaxy and not the creation mechanism of the shells. The Ha images show that
many walls between the shells are lacking Ha emission and also the small holes are
not preferentially filled with Hoo emitters. Moreover the vast majority of the larger
shells are not filled with coronal gas. Only the X-ray sources found outside the stellar
body (Kerp et al., 2002) are good candidates for being supernova remnants; at least
they indicate that the star formation in the past was located well outside the regions of
recent star formation. Furthermore, Bureau & Carignan (2002) point out that the radio
continuum observations by Tongue & Westpfahl (1995) only reveal the large energy
input from supernovae in the inner part of the galaxy, not in the outer regions where
shells are also found. The last argument is that inside the shells no underlying stel-
lar component is found. Hence, the standard model is unlikely if one follows Bureau
& Carignan (2002).They more favor a shell creation mechanism due to ram pressure
effects and turbulent viscous stripping which is produced by the propagation of Holm-
berg II through the IGM of the M 81 group or at least a small subgroup of the M 81

group.

If this picture is correct, then no diffuse soft X—ray emission is expected, most of the
shells can be explained by the ram—pressure and the remaining shells are products
of subsequent supernovae, namely the shells filled with hot gas, as are found in the
present investigation.

5.1.4.3 Summary Withthe XMM-Newton observation of Holmberg II taken from
the archive the following results are obtained. In total there are 55 X—ray point sources
detected within the HI distribution of Holmberg II. The log(N)-log(S) relation of these
is well above the extragalactic background. In agreement with previous observations
an ultra luminous X-ray source is detected. In addition ten of the sources can be at-
tributed to supernova remnants (ID 4, 11, 29, 35, 52, 54-59). Here, the radio continuum
data is used to constrain their nature. Four of them (ID 11, 54, 55, 59) may be also X—
ray binaries, since their hardness ratios are in the ambiguous region where power—law
and plasma models intersect.

Furthermore, 21 X-ray binaries are identified, which are most likely LMXB according
to their luminosities. However, there is also a fraction of 24 sources which cannot
be identified, since their flux is so low in the B bands that hardness ratios are very
uncertain. Only three of them are correlated with optical emission in the DSS2 red and
blue. Probably the unclear sources are isolated X-ray binaries which do not have to
show up in the optical.

The spacial inspection of the point sources reveals an exponential decline of the num-
ber density with increasing radius from the morphological center. This is also seen in
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the optical R, B, U and also FUV data by Stewart et al. (2000). The distribution of
the point sources with respect to their fluxes is uniformly. The XLF shows a break at
0.8x10%” erg s~! and hence a broken power—law fit is performed which yields slopes
of B =—0.1840.02 for Ly < 0.08 x 107 ergs~! and B = —1.27 4+ 0.05 above. It
is concluded that the break stems from different ages of the X-ray point source pop-
ulation which is pronounced towards the southwestern side of the galaxy (i.e. the
southwest population is younger).

The search for diffuse emission in the soft bands B2 and B3 gave no result. It is
concluded that the non—detection is not due to the relatively short exposure time of
about 5200 s but rather it is simply not there, following the argumentation of Bureau &
Carignan (2002). They attribute the HI morphology to ram—pressure effects and only
in some cases to supernovae and energetic stellar activity, which is confirmed by the
investigation of the XMM-Newton data.

5.1.5 NGC 1569

In contrast to the aforementioned galaxies this, NGC 1569, is a star burst dwarf galaxy.
According to Stil & Israel (2002) the neutral ISM is characterized by turbulent motion.
The velocity dispersion is twice that of other dlrrs. Although there is rotation in the
outer parts of the HI distribution, the inner part (0.6 kpc, which is the major fraction
of the optical galaxy) does not rotate at all. And even in the outer parts the turbulence
due to the star burst is dominating.

This star burst is ~25 Myr ago (Anders et al., 2004) and may be the cause for the
turbulent ISM. The star clusters formed in this star burst show an offset of X-ray point
sources with respect to the cluster center (Kaaret et al., 2004a). This offset can be
explained assuming that the X—ray point sources are binary systems. The brighter X—
ray sources are located nearer to the clusters indicating that they are younger objects.

Since NGC 1569 contains two prominent super star clusters (known as NGC 1569-A
and —B) it was expected to find supernova remnants in these clusters. However, Greve
et al. (2002) report that the immediate surroundings have no supernova remnants. They
argue that the supernova remnants are absent because of a violent and turbulent outflow
of material which does not allow supernova remnants to form.

Very recently Lisenfeld et al. (2004) found evidence for a convective wind which
causes electrons to escape the halo of the galaxy. This is supported by X-ray ob-
servations (Martin et al., 2002) which give evidence for a shocked wind interacting
with a gaseous halo. Apparently the wind itself is enriched by metals due to stellar
evolution.

For this object XMM-Newton data and also CHANDRA data is investigated. The
exposure time for the XMM-Newton data is 12160 s in the EPIC—prn instrument and
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Tab. 23: NGC 1569

Morphological type dlrr
Position (J2000.0) o = 04"30m48581 § = 649512512
Distance 2.0 Mpc (Makarova & Karachentsev, 2003)
HI mass (10° M) 130 (Stil & Israel, 2002)

the CHANDRA data amounts to 100220 s exposure time. With the very long expo-
sure time of the CHANDRA one can hope to resolve the XMM—Newton sources very
nicely. Since no HI FITS data were available only the outer contours of the HI con-
tent of the galaxy can be used. Here, the HI map of Miihle et al. (2005) (see Fig.55)
is circumferenced by an ellipse (see Fig.56). The lowest column density encircled is
~ 5 x 10 cm™2. In addition the OM data can be used provided in the UVW 2 filter
band (180-250nm) and DSS2 in red and blue filter.

5.1.5.1 Point sources The smoothed XMM-Newton image of the combined
MIM2 detectors (Fig.56) shows a bright source in the very center of NGC 1569. It
is surrounded by diffuse emission. In the north this diffuse emission shows an arch—
like shape while in the south there are two streaks towards the southwest. The east also
shows an enhancement towards the radial direction. This morphology is in agreement
with Fig.5 of Martin et al. (2002) where they denote the archs and streaks as ’fila-
ments’. According to this figure the arch is identified with filaments 11 and 13 while
the streaks in the south correspond to filament 6 and 7. The XMM-Newton data, how-
ever, is dominated by the central emission and the morphology on scales smaller than
one arcminute remains unclear for now. Since the angular resolution (i.e. PSF size) is
too low to reveal point sources, the CHANDRA data of NGC 1569 is used provided
by the archive.

The picture of X—ray emission becomes more clear in the CHANDRA data. Due to its
higher angular resolution (0'5) and, in this case, the very long exposure time, the point
source content can be separated from the diffuse emission. The adaptively smoothed
CHANDRA image (minimal signal-to—noise of 5) in the PS band is shown in Fig.57.
From this image the positions of point sources are taken. The detection limits in the
individual bands are given in Tab.24. Martin et al. (2002) do not give any detection
limits for their CHANDRA data but as the reader will see in the following, the detec-
tion limit in the present work is lower, thus fainter sources (down to the detection limit
given in Tab.24) are detected here.

In total 62 point sources are found above the 4-¢ threshold within the HI distribution
of the galaxy. To ensure that the contribution of background sources is negligible, the
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Fig. 55: Hi map of NGC 1569 taken from Miihle et al. (2005). The contour lines denote
column densities at 0.5, 2.0, 4.0, 6.0 x 102! cm—2.

Tab. 24: NGC 1569 flux limits of the CHANDRA data for individual bands normalized to the
area of 3.5 PSF. The flux units are 10~ ergem™2 s 1.

Band background counts flux limit
B2 0.53+0.03 8.58+0.51
B3 0.354+0.03 1.5940.13
B4 0.46£0.03 1.81+£0.11
PS 1.94+0.10 14.17+0.71
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Fig. 56: X-ray emission within the H1 distribution of NGC 1569. The grey scale image shows
the XMM-Newton M1M?2 smoothed data in the PS band, clipped to 4-6 background level.

The HI data (see Fig.55) is represented by the ellipse encompassing the H1 distribution of the
galaxy at a column density level of ~ 5 x 102 cm™2.
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Fig. 57: Gaussian smoothed CHANDRA image in the PS band, clipped to 4-c above back-
ground. The grey scale image is a square root representation of the data. The circles mark the
X-ray point sources found. Note the patchy structure of the X-ray emission in the center of
the galaxy. The big ellipse represents the HI contour at Ny ~ 5 x 102 cm=2.
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Fig. 58: Comparison of the log(N)-log(S) relation of NGC 1569 (CHANDRA data) with the
extragalactic X—ray background. With respect to the uncertainty of the number of point sources
in the galaxy, the relation is well above the extragalactic relation derived by Hasinger et al.
(2001). The thick line, again, represents the upper limit of the XRB.

log(N)-log(S) relation of the point sources, scaled to the area of one square degree,
is evaluated and displayed in Fig.58. Unfortunately, Martin et al. (2002) do not give
the log(N)-log(S) relation and also not the detection limits. According to their Table
1 the faintest source detected above 3-c has a flux of 6.1 x 10~!7 erg s~! cm=2 which
is comparable to the flux limit in the PS band of the data presented here. Based on
this, the number of point sources should be more or less equal but Martin et al. (2002)
restrict their point source detection to sources which are smaller than 2 times the size
of the CHANDRA PSF while I do not restrict the point sources found.

The detected point sources with position, flux, luminosity and counts in the B bands
are given in Tab.25. In contrast to the work of Martin et al. (2002) where the source de-
tection was done with the cel1ldetect algorithm, here the source “detection” by eye
reveals ~30 % more point sources. This generally shows the uncertainty in automated
tasks with respect to the more straight forward approach of image smoothing, noise
estimation and clipping. In particular, the image is smoothed with a 2-D Gaussian of
half the PSF size, which provides a Gaussian noise. From that the noise uncertainty is
simply the standard deviation. Clipping the image data to 4 — ¢ above the background
noise then gives the point sources.

Since only a very small number of point sources have one or less counts (ID 2, 19,
25 and 50) the hardness ratios can be given for all remaining point sources. The HR
diagrams are given in two different ways, one with the source IDs and one with the
uncertainty (i.e. errorbars), both displayed in Fig.59. The HR diagram shows, again,
two sources in the upper left corner (ID 12, 16). Within 2.5-0 uncertainties ID 12 and
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Tab. 25: The X-ray point sources found by CHANDRA in NGC 1569. The flux units are
10~ ergcm™2 s~! in the PS band, the luminosity units are 10°” ergs~!, the luminosity uncer-
tainty is of the order of the relative flux uncertainty. The stars mark sources with one or less
counts in one band after background subtraction. The last three columns give the background
corrected counts in the corresponding band.
ID  Right Ascension Declination Flux Luminosity B2 B3 B4
(J2000.0) (J2000.0)
1 04130™30.96 64° 52/ 5.47 16.80 £ 1.11 0.97 10 49 109
2% 04130m33.28 64° 514679  1.10 +0.28 0.06 5 0 0
3 04130m52.43 64°51'31.64 278 +£0.45 0.16 8 12 9
4 04131m0.93 64° 512032 1.90 +0.37 0.11 2 10 6
5 04130m44.02 64°51'19.81 3.80 +0.53 0.22 4 14 24
6 04130™50.89 64°51'18.36  4.17 £0.55 0.24 3 21 26
7 04h31m1.54 64°51'17.37 1.76 +0.36 0.10 7 5 6
8 04130™51.89 64°51'11.96  4.46 + 0.57 0.26 4 27 22
9 04130m48.80 64°51'10.48 6.28 + 0.68 0.36 6 30 33
10 04"30m42.32 64°51'10.45 241 +£0.42 0.14 5 6 7
11 04"30m46.10 64° 51" 9.49 8.62 £0.79 0.50 2 54 49
12 04"30™39.46 64° 51’ 8.96 1.98 £0.38 0.11 4 2 5
13 04"30™50.96 64° 51’ 7.53 4.97 £ 0.60 0.29 2 22 38
14 04"30m46.95 64° 51" 7.03 12.05 £ 0.94 0.70 2 62 80
15  04"30m48.96 64° 51’ 6.05 9.72 £ 0.84 0.56 2 68 46
16 04"31m1.92 64° 51" 4.08 2.27 £0.41 0.13 10 3 10
17 04h30m47.72 64° 51" 4.08 14.54 + 1.03 0.84 7 79 83
18 04"30™49.50 64° 51’ 3.10 10.15 £+ 0.86 0.59 3 63 353
19 04"30m46.95 64° 51' 1.62 14.03 £ 1.01 0.81 1 87 89
20  04"30m46.10 64° 51’ 0.14 9.79 £ 0.85 0.57 5 65 55
21 04"30m48.65 64° 50’ 59.16  70.19 £+ 2.26 4.06 22 253 463
22 04"30m45.02 64° 50’ 58.66  5.26 4 0.62 0.30 6 39 22
23 04"30m50.89 64° 50’ 58.68  8.69 + 0.80 0.50 2 48 55
24 04"30m44.17 64° 50’ 57.67  3.58 +0.51 0.21 9 18 13
25%  04"30m52.04 64° 50’ 56.22  6.07 + 0.67 0.35 1 22 49
26 04130m42.47 64° 50/ 56.19  3.44 +0.50 0.20 3 26 13
27  04"30m49.81 64° 50’ 55.72  26.73 £+ 1.40 1.55 9 111 161
28 04M30™50.58 64° 50’ 54.25 13.88 £ 1.01 0.80 8 77 81
29 04"30m46.56 64° 50 53.25 7.96 +£0.76 0.46 4 58 30
30 04"30m48.11 64° 50’ 50.80 130.40 + 3.09 7.55 60 710 827
31 04"30m51.12 64° 50’ 49.33  10.74 + 0.89 0.62 6 67 56
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Tab. 26: Table.25—continued

ID  Right Ascension Declination Flux Luminosity B2 B3 B4
(J2000.0) (J2000.0)
32 04M30m57.45 64° 50’ 48.84  22.57 +1.28 1.31 8 36 171
33 04"30m48.11 64° 50/ 46.86  120.90 + 2.97 7.00 53 625 784
34 04M30™m55.36 64° 50’ 46.38  2.27 +0.41 0.13 4 9 6
35 04M"30™M46.87 64° 50/ 4538  6.43 + 0.69 0.37 4 37 33
36 04"30m41.63 64° 50/ 44.86  3.29 +0.49 0.19 3 23 13
37 04M30M48.88 64° 50’ 44.40  19.65 + 1.20 1.14 8 88 123
38 04M30™M53.28 64° 50/ 4441  7.31 £0.73 0.42 8 36 38
39 04"30m50.50 64° 50/ 4391 8.91 +0.81 0.52 3 63 47
40  04"30™54.05 64° 50’ 43.43  6.21 +0.67 0.36 4 29 37
41 04P30m52.43 64° 50 42.44 891 +0.81 0.52 9 48 43
42 04"30Mm47.34 64° 50/ 40.95 5.41 +0.63 0.31 4 41 19
43 04M30m52.74 64° 50’ 38.51  7.38 +0.73 0.43 6 42 36
44 04"30™51.20 64° 50/ 36.54  9.64 + 0.84 0.56 4 64 50
45  04M30m54.44 64° 50’ 35.56  4.68 + 0.58 0.27 7 26 23
46  04"30m46.87 64° 50’ 35.05  3.80 + 0.53 0.22 8§ 28 11
47  04"30m41.86 64° 50 34.04  1.83 +£0.37 0.11 4 10 5
48  04M30m51.12 64° 50’ 33.09  8.40 +0.78 0.49 6 54 42
49  04"30m47.49 64° 50’ 32.10  4.90 + 0.60 0.28 6 35 20
50%  04M30m44.41 64°50'32.09 2.41 4042 0.14 1 11 11
51 04M30m52.74 64° 50’ 32.11  7.38 +0.73 0.43 4 47 41
52 04"30™M53.36 64° 50 31.13  6.36 +0.68 0.37 6 41 30
53 04"31m0.38 64°50'30.63 227 + 041 0.13 2 14 6
54 04M30m48.57 64° 50’ 29.15  4.60 + 0.58 0.27 9 28 17
55 04"30™54.36 64° 50 26.70  4.24 +0.56 0.25 9 18 20
56 04"30M49.88 64° 50 24.73  5.55 +0.64 0.32 4 37 27
57  04M30m43.33 64°50' 2372 2.71 +£0.44 0.16 2 13 12
58  04"30m39.55 64° 50/ 24.19  3.51 £0.51 0.20 6 23 11
59  04"30™M54.28 64° 50/ 21.29  3.73 +£0.52 0.22 8 17 18
60  04"31™m0.76 64° 50’ 15.87 3.224+0.48 0.19 7 16 13
61  04"30™55.05 64° 50/ 15.38 249 +£0.43 0.14 4 15 8
62 04"30M48.27 64° 50/ 5.53 3.36 £0.50 0.19 4 15 16
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Fig. 59: HR for the point sources found in NGC 1569 (CHANDRA data). The numbers
correspond to the IDs of Tab.25. All errorbars correspond to an uncertainty of 1-c. The
dashed and solid lines are described in detail in the caption of Fig.19 and the accompanying
text.

ID 16 are in the range of the power—law models. According to the count rates in each
B band (B2=10cts, B3=3 cts, B4=10cts) ID 16 cannot be a background AGN since
the B2 band is not heavy absorbed and the source is located at an HI column density
of ~ 2.0 x 102! cm™2. This column would absorb X-rays below 0.5keV essentially
(see e.g. Kerp et al., 2002). On the other hand the DSS2 red and blue images reveal an
optical counterpart at the position in question, leading to the picture of a foreground
star producing the X—ray emission. This argumentation is also true for the source ID 12
which shows up at even higher column densities (~ 5.0 x 10%! cm™2).

All other sources occupy the right hand region in the diagram. Here, the plasma
sources are more separated from the power—law sources than in the XMM-Newton
HR diagram. Even so, there are also sources in the transition region between plasma
and power—law models. In the following I give a list of source IDs in the three regions:

» Plasma sources: 11, 15, 18, 20, 22, 26, 29, 31, 36, 39, 42, 44, 48, 49, 51, 53, 56

e Power—law sources: 1, 3, 5-10, 12-14, 16, 17, 21, 23, 24, 27, 28, 30, 32-34, 37,
38,40, 41, 43, 45, 47, 55, 57-62

* Transition region: 4, 18, 35, 46, 52, 54
First of all, the number of plasma sources is high in contrast to the galaxies investigated

before. Since the number of supernova remnants in dwarf galaxies is expected to be
not so high, due to their low star formation rate, the high number of plasma sources
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here is attributed to the bipolar outflow of hot gas as reported by many authors (see
e.g. Martin et al., 2002; Stil & Israel, 2002; Anders et al., 2004; Lisenfeld et al., 2004).
The point sources are then high density regions within the diffuse component. This is
supported by the patchy appearance of the emission morphology.

At this point, I like to point to an issue concerning the models in the HR diagram.
Referring to Martin et al. (2002) the source ID 40 is found to be a supernova rem-
nant. They argue that the radio continuum spectral index of o« = —0.9 is typical for an
evolved supernova remnant. Also they find a shell in the optical line emission in [OI111]
and [S11]. Moreover this source shows up in their HR diagram at a position which is
compatible with a black body emission model. In this investigation, the source shows
up as a power—law source in Fig.59.

At first glance, these two findings seem to contradict each other. To disentangle this
appearant contradiction one has to evaluate the behavior of different models in the
HR diagram. Therefore, the black body model of sherpa is used to calculate tracks
for different temperatures of 10°%+79K, where the exponent increases in steps of
0.5 (from bottom to top in Fig.60) and for absorbing column densities of Ny; =
1 x 10192021 ;=2 (from left to right in the same figure). For these models of black
body emission in the HR diagram one finds an interesting fact: for temperatures below
10° K the black body models occupy the same region as the plasma models and for
higher temperatures they are in the region of high absorbed (Ng; ~ 10?! cm™2) power—
law models. Hence, the contradiction is due to the degeneracy of the black body and
power—law models in the HR diagram.

In this context I would like to note, that the behavior of the model curves in the HR
diagram is quite sensitive to the choice of the X-ray bands. The separation of power—
law and plasma models turns out to be better in the present work than in the work of
Martin et al. (2002) although they claim that their energy bands were chosen carefully.

Comparing Fig.60 with Fig.59 reveals that source ID 40 is in agreement with a power—
law and a black body model. As described by Martin et al. (2002) this source is a
supernova remnant. With the discussion of the black body models in the HR diagram
the X-ray source may not be the supernova remnant itself but the residual compact
object inside the remnant which might be a cooling neutron star, explaining the black
body radiation. However, a cooling neutron star is only visible in X-rays for a short
time and hence it is hard to tell whether the X—rays come from the hot gas filled shell or
from the central object. In summary this source exemplifies how the different emission
models overlap in the HR diagram and more over it shows that source identification
on the basis of X-ray data alone can lead to substantial misinterpretations, hence,
additional data in other wavelengths are always eligible.

From the power—law sources eight are very bright (ID 1, 17, 21, 27, 30, 32, 33).
Except source ID 1 all of them have optical counterparts in both DSS2 blue and red.
In the XMM-Newton OM only ID 17, 21, 27 and 30 have optical counterparts. These
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Fig. 60: HR for the point sources found in NGC 1569 (CHANDRA data). The numbers
correspond to the IDs of Tab.25. The solid lines represent black body models with temperatures
of 10°070 K, where the exponent increases in steps of 0.5 (from bottom to top) and absorbing
column densities of Ny = 1 x 10192021 cm=2 (from Ieft to right). Compare this to Fig.59.

are interpreted as HMXB while the others are most likely LMXB. The four brightest
sources in the central region of NGC 1569 (ID 21, 27, 30, 33) were investigated by
Heike et al. (2003) recently. They found that ID 30 is a stellar black hole and the other
three sources are binary systems. These findings are based on the variability of the
sources.

The plasma sources are likely not all supernova remnants according to their patchy
morphology. All of them are located south of the major axis of the galaxy. Since the
galaxy is inclined by 60°, the asymmetry is attributed to the inclination; we look at
the “bottom” of the galaxy which is not obscured by the HI disk, as in contrast to the
“top” (north) of the galaxy which is obscured by the disk itself (see also Stil & Israel,
2002). Since the absorption of the disk at the leading edge of the galaxy attenuates soft
X-rays, no soft plasma sources are visible north of the major axis.

In other words, if the plasma sources are dense plasma regions within the bipolar
outflow (e.g. Martin et al., 2002) (or accumulated material on the line of sight, i.e.
projection effects), one would expect to detect only the emission south of the major
axis and not north of it, because this emission would be absorbed by the leading edge
of the gas disk. This finding is in concordance with Martin et al. (2002) - see their
sketch Fig.13.

The only source deviating from this geometric effect is source ID 53. It is located in the
very east of the HI disk at a low column density region compared to its surroundings.
Here, the source may be hot gas filling the cavity but on the other hand the DSS2
images show a bright star at this position. Hence, the object is more likely a foreground
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star.

The sources in the HR diagram transition region are more difficult to identify. Most of
these, except ID 4 are also located beneath the major axis. It is concluded that these
sources are also related to the hot gas outflow and represent even dense regions within
the hot gas or are features arising from projection effects within the hot gas. Source
ID 4 is situated in the northwest at the edge of the HI distribution. This location does
not argue for source ID 4 belonging to the diffuse outflow of the galaxy. Since there
is no counterpart in the optical this source is most likely an isolated accreting binary
system or a background source like an AGN.

5.1.5.2 Super star clusters (SSC) In the center of NGC 1569, right between
the eastern and western high column density HI regions (see e.g. map in Stil & Israel
(2002), their Fig. 3, upper panel), there are two super star clusters (SSC) frequently
referred to as SSC-A and SSC-B. As reported by Greve et al. (2002) SSC-A decom-
poses into two sub—clusters. The SSC are associated with UV emission in the OM
data showing young hot stars within the SSC. The number of stars in each SSC is
about 10°%. Given the positions of both SSC no X-ray point sources are correlated
with them. Figure61 shows the X-ray point sources as circles superimposed on the
adaptively smoothed CHANDRA image together with the SSC positions marked with
crosses and OM contours.

The SSC are not correlated positionally with any X—ray point source. Only ID 21 is
close to SSC-A. The region of UV emission is also filled with diffuse X-ray emission,
which is most likely gas heated by the stellar activity at this region. As reported by
Martin et al. (2002) the region may be the cause for the outflow of coronal gas. This
is also supported by the detection of supernova remnants and radio supernovae within
an area of ~ 300 pc diameter around SSC-A and B (Greve et al., 2002). Moreover,
locally metal-enriched gas has not been found (Kobulnicky & Skillman, 1997) which
also argues for the blow—away of the material due to stellar activity. Finally, the metal—
enriched material is found in the outflow detected in X—rays as reported by Martin et al.
(2002)

In the region of UV emission and its surroundings there are 11 X-ray point sources
detected with CHANDRA which are power—law sources (ID 14, 17, 21, 23, 27, 28,
30, 33, 35, 37,42 ) and some plasma sources which are, as described above, attributed
to the outflow of coronal gas, except source ID 20 which is in positional agreement
with a thermal radio source (source No. 6 of Greve et al., 2002) which they claim is
most likely an HII region.

The SSC clusters are correlated with the UV as well as with the diffuse X-ray emis-
sion. The old X-ray binary systems are located outside the UV emission. The UV
emission itself is coming from the young stars in the SSC as they are in positional
agreement within the PSF of the OM. The accreting X—ray sources are older objects
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Fig. 61: X-ray point sources as circles superimposed on the adaptively smoothed CHANDRA
image together with the SSC positions marked with crosses. The SSC are not in positional
agreement with X-ray point sources. The positional offset of the SSC positions and the UV
data likely stems from the PSF of the OM of about 1”. The main diffuse X-ray emission comes
from the region between both SSC. Contours correspond to the UV emission of XMM-Newton
OM starting with 4-c above background.
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Fig. 62: Left: The radial distribution of CHANDRA point sources in NGC 1569. The dotted
line shows an exponential fit to the data, excluding the very uncertain point in the center. Right:
Radial distances as a function of source flux. The dotted lines mark the region where no point
sources are found. This corresponds to the drop in the left hand view graph.

which may have been generated within the SSC and now they dissipated towards the
outer edge of the region of high stellar activity.

As with the investigations performed before, the spatial distribution of the X-ray point
sources of NGC 1569 are regarded in the following. All plasma sources which are
attributed to density or line of sight effects in the diffuse outflow are excluded from
this analysis, since they would give rise to features — e. g. in the XLF — which are
not related to stellar components.

First, the number of sources per square degree as a function of center distance is given
in Fig.62 (left) together with the source center distances as a function of flux (right).
The (deprojected) surface density of the X-ray point sources declines exponentially.
The fit to the data, excluding the uncertain inner data pint, gives a characteristic radial
scale length of r, = 0.24 +0.01 kpc. Between radii of 0.8 and 1.0 kpc no sources are
detected.

This is also seen in the flux dependency of the distances. Here, the ring between 0.8
and 1.0 kpc is devoid of point sources. Neither in the HI maps nor in the optical maps a
cause can be identified for this devoidance. Hence this is likely by chance. Moreover,
the sources with fluxes exceeding § =2 x 10~ *erg cm 2 s~! are confined to the inner
part of the galaxy within a radius of 0.6 kpc with respect to the morphological center.

This trend is only seen in HolmbergI so far.

Converting the fluxes to luminosities (provided a distance to NGC 1569 of 2.2 Mpc
(Israel, 1988)) one obtains the XLF of NGC 1569. The view graph is shown in Fig.63.
In contrast to Martin et al. (2002); Belczynski et al. (2004) the XLF here is well con-
strained since the number of point sources in the present work is higher.
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Fig. 63: X-ray luminosity function of NGC 1569 (CHANDRA data). The dotted lines corre-
spond to a fit of a power—law with a slope of B = —0.78 +0.02.

Within the uncertainties the XLF can be fitted by a single power—law with slope f =
0.78 £0.02 which is steeper than the slope of 0.5 adopted by Martin et al. (2002). This
“unbroken” behavior of the XLF, which is also reported by Belczynski et al. (2004),
is interpreted as a uniform star formation although a star burst has occurred 25 Myr
ago (Anders et al., 2004). However, this star burst is not visible in the XLF. The age
of the SSCs is about 10 Myr and it appears that the X—ray binary population is not
yet affected by this burst. Only a slight undulation is visible in the XLF which is not
significant within the uncertainties. However, the XLF models by Belczynski et al.
(2004) suggest a young population not older than 70 Myr which shows that the times
at which star bursts occurred are not well confined.

As pointed out by authors Anders et al. (e.g. 2004); Lisenfeld et al. (e.g. 2004); Martin
et al. (e.g. 2002) this burst may have produced the outflow of hot material blown in the
halo of NGC 1569. This outflow is visible in Ho as well as in X—rays. This issue will
be discussed in the following.

5.1.5.3 Diffuse emission As described above, Martin et al. (2002) report about
a bipolar outflow of hot X-ray emitting gas perpendicular to the plane of NGC 1569.
To visualize the diffuse emission source subtracted CHANDRA images in the B—bands
are calculated and adaptively smoothed. Figure 64 shows the diffuse emission in the
B-bands as contours on top of the UV images of the OM in the inner region of the
galaxy (=~ 2’5 diameter) where the bulk of the diffuse emission is thought to come
from.

The spatial distribution of the soft diffuse X-ray emission is in concordance with the
interpretation of an outflow perpendicular to the plane of the galaxy. With respect
to the peak intensities in each band, the diffuse emission is confined in the north
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Fig. 64: From top to bottom the B2, B3 and B4 band emission of NGC 1569 (point source
subtracted CHANDRA data). The contour levels start at 3 %, 20 % and 20 % of the peak
intensity, respectively. The B2 band emission is more diffuse than the B4 band emission which
itself shows two peaks. The B3 band emission is oriented parallel to the major axis of the
galaxy.
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(6 = 64°51'15” (J2000.0)) and extends towards the south. This is expected when the
observer looks at the bottom of the galaxy.

To derive the physical parameters of the coronal gas of NGC 1569 a spectrum of the
region encircled by the lowest contour line of the B2 band emission (see Fig.64) is
analyzed. After calculating weighted RMF and ARF information the spectrum is fitted
with sherpa.

The first models which are assumed to be the sources of the X-ray emission are the
ones described in connection with IC 2574 and Holmberg I. It turns out that these are
not good approximation of the data; their reduced x? are above 1.8. To improve the
model, a second plasma term is introduced leading in total to an intrinsically power—
law component (for residual point sources) and two plasma components, all three ab-
sorbed by the Galactic foreground.

The model yields then AG - (MP; +MP> + (Al - PL)).

The power—law component accounts for the XRB which is absorbed by the galaxy.
The two plasma components account for the coronal gas of NGC 1569. All these
components are then absorbed by the Galaxy.

The abundance of the plasma terms is set to 0.2 solar. The intrinsic absorption column
is set to 2.2 x 10> cm~2, which is the mean value for NGC 1569. The power—law
index is set to 1.5 as in the previous spectral model for Holmberg I and IC 2574. The
fit yields a x2 of 1.3 which is close to the best value (1.2) derived by the models of
Martin et al. (2002). The difference here is, that they need intrinsic absorption for
all three emission components to achieve the same goodness of fit. In this sense the
approach here is more natural since it only needs one intrinsic absorption component
for the XRB.

The fit yields the following temperatures for the two plasma components:

o T; = 10%9 K (first plasma term, MEKAL model)

« T» = 10%%K (second plasma term, MEKAL model)

Since NGC 1569 is situated only 11° above the Galactic plane, the absorbing column
density is quite high, Ny = 2.1 x 10?! cm™2. The figure from the fit matches nicely
the value given by Burton (1985). The emission measures of both components are
EMgq = 1.8 x 1074 pc cm~© and EM}, = 2.4 x 1074 pc cm~°.

As described above, the diffuse emission is modeled by two thermal plasma compo-
nents (MEKAL model). The fit procedure yields two slightly different values for both
temperature components. The temperatures are in agreement with the model favored
by Martin et al. (2002) within the uncertainties which are of the order 10-20 %. Taking
the additional parameters from the fit (i.e. the emission integral) one can calculate the
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electron density n,, pressure P and equivalent hydrogen mass M of the plasma compo-
nents. Again, spherical symmetry of the emission region (volume V = 1.4 x 10%* cm?)
is assumed. The values are given below and the spectrum is given in Fig.65.

hot plasma component:

T =10%°K

ne- f1/2=3.18 x 1072 cm ™3
« P-f1/2=6.97x 10" dyncm 2
« M-f12=04x10M

o E;=1.61x10"%erg
cold plasma component:

« T=10%°K

© - f1/2=292%x10"2cm™3

e« P.f1/2=320%x 10" dyncm2
« M-f12=04x10M

o E;=7.34x10>7erg

The uncertainties in these figures are dominated by the unknown value of the filling
factor f, as discussed e.g. in the HolmbergI case. Martin et al. (2002) estimate the
X-ray gas mass to be 3.5 x 106 £0-3 M. In contrast to Martin et al. (2002) the mass
of the coronal gas is here lower by a factor of four. If the filling factor f is assumed
to be 0.1, the discrepancy vanishes. Also different sizes of the extraction region of
the spectral information and the different spectral model particularly yield different
normalization values. This has influences on the mass estimation and pressure as well.
Moreover, Martin et al. (2002) show, that the inferred mass of the coronal gas depends
on the metalicity. In particular, the mass decreases with increasing a—element abun-
dance — for example for Z4=0.1Z, the mass may be 107 Mg, for Z4=10Z) the mass
drops to 106 M. Since I assumed 0.2 solar metalicity for the coronal gas, the mass
will decrease further when I adopt the preferred value of Martin et al. (2002) of 1.0
solar. Hence, the mass discrepancy stems from the combined effects of assumed filling
factors, assumed abundances and the assumed geometry of the emission region.

With these numbers upper limits for the sound speed and hence, time and distance
scales can be derived. The sound speed in both phases is v, = 330kms™! and v, =
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Fig. 65: The diffuse emission spectrum (CHANDRA data) of NGC 1569 (data points in the
upper panel) together with the best fit model (solid line in the upper panel). The lower panel
shows the ratio of data/model.

230kms~! for the hot and cold phase, respectively. The cooling times amount to
feoolhot = 163 Myr and fcool cold = 90 Myr. The distances the gas can reach on these
time scales are 55 kpc and 22 kpc respectively. Hence the picture of the bipolar outflow
of hot gas is very well justified.

The XMM-Newton data of NGC 1569, which was not analyzed by Martin et al. (2002),
as described in the beginning of this section, has a poor spatial resolution to identify
the point sources, but still it is more sensitive to the diffuse emission. Thus, the spec-
tral information is extracted from the same region as the CHANDRA data. The same
model is applied to the data fixing the galactic foreground to the value given above.
The brightest point source in the center of the extraction region is subtracted and the
power—law index is a free parameter to account for any residual point sources. The
spectrum is given in Fig.66 together with the fitted model.

The XMM-Newton data yields an unsatisfying 2 of 0.28 and the following parame-
ters:

hot plasma component:

* EM=1.9x10"*pccm™®

e T=10"K
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Fig. 66: The diffuse emission spectrum (XMM-Newton data) of NGC 1569 (data points in the
upper panel) together with the best fit model (solid line in the upper panel). The lower panel
shows the ratio of data/model.

© ne- f1/2=283%x102cm™3

¢ P f1/2=783%x10"""dyncm 2
« M-f712=03x10°Mg

e E,;, = 1.60 x 10> erg

e y=370kms!

feool = 230 Myr
* d =88kpc

cold plasma component:

EM=1.1 x 10~*pccm™

T =10%8K

e ne- f12=217%x10"2cm™3

e P.f1/2=378x 10" dyncm2
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« M-f712=02x10°Mg
e E;=17.7x10% erg

e y=295kms!

feool = 190 Myr

* d=55kpc

The temperatures are slightly higher, while the electron densities are smaller which
leads to a smaller mass estimate and longer cooling times. The differences are likely
due to the imperfect calibrations of the two telescopes (i.e. the RMF and ARF) and
also the different binning of the data might play a role here. The attempt of fitting other
models, e.g. with only one plasma component or with a fixed power-law index yields
comparable results but with x? < 0.28. However, the values are in the same range as
the CHANDRA results and the interpretation of outflowing gas still holds true when
the XMM-Newton data is taken into account.

5.1.5.4 Summary The XMM-Newton observation of NGC 1569 shows the lim-
itation of the 14" PSF size of the telescope. With this resolution only one point source
is detected in the galaxy. Taking the CHANDRA data this point source is resolved into
62 individual objects. The log(N)-log(S) provides the information that the detected
point sources are negligible contaminated by unrelated sources.

In contrast to Martin et al. (2002), here, ~30 % more point sources are found, showing
the problems of automated point source search algorithms. The investigation reveals
that the bulk of X-ray point sources are accreting binary systems, three of which are
HMXB. Moreover, one HII region and one stellar blackhole binary are found. Also the
SNR detected by Martin et al. (2002) is confirmed while the X-ray emission mights
stem from the central object and not from the SNR itself. However, this interpretation
is questionable due to the short life times of neutron stars.

The hardness ratio of one particular source (ID40) shows that the blackbody and
plasma models in the HR diagram are not easy to disentangle. More precise, below
a temperature of 10> K the blackbody models are the same as plasma models while
for temperatures above they run like the power—law models. Hence, additional data is
always required. Also the choice of the X-ray bands in the present work turns out to
be less ambiguous.

The SSC—A and B in NGC 1569 are not correlated with any X-ray point source. How-
ever, there a 11 X—ray point sources surrounding the SSCs one of which is the Hi1
region mentioned before. The XMM-Newton OM shows that the SSC region is also
emitting UV radiation showing the young stellar population of NGC 1569.
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The spatial distribution of the X-ray point sources shows no special features. Only be-
tween a radial distance of 0.8 and 1.0 kpc there is a devoidance of X-ray point sources,
which may be casual. The number density of point sources drops exponentially to-
wards larger radii with a characteristic scale length of r, = 0.24 +0.01 kpc. There
is a trend, like in Holmberg I, that the most luminous sources occupy only the inner
(<0.6 kpc) region of the galaxy.

The XLF of NGC 1569 turns out to be “unbroken” in agreement with Belczynski et al.
(2004). Here, my results constrain the XLLF much better than in previous investigations
due to the more numerous point sources. Since the star burst is very young, old objects
like X-ray binaries are not expected to introduce a break in the XLF. Hence, a single
power—law behavior of the XLF is expected.

The diffuse emission of the galaxy is spatially confined in the north and extends to
the south. This distribution is attributed to the inclination of the galaxy of i = 60°.
The observer looks at the “bottom” of the galaxy. The spectral information of the
CHANDRA data is used to determine the emission model of the diffuse emission. The
data can be approximated with a two thermal components and an absorbed power—law
model for residual point sources, all three absorbed by the Galactic foreground. In
addition to Martin et al. (2002), the XMM-Newton data is taken into account, fitting
the same model to the data extracted from the same region as the CHANDRA data.
The parameters based on the XMM-Newton spectral data is in broad agreement with
the CHANDRA data.

The temperatures for the hot and cold plasma components of the CHANDRA data
turn out to be log(T[K])=6.9 and log(T[K])=6.6, respectively. In concordance with
Martin et al. (2002) the general picture of a bipolar outflow of coronal gas is con-
firmed with the figures for time scales and distance estimates. The difference in mass
is attributed to the uncertain filling factor f of the coronal gas, different extraction re-
gions, concerning the spectral information and a metalicity dependant mass estimate.
The XMM-Newton data deviates only slightly from the CHANDRA results.

5.1.6 NGC4214

Like NGC 1569, NGC 4214 is a metal-poor dwarf star burst galaxy (Walter et al.,
2001). The irregular nature of this galaxy is supported by the fact that the peaks of H1
and CO do not show a clear correlation. There are three detections of molecular gas
(one in the center, one in the northwest and one in the southeast). A comparison with
the optical shows that the star formation has not started yet in the northwest region
while it started in the southeast recently. The central molecular clump is associated
with an evolved star burst.

CHANDRA and XMM-Newton observations reveal diffuse X-ray emission around
two of the three star burst regions, mainly with the oldest and less with the young
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Tab. 27: NGC4214
Morphological type dlrr
Position (J2000.0) « = 12"15m39575 § = 36419™36°17
Distance 2.7 Mpc (Drozdovsky et al., 2002)
HI mass (10° M) 550 (Drozdovsky et al., 2002)

region (Hartwell et al., 2004). From the spectral fits the authors suggest a blow—out in
the future for NGC 4214. There is also evidence for ionized gas flowing out of wind
driven bubbles when they approach the steep density gradient from HI clouds to HI1
holes (Wilcots & Thurow, 2001; Maiz-Apelldniz et al., 1999). However, Schwartz
& Martin (2004) report on sight lines which intersect expanding shells in NGC 4214
which give evidence for a trapped ionization front.

After proton filtering the exposure time of the archival data set of NGC 4214 amounts
to ~13 ks in all instruments. The OM was not used. In addition HI data and the DSS2
images are used in the following. The investigation of the smoothed M1M?2 data in the
PS band reveals a number of X-ray point sources.

Additionally to the XMM-Newton data also CHANDRA data is available in the archive.

This observation is used to disentangle the point sources in the very center of the
galaxy where the XMM-Newton PSF is too large to resolve individual sources. Un-
fortunately, both data sets show a significant positional offset of about 15 arcsec. This
is also reported by Hartwell et al. (2004). In contrast to their paper here the decla-
ration of coordinates always refers to the individual observation, i.e. CHANDRA or
XMM-Newton.

5.1.6.1 Point sources Clipping the M1M2 image to the 4-c background level
one spots 71 X-ray point sources within the HI distribution of NGC 4214. The M1M2
map is given in Fig.67 (left), together with the HI distribution of the galaxy (right).
Here, I find more sources in the XMM-Newton data than Hartwell et al. (2004) in
their CHANDRA data. This is because their luminosity limit is about an order of
magnitude higher than the luminosity limit of the XMM-Newton data presented here.

The elongated source ID 3 appears as a linear pattern of pixels in the photon image
which is probably a cosmic ray event, hence it is rejected from further analysis. All
other sources are then evaluated in the log(N)-log(S) diagram to investigate the con-
tamination by background sources. The resulting diagram is depicted in Fig.68.

As with the other observations so far, the found X-ray sources are statistically not
contaminated with background sources. Many sources are very faint and therefore
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Fig. 67: Left:X-ray point sources within the H1 distribution of NGC 4214 in the MIM2 map
in the PS band (XMM-Newton data). The grey scale image is a logarithmic scaling, the circles
mark the 72 point sources detected above 4-6 background level. Contours (starting at 10%
of the peak intensity, growing in steps of 10%) correspond to the HI map on the right: The
HI column density map with the X-ray point sources overlayed as circles. The peak here is
1750 Jy/Beam-m/s. The H1 map is from Walter et al. (2001).
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Fig. 68: Comparison of the log(N)-log(S) relation of NGC 4214 (XMM-Newton data) with
the extragalactic X-ray background. With respect to the uncertainty of the number of point
sources in the galaxy, the relation is well above the extragalactic relation derived by Hasinger
et al. (2001), which gives the upper limit for the XRB.
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Tab. 28: NGC 4214 flux limits of the XMM-Newton data for individual bands normalized to
the area of 3.5 PSF. The flux units are 10~ ergcm™2 57!

Band background counts flux limit

B2 8+0.5 1.01£0.06
B3 7£0.5 0.63£0.04
B4 12+0.7 1.484+0.09
PS 43+1.4 7.12+0.23

NGC 4214

-0.5 -

I I T
(B4—B3)/(B4+B3)

(B3-B2)/(B3+B2)

Fig. 69: HR for the XMM-Newton point sources found in NGC4214. The numbers corre-
spond to the IDs of Tab.29. All errorbars correspond to an uncertainty of 1-c. The dashed and
solid lines are described in detail in the caption of Fig.19 and the accompanying text.

their hardness ratios cannot be evaluated. Nevertheless they are listed in the point
source catalog displayed in Fig.29. There are also sources listed (as with the other
observations) which have virtually no flux in the EPIC—pn data. On the other hand they
appear in the M1M2 data because the combined MOS-1 and MOS-2 data has twice the
exposure time and the image is smoothed giving a better signal-to—noise. However,
they are listed nevertheless. The corresponding detection limits are calculated in the
same fashion as for the previous galaxies and are presented in Tab.28

From here, the hardness ratios can now be evaluated taking the XMM-Newton data.
For 34 sources the hardness ratios are given in Fig.69, the other 36 sources have less
than two counts in at least one B—band and are hence excluded from the HR. The
work of Hartwell et al. (2004) shows again, that the band definitions are a crucial point
for the HR. Their HR diagram simply cannot distinguish between their model curves

0

0.5

-0.5

NGC 4214 T

(B3—-B2)/(B3+B2)

wihtin the uncertainties due to their band definitions.



128

5 The Dwarf Galaxy Sample

Tab. 29: The X-ray point sources found by XMM-Newton in NGC 4214. The flux units are
s~! in the PS band, the luminosity units are 10°” ergs~!, the luminosity uncer-
tainty is of the order of the relative flux uncertainty. The stars mark sources with one or less
counts in one band after background subtraction. The last three columns give the background

107" ergem™

2

corrected counts in the corresponding band.

ID  Right Ascension Declination Flux Luminosity B2 B3 B4
(J2000.0) (J2000.0)
1 12h15™m37.26 36° 19/ 38.10  157.90 + 5.98 16.33 134 259 205
2 12M15™40.50 36°21'26.85 33.75+£2.76 3.49 30 43 48
4 12"15m58.15 36°22/40.70  109.0 £+ 4.97 11.27 152 156 131
5 12h15m53.83 36° 23’ 6.84 9.97 £1.50 1.03 15 9 10
6 12115™53.46 36°22' 2334  4.30 +0.99 0.45 3 16 2
7¢ 12M15™m58.14 36°21'18.05 2.04 +0.68 0.21 10 g8 -3
8 12M15™48.06 36°21'48.58 6.80 + 1.24 0.70 12 6 11
9 12115™45.90 36°22/10.34  11.78 +1.63 1.22 24 10 11
10 12M15m47.70 36° 23" 6.88 10.65 £ 1.55 1.10 10 29 13
11 12M15m35.45 36°25'13.05 249 +0.75 0.26 2 5 4
12* 12M15m35.46 36° 24" 7.80 0.68 = 0.39 0.07 4 -1 4
13 12"15™33.66 36°22/23.39  12.69 + 1.70 1.31 12 19 13
14 12M15m36.18 36° 23’ 2.55 7.93 £1.34 0.82 13 19 2
15 12M15m36.54 36°22'36.45 2.04 +0.68 0.21 3 12 2
16 12"15™39.06 36° 22" 1.65 10.19 £ 1.52 1.05 17 16 12
17 12P15m43.38 36°20/52.04 12.23 + 1.66 1.26 15 17 15
18 12M15m29.34 36°2047.68  2.04 +0.68 0.21 2 5 2
19 12PM15m12.78 36°20/25.78 14.05+1.78 1.45 7 7 33
20 12M15™10.26 36°20/17.04 20.16 +2.14 2.08 21 15 36
22%  12M15™m51.30 36°20°17.21  5.21 +1.09 0.54 8 1 6
23*  12M15™49.50 36°19'55.47  4.53 +£1.01 0.47 1111 -2
24*  12M16™1.37 36°18/24.01  1.59 £+ 0.60 0.16 0 4 7
25%  12M15™m49.85 36° 16/ 39.72 — — 0 0o -7
26 12M15m43.38 36° 18/ 54.59 11.78 + 1.63 1.22 20 19 13
27  12M15™44.46 36°2346.04 3.85+0.93 0.40 13 6 8
28 12M15m28.25 36°25'30.42 1.81 +0.64 0.19 3 2 4
29*  12M15™39.78 36° 22/ 58.20 — — 0 1 1
30 12M15™42.30 36°22'36.45 6.80 +1.24 0.70 6 17 10
31 12M15™45.90 36°21'31.19  11.10 + 1.59 1.15 19 11 14
32 12M15™34.02 36°21'48.59  2.04 +0.68 0.21 2 10 2
33 12M"15™30.05 36°22/10.33  2.04 +0.68 0.21 2 6 6
34* 12h15m25.01 36°22/10.30  2.04 + 0.68 0.21 6 0 7
35¢  12M15™13.13 36°21'39.73  0.68 £ 0.39 0.07 5 3 3
36*  12M15™17.81 36° 22/ 27.64 — — -4 2 1
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Tab. 30: Table.29—continued

ID Right Ascension Declination Flux Luminosity B2 B3 B4
(J2000.0) (J2000.0)
37* 12M15™m20.33 36°21'18.06  0.23 £ 0.23 0.02 6 -2 4
38*  12M15m22.86 36°20°30.24 091 +045 0.09 o -1 5
39*  12P15™18.90 36°20°4.10  3.17 £ 0.85 0.33 2 6 3
40*  12M15™15.66 36°19'46.66 091 + 0.45 0.09 0 1 1
41*  12h15m17.82 36° 18" 45.79 — — 5 -6 -8
42*  12M15™m23.94 36° 18’ 54.54 — — 4 -1 1
43* 12h15m25.38 36° 19’ 51.10 — — 5 2 -2
44 12M15m28.26 36°19'46.77 6.80 + 1.24 0.70 18 13 3
45  12M15™m31.86 36°19'55.49 5.66 £+ 1.13 0.59 14 14 4
46  12h15m32.58 36°19'329  12.46 + 1.68 1.29 18 22 5
47 12M15m32.22 36° 19/ 25.04 10.65 + 1.55 1.10 17 27 4
48*  12M15™m34.74 36° 18 50.25 2.04 4 0.68 0.21 5 9 3
49*  12M15m43.02 36° 181544 1.59 £+ 0.60 0.16 5 15 -1
50*  12M15™m26.82 36° 18/ 24.11 3.40 +0.88 0.35 12 0 5
51 12P15™m31.14 36° 17" 58.04 — 0 4 5 -1
52¢  12h15m35.82 36°17'49.35 6.12+1.18 0.63 13 10 O
53*  12M15™m39.06 36°17'23.25 2.4940.75 0.26 7 1 1
54*  12M15™m41.58 36° 16’ 52.80 — — 2 -6 -4
55% 12Mh15m31.86 36° 15" 43.19 — — 6 2 -1
56 12115m18.91 36° 16/ 22.25 — — 0 1 -1
57 12M15m28.27 36°15'47.52 3.40 4 0.88 0.35 3 0 13
58  12h15m29.71 36° 14 50.98 091 + 045 0.09 2 4 2
59* 12R15™m31.51 36° 14/ 24.89 — — o -7 -2
60  12M15m41.21 36° 14/ 3.15 0.68 £+ 0.39 0.07 3 6 4
61* 12M15m44.81 36° 14 50.99 0.45 +0.32 0.05 4 0 4
62* 12M15™m53.44 36° 14 59.64 4.53 +1.01 0.47 13 I 5
63*  12M15m57.40 36° 16/ 0.51 2.49 £ 0.75 0.26 7 6 -2
64* 12h15m53.81 36° 16’ 57.09 — — 4 6 O
65 1216™2.08 36°17' 1441  1.13 £0.51 0.12 8§ 2 -2
66* 12115m48.05 36°18'45.88 1.59 £ 0.60 0.16 10 3 -3
67* 12"16™m3.89 36° 18" 45.73 — — 3 4 -1
68  12M15m40.86 36°20°30.30 19.93 +£2.12 2.06 42 30 10
69 12M15m41.94 36°20°4.20 21.07 +£2.18 2.18 42 41 10
70 12h15m34.38 36°2017.25 18.80 +2.06 1.94 28 33 15
71 12P15™39.06 36° 18 54.60 20.61 £ 2.16 2.13 26 54 14
72 12M15m41.22 36° 17 58.05 1.59 £ 0.60 0.16 5 8 3
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The sources in the HR diagram decompose into at least three components; plasma
sources (ID 6, 14, 15, 32, 47, 71), power—law sources (ID 2, 4, 16, 17, 26, 44, 45, 68,
69, 70, 72) and yet unidentified sources (ID 1, 5, 8, 9, 10, 11, 13, 18, 19, 20, 27, 28,
30, 31, 33, 58, 60). From the unidentified ones, ID 5, 8, 9, 19, 20, 27, 28, 30 are in
the “forbidden” region in the upper left corner of the HR plot, the others are in the
ambiguous regime of the HR diagram. The positions of the “forbidden” sources in
the galaxy are not in the center but more at the outer parts. In higher bands they also
show no excess photons. Considering 2-¢ uncertainties, all these sources reach the
power—law regime, except ID 19 and 20, hence, their nature remains unclear.

To characterize the sources in the ambiguous region the DSS2 images in red and blue
band are considered. It turns out that sources ID 1, 13, 18 and 33 show up in both
bands, while ID 10 is slightly visible only in the red band. The other sources (ID 11,
30, 58 and 60) are not seen in the optical. Unfortunately, no additional observations are
at hand making the classification very hard. The literature provides images and data
in several wavelength (Ha and [O111] by MacKenty et al. (2000), He I by Martin &
Kennicutt (1997), UV and NIR by Fanelli et al. (1997)). Taking these, only source ID 1
is identified with an Ha source (MacKenty et al., 2000, their source XIIn). However,
the data in the literature do not provide coordinates and therefore it is unfeasible to
perform a source—to—source correlation reliably.

Here, the classification is only feasible on the basis of hardness ratios, as it was also
done in the work of Hartwell et al. (2004). They argue, that most of the sources
are HMXB because they are associated with the central young star forming region
(e.g. Fanelli et al., 1997). This conclusion may be true but here the HR diagram in
conjunction with the luminosities can be used to discriminate between HMXB and
LMXB. It is moreover possible to separate accreting sources from plasma sources.
Hence, from the 70 point sources found, six are plasma sources. Two of them (ID 47,
71) are located at the central source (ID 1) in the east and south, respectively. Three
more are in the northeast and south of ID 13 and the last in the west of ID 4.

To get a better handle on the nature of the sources, additional data from the CHAN-
DRA instrument is examined. The event list is selected in the PS band and then
adaptively smoothed to increase the signal to noise for point sources and even faint
diffuse emission. Due to the higher angular resolution of the CHANDRA mirrors
(=~ 0.5") one can hope to find substructure in the sources fond by XMM-Newton.
The adaptively smoothed CHANDRA image in the PS band together with the XMM-
Newton point source positions (shifted to the CHANDRA coordinates) is displayed
in Fig.70. The lefthand side is clipped and scaled to reveal the components of the
central source ID 1, the righthand side is clipped and scaled to reveal the diffuse
emission components. The limiting flux in the CHANDRA PS band per 3.5xPSF
isS=354+02x10""ergem™2s7 1.

The CHANDRA data resolves the XMM source ID 1 into 4 distinct sources. One
has a diffuse halo like appearance while the other three are point like, also reported
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Fig. 70: Both images show the adaptively smoothed CHANDRA ACIS-S3 data in the PS band
clipped to 4-c above background. The left shows the central region around XMM source ID 1
which is now resolved into four sources one of which is more diffuse and three point like ones.
The right shows a larger region with another upper clipping of the image, which reveals some
diffuse emission around XMM sources ID 8, 9 and ID 13, 14, 15.

by Hartwell et al. (2004). The diffuse source is correlated with Hoe emission in the
very center of the young star forming region, where also CO is detected (Walter et al.,
2001). The three point like sources are outside the CO region but still inside the star
forming region. Moreover, the diffuse source is in positional agreement with the Ha
cavity found by MacKenty et al. (2000, their source I-As). They report that the cavity
is bordered towards the north and more open towards the south and west, matching
nicely the shape of the diffuse X-ray emission of the CHANDRA data. Furthermore,
they claim to have found a supernova remnant at the position of the diffuse X-ray
source which nicely fits the picture.

To constrain this more a spectrum is extracted from the ACIS data (see Fig.75). Binned
to at least 25 photons per bin, the spectrum is fitted with an M2 model which accounts
for residual point sources and a plasma component, both absorbed by HI in the fore-
ground. This model is more simple than the model suggested by Hartwell et al. (2004)
which contains two plasma components. This finding will be discussed more in the
section about the difuse emission below.

With a x2 of 1.22, the model yields a plasma temperature of 1053 K and a photon
index for the power—-law component of 1.5, which both are absorbed by an HI column
density of 4.0 x 102! cm~2. The temperature is between the two temperatures derived
by Hartwell et al. (2004). The spectrum is shown in Fig.71 together with the model.
This result makes the supernova remnant hypothesis of MacKenty et al. (2000) almost
certain. The final proof for hot gas originating from the diffuse emission is given in
Fig.72 where the hardness ratio of this source is plotted together with the theoretical
models calculated for the CHANDRA telescope. In conclusion, the model presented
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Fig. 71: CHANDRA emission spectrum of the SNR candidate (the diffuses source in Fig.70)
in NGC 4214 (data points in the upper panel) together with the best fit model (solid line in the
upper panel). The lower panel shows the ratio of data/model.

here is favored since it is simpler than the Hartwell et al. (2004) model and yields
similar results.

The most northern source of the three compact ones is in positional agreement with
the MacKenty et al. (2000) source IIIs which they argue is probably an old super star
cluster. The X-ray emission then is most likely originating from an accreting binary
system. The most luminous source in the very center of the XMM ID 1 source ellipse
is in agreement with the MacKenty et al. (2000) source I-Hn, which they do not further
discuss in their paper. Both are power—law sources according to their HR and hence
they are classified as X-ray binaries. The small source at the western side of the hot
diffuse gas is most likely a binary system as well, but the counts in the B bands are to
low to give a hardness ratio for the source.

The CHANDRA data does not resolve other sources into smaller ones. In Fig.70
(right) there are two sources which do not show up in the XMM-Newton data: north
of ID 1 and towards the west of ID 1. The former is visible in the XMM-Newton data
as a very faint extension of source ID 2. Its hardness ratio cannot be calculated since it
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Fig. 72: Hardness ratio of the central CHANDRA sources. The source in the northeast of the
diffuse source has too few counts in the B2 band, hence it is left out here. The diffuse source
is clearly a plasma source while the other two are power—law sources.

has negative counts in the B2 band. The other source towards the west of ID 1 has also
too less counts. The origin of these sources remains unclear.

Sources ID 8 and 9, which show up in the “forbidden” region in the XMM-Newton
hardness ratio diagram, are at the edge of a diffuse emission component associated with
source ID 10. Unfortunately both sources have too few counts to calculate a hardness
ratio from the CHANDRA data. Also no counterparts are found in the literature or the
DSS2 images making a classification impossible. I will come back to the sources ID 8
and 9 in the section concerning the diffuse emission of NGC 4214.

To summarize the classification of the point sources found, I give a list of source ID s:

* plasma sources:
1,6,14,15,32,47,71

* power—law sources:
2,4,16, 17, 26, 44, 45, 68, 69, 70, 72

e unclear:
5,8,9,10, 11, 13, 18, 19, 20, 27, 28, 30, 31, 33, 58, 60

Since supernova remnants are quite rare objects in contrast to X—ray binaries, most
of the unclear objects are thought to be binary systems. The sources in the upper
left region in the HR diagram are very hard which does not argue for plasma emis-
sion. Another possibility for these hard sources could be, that they are highly absorbed
background sources like AGNs.
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Fig. 73: Left: The radial distribution of XMM-Newton point sources. The dotted line shows
an exponential fit to the data, excluding the very uncertain point in the center. Right: Radial
distances as a function of source flux.

With the source positions at hand, one can now examine the spacial properties of these.
The radial distance from the morphological center of the galaxy as a function of flux
is given in Fig.73 together with the number density of the point sources towards in-
creasing radii. The former shows no structure and is qualitatively comparable to Holm-
berg II. The latter is fitted with an exponential function of the form f(r) = a-exp(r/r,),
givinga =2.4+0.08 and r, = 1.2 +0.05 kpc. Compared to Holmberg II which has a
comparable angular size and distance, this figure is smaller by a factor of three. This
just means, that the point source density in NGC 4214 is higher in the center than in
the Holmberg II case, or at least more concentrated towards the center. This is in line
with the exponential brightness profile of the old stellar population (Schild, 1984), in
general the X—ray binary population reflects the old stellar content of the galaxy.

Switching from fluxes to luminosities the XLF is obtained and plotted in Fig.74. As in
the Holmberg II case the XLF shows a break at a luminosity of ~ 0.8 x 1037 ergs~.
This break is not recognized by Hartwell et al. (2004) since their luminosity limit is too
low (by a an order of magnitude) and they detect only 20 point sources. The slopes of
the broken power—law fitted to the data are § = —0.344+0.02 and B = —1.44+0.13 for
below and above the break luminosity, respectively. The slope fitted by Hartwell et al.
(2004) to their "unbroken” XLF is B = —0.76 +0.20 which is (within the uncertainties)
exactly the mean of the broken power—law slopes derived here. In this context they
claim that the “luminosity functions of galaxies can now be studied in great detail”,
which is questionable since their data is not as sensitive as the data presented here.

The sources below the break luminosity are not randomly distributed across the HI
body of the galaxy but they avoid the inner part completely. Inside a 2.1 kpc radius
around the morphological center none of the sources below the luminosity break is
found. Their distribution reaches out to the edge of the HI distribution. The sources
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Fig. 74: The XLF of NGC4214 derived from XMM-Newton data. As in the Holmberg IT
case the XLF shows a break at ~ 0.8 x 1037 ergs~!. The dotted lines correspond to a broken
power—law fit with slopes B = —0.3440.02 and B = —1.4440.13 below and above the break,
respectively.

below the break are the ones for which no hardness ratios can be determined. Thus,
it is concluded that these sources are faint old sources (likely LMXB) which are not
related to the star formation sites in the center of the galaxy. Hence, the break in
the XLF represents a general distinction between old and young objects. This again
shows, together with the argumentation for the other galaxies with XLF breaks, that
the breaks can have different origins (see also Fabbiano & White, 2003; Humphrey &
Buote, 2004).

5.1.6.2 Diffuse emission Diffuse soft X-ray emission on small scales (<1 kpc)
is seen in three regions: a) at the central source, b) around sources ID 13 and 15 and

¢) around sources ID 8 and 9. The extraction region for the spectra are displayed in
Fig.75

In the XMM-Newton image sources ID 8 and 9 appear as two distinct peaks while the
CHANDRA image reveals one diffuse peak right between the two sources. The two
peaks are smeared into one due to the adaptive smoothing of the image. A significant
CHANDRA spectrum of the emission associated with sources ID 8, 9 and 10, can be
obtained by grouping the data to at least 25 photons per channel. This yields 175
photons in seven bins across an energy range of 0.2-8.0 keV. Applying an M2 model to
the data, the fit gives for y* = 1.4 the following parameters: Ng; = 3.5 x 10*! cm™2,
I'=0.63 and T = 1052 K. The spectrum is displayed in Fig.76. A query at the source
position of ID 8 gave a very faint counterpart in the radio continuum at 20 cm, but
no spectral index can be derived. However, the diffuse emission is morphologically
connected to source ID 10 which is comparable with a plasma source, according to

its hardness ratio. The temperature based on the HR diagram is also compatible with
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log(T[K])=6.2 K.

Hence, the argumentation points to hot gas originating probably from a supernova
remnant. One might think, that the hot gas stems from young hot stars heating the
environment and producing the radio continuum emission (HII region), but the DSS2
images do not show stellar clusters at the position in question. This diffuse emission
feature associated with sources ID 8 and 9 is not discussed by Hartwell et al. (2004).
They only regard the central diffuse emission which is discussed below. First I present
the diffuse emission associated with sources ID 13 and 15.

Also the source ID 13 and 15 are embedded in a diffuse emission region which is
situated in the west of source ID 10 in a linear distance of about 2 kpc. Both sources and
also the sources around (ID 14, 32, 33) are in the plasma regime of the HR diagram.
A spectrum of the diffuse emission is extracted from the CHANDRA data excluding
the point sources (see Fig.75). With a fixed foreground absorbing column density
of 1.5 x 10 cm™2 (Hartwell et al., 2004) the M2 model fit gives T = 10>7 K and
' =0.89 (x> = 1.8). The spectrum is given in Fig.77. Since sources ID 13, 14, 15,
32 and 33 are correlated with a star cluster in the DSS2 blue it is concluded that the
diffuse X-ray emission originates from an HII region. In contrast to the probable
supernova remnant described above, here the star cluster argues for the HII region.
However, since no additional data is avaliable for this region, the conclusion is not
unappeasable.

Besides these two regions and the central source no diffuse emission is seen in the
X-ray data with respect to the detection limits. Here the situation is quite similar to
Holmberg II where the standard model for HI shells is only valid for a small fraction of
shells. The main mechanism triggering the shell formation and thus the formation of
stars is a drift of the galaxy through the ambient medium, where ram—pressure effects
are responsible for the shell creation.

NGC 4214 itself formed stars over last few Gyr at a very low but constant rate of ~
0.5-1.0Mg yr~! (Fanelli et al., 1997). They also claim that NGC 4214 is interacting
with the nearby dwarf galaxy NGC 4190 at a linear distance of 36 kpc, yielding the star
formation in the centrally concentrated star clusters, while the global star formation is
not “burst—like”. Hence, no high—energetic stellar events are expected in the outer parts
of the galaxy and hot gas is virtually absent, except for the three cases where diffuse
X-ray emitting gas is detected.

Having the spectra of the three diffuse emission features a), b), and ¢) more pa-
rameters can be calculated. These three X—ray features of the galaxy yield the fol-
lowing physical parameters, assuming spherical symmetry for the emitting volumes
(Va=5.4%x10%2cm?, Vi, =4.31 x 109 cm?, V. = 2.5 x 10% cm?):

central SNR candidate a):

« EM=9.7x 10~*pccm™
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Fig. 75: Spectral extraction regions of diffuse emission in the central region of NGC4214
(CHANDRA data). The upper image shows the region around sources ID 8, 9, 10, 13 and
15 while the lower image shows the central source of NGC4214. The CHANDRA source
denoted as 'CS’ is the same in both images. The extraction regions are shown in two images
because the clipping is different in both in order to show the sources properly. The lower clip
corresponds to 4-c above background.
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Fig. 76: CHANDRA emission spectrum of the emission associated with sources ID 8, 9 and
10 in NGC 4214 (data points in the upper panel) together with the best fit model (solid line in
the upper panel). The lower panel shows the ratio of data/model.
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in NGC4214 (data points in the upper panel) together with the best fit model (solid line in the
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T =10%3K
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* feool = 3.3 Myr
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ID8 & 9 b):
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T =10%2K
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e E;=4.0x103erg
e y=85kms!
® feool = 4.7 Myl‘

* d=0.4kpc

The values derived here show that the diffuse components are probably bound to the
galaxy since the distances (d) they can reach are very small. Component a) is in broad
agreement with the values of the softer component given by Hartwell et al. (2004).
The deviations can be attributed to the uncertain filling factor and different extraction
regions, and of course to the different models assumed. However, the simpler model
presented here is more favored since it has less free parameters. The parameters of
components b) and c) are in agreement with their classification given above. Since
the diffuse emission of component c) is at high column densities of the neutral gas it
is likely that the hot gas is in front of the neutral hydrogen. On the other hand, the
diffuse emission component b) leaks into a low column density region while the likely
origin of the emission is located towards higher column densities (see Fig.67). Here,
the interpretation regarding the standard model is challenging.

5.1.6.3 Summary XMM-Newton and CHANDRA data are analyzed with re-

spect to X—ray point sources and diffuse emission within the HI distribution of NGC 4214

as detected by the VLA. In total, 70 X—ray point sources are detected down to the de-
tection limit in the PS band in contrast to the 20 sources detected by Hartwell et al.
(2004).. The log(N)-log(S) relation shows that the detection is statistically not con-
taminated by background sources from the cosmic X-ray background.

There are 12 point sources which are very faint in the EPIC—pn data and they are
only significant in the M1M2 smoothed data. The central region of the galaxy, where
star formation is taking place today, is not well resolved by XMM—-Newton . Thus,
CHANDRA data is used to resolve the bright point source found by XMM-Newton. It
turns out, that the single source decomposes into four sources in the CHANDRA data
one of which is extended and associated with Ho emission and an Ha cavity detected
by MacKenty et al. (2000). This X-ray source is most likely a supernova remnant.

A second supernova remnant is found in NGC 4214. This finding is confined by a very
faint radio continuum source at the same position. In contrast to this, a third diffuse
X-ray emission feature is interpreted as an HII region because it is associated with a
star cluster visible in DSS2 red and blue band.

The remaining point sources are most probable accreting binary systems according to
their hardness ratios. A discrimination between LMXB or HMXB is not easy since no
additional data is available and the hardness ratio does not distinguish between these.
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According to Hartwell et al. (2004) the sources in the center are HMXB since they are
associated with the star forming region. This does not apply to the sources outside a
radius of ~ 2kpc radius from the center and even the classification of Hartwell et al.
(2004) is only rough and can be challenged. Especially because their choice of the
bands is not very careful and leads to not well separated model curves in the HR
diagram.

The spacial distribution of X—ray source in NGC 4214 is analyzed then. The source
density drops exponentially from the center with r, = 1.2kpc which is a factor of
three smaller than in the Holmberg II case. Thus, the sources in NGC 4214 are more
concentrated towards the center than in Holmberg II. The exponential decline towards
the outer rim is in concordance with the profile of the old stellar population in the
galaxy found by Schild (1984). The radial distribution as a function of flux does not
show a particular behavior; the sources are distributed randomly with respect to their
fluxes.

Further the XLF is investigated. It turns out that it can be approximated by a bro-
ken power-law with indices B = —0.34 + 0.02 below the break luminosity of 0.8 x
1037 ergs~! and B = —1.44£0.13 above. The break is interpreted as a distinction be-
tween old and young objects because the sources below the break are situated outside
the star forming clusters in the center. Here, the break is absent in the XLF derived by
Hartwell et al. (2004) due to the detection limit.

Diffuse soft X-ray emission is only detected at three plasma sources as described
above. No hot halo or outflow is visible. This is also constrained by the spectra taken at
the positions of the diffuse emission. The derived plasma parameters do not allow the
gas to be expelled into the halo of NGC 4214. Since the star formation of the galaxy in
the last few Gyr was quite low (Fanelli et al., 1997) the non—detection of a hot halo is
expected. Here, the picture of NGC 4214 derived is quite similar to what is found for
Holmberg I1.

5.1.7 NGC4449

The neutral interstellar medium of NGC 4449 is quite unusual as reported by Bajaja
et al. (1994); Hunter et al. (1998, 1999): In the outer part of the optical galaxy the HI
shows a ring—like structure with high velocity dispersion. In addition there are two
counter—rotating gas systems around the optical galaxy. Furthermore, the neutral [ISM
is fragmented into clouds as observed in other galaxies. The inner structure appears
as a bar which includes most of the optical galaxy whereas outside the bar the neu-
tral gas is of filamentary structure. All this argues for a disruption of the galaxy due
to an external perturbation and the gas has not relaxed up to now (see also Valdez-
Gutiérrez et al., 2002). To give constraints on that scenario from the theoretical side
Theis & Kohle (2001) performed N-body simulations. Their result is an interaction
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Tab. 31: NGC4449
Morphological type dlrr, Im
Position (J2000.0) «a = 12M28™12513 § = 44906™6595
Distance 4.2 Mpc (Karachentsev et al., 2003)
HI mass (106 Mg) 300 (Hunter et al., 1999)

of NGC 4449 with the companion galaxy DDO 125 and their model can reproduce the
observational results. Because the neutral medium of the galaxy is highly perturbed,
the X—ray investigation is performed only for the inner 5/0.

The high energy regime was observed with CHANDRA. The analysis shows diffuse
gas with a complex morphology (Summers et al., 2003). They suggest an expanding
shell within an Ho cavity which is aligned with the diffuse X-ray emission. Here,
the authors point to the huge HI halo which prevents the hot gas from being blown
out although the expansion velocity is supposed to be ~220 kms~'. Individual X-ray
point sources were studied by Miyawaki et al. (2004). They suggest that the X-ray
emission of dwarf galaxies in general is enhanced by recent star formation.

The XMM-Newton observation (see Tab.4 for exposure times) of NGC 4449 reveals
15 X—ray point sources above the 4-0 background level in the PS band of the smoothed
MIM2 images. Since there is a 29 ks CHANDRA observation available from the
archive it is advisable to use this because the angular resolution is much better. Several
XMM-Newton point sources decompose into two or three CHANDRA point sources.
Hence, the XMM-Newton data is rejected.

After extracting PS band events from the CHANDRA event file, the image is adap-
tively smoothed and clipped to 4-0 background level. The X-ray point sources are
identified by eye as before. Since the HI morphology of NGC 4449 shows large scale
filaments and arms, only the inner part is regarded. The X-ray map together with
source positions, IDs and HI contours of the inner region is displayed in Fig.78. The
image reveals 20 X-ray point sources in total, together with diffuse emission in be-
tween the central sources. The detection limits for the B bands and PS band are given
in Tab.32.

Here, the detection limits are very low compared to XMM—-Newton. This is due to the
small number of background counts in a large detector area (e.g. in the B2 band are
180cts in 37044 pixels). Having the detection limits, the detected point sources are
listed in Tab.33 with their positions, fluxes, luminosities and the counts in the B bands.

To make sure that the point sources are not contaminated by the extra galactic X-ray
background, the log(N)-log(S) relation is again evaluated with respect to the number of
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Fig. 78: Adaptively smoothed CHANDRA image of NGC 4449 in the PS band with superim-
posed HI contours and point source positions. Diffuse emission is also seen in the center of the
galaxy. The image is clipped to 4-0 background level. The contours show the HI distribution
starting at 10% of the peak intensity and growing in steps of 20%. The peak is 0.55 Jy/Beam.

The HI map is taken from Hunter et al. (1999).
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Tab. 32: NGC 4449 flux limits of the CHANDRA data for individual bands normalized to
the area of 3.5 PSF. The flux units are 10”7 ergcm™2 s~!. The size of the background area is
about 35000 pixels or more.

Band background counts flux limit

B2 0.05£0.01 2.7£0.5
B3 0.10+0.01 1.5+0.2
B4 0.04+0.01 0.5+0.1
PS 0.30£1.01 7.5£0.2

log N (>8)

‘10125 ‘72 . o
log S [10 "erg cm “ s |
Fig. 79: Comparison of the log(N)-log(S) relation of NGC 4449 (CHANDRA data) with the
extragalactic X—ray background. With respect to the uncertainty of the number of point sources
in the galaxy, the relation is well above the extragalactic relation derived by Hasinger et al.
(2001) which is the upper limit for the XRB.
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Tab. 33: The X-ray point sources found in NGC 4449 (CHANDRA data). The flux units are
10~ ergcm™2 57! in the PS band, the luminosity units are 10°” ergs~!, the luminosity uncer-
tainty is of the order of the relative flux uncertainty. The stars mark sources with zero or less
counts in one band after background subtraction. The last three columns give the background
corrected counts in the corresponding band.

ID  Right Ascension Declination Flux Luminosity B2 B3 B4
(J2000.0) (J2000.0)
1 12h28™2.02 44° 08’ 7.86 75 £6.42 15.08 9 33 77
2 12h28™m7.23 44° 07/ 21.63  43.65 +4.93 8.78 6 23 31
3 12h28™m13.17 44° 06’ 56.04 153.9 +£9.16 30.95 17 108 132
4 12h28™10.97 44° 06’ 48.17 551.2 +17.28 110.86 18 384 505
5 12"28™m11.16 44° 06’ 38.33  65.81 + 6.02 13.24 22 55 38
6 12h28™11.89 44°06' 41.28 109.6 + 7.74 22.04 11 8 83
7 12M28M17.83 44° 06’ 34.38  740.4 £ 20.02 148.91 7 155 750
8 12"28™11.98 44° 05’ 58.97 40.41 +4.75 8.13 6 46 21
9 12h28™m10.42 44°05'57.99 55.54 +£5.54 11.17 79 20 3
10 12M28M9.69 44° 05’ 52.08 112.3 +7.83 22.59 7 46 97
11 12M28m3.85 44° 05 4322 73.38 + 6.35 14.76 15 37 353
12 12M28™11.79 44°05'29.45  50.14 +5.27 10.08 6 42 28
13 12M28m9.33 44°05'7.80  663.6 + 18.96 133.46 172 467 485
14 12M28m7.23 44° 04’ 54.03  91.22 +£7.07 18.35 37 72 45
15 12M28™11.06 44° 03/ 38.26 272.3 +12.16 54.717 304 198 2
16 12M28™19.01 44° 05 44.19  26.9 +£3.90 541 33 15 2
17 12M28™10.93 44° 04/ 59.44  28.52 +£4.01 5.74 8§ 16 21
18 12M28™7.05 44° 04’ 14.67 19.87 +3.38 4.00 1 2 17
19 12h28m25.58 44° 04’ 38.21  20.41 4+ 3.43 4.10 1 323
20*  12h28™m31.87 44° 02" 42.04 24.73 £3.75 4.97 0 5 22
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Fig. 80: HR for the point sources found in NGC 4449 with CHANDRA. The numbers corre-
spond to the IDs of Tab.33. All errorbars correspond to an uncertainty of 1-c. The dashed and
solid lines are described in detail in the caption of Fig.19 and the accompanying text.

sources per square degree, according to Hasinger et al. (2001). The relation is shown
in Fig.79. It turns out that the relation is well above the extragalactic background and
hence, the detected sources belong to the galaxy.

With this information the nature of the detected point sources can be investigated. Only
one source has zero counts in one of the B bands (ID 20) and hence it is excluded from
this investigation. The first tool used is again the hardness ratio diagram of the sources.
It is displayed in Fig.80.

The HR diagram shows five peculiar sources namely ID 9, 15, 16, 18 and 19. Sources
ID 18 and 19 are comparable with the power-law models within 2-0 uncertainties.
Source ID 18 is classified as a background AGN by Summers et al. (2003). This source
is also seen in the XMM-Newton OM data in Fig.81. Source ID 19 might be an AGN
as well but it is not further classified by Summers et al. (2003). The more interesting
sources ID 9, 15 and 16 are in the very soft regime of the HR diagram. These sources
are identified as super soft sources (SSS) one of which (ID 15) is also reported by
Summers et al. (2003) and the remaining two by Ott (2003). Now, with the OM image
the binary systems can be separated into LMXB and HMXB and the classification is
given in Tab.34.

Having the sources and their physical nature, one can study their spatial distribution in
the galaxy. Here, the inclination angle of i = 56.2° (e.g. Hunter et al., 1999) has to be
taken into account. The radial number density per square kiloparsec is shown in Fig.82
(left). It shows a nice exponential decline towards larger radii. Fitting an exponential
function to the data gives a characteristic scale length of r, = 0.66 +-0.01 kpc. There
are no special features in the exponential decline. This is in concordance with the
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Fig. 81: XMM-Newton optical monitor image of NGC 4449 in the UV regime (180-260 nm).
The circles mark the position of the detected X-ray point sources. The contours are the same
as in Fig.78
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Tab. 34: The X-ray point sources of NGC 4449 and their most likely physical type. Here, L
denotes LMXB, H denotes HMXB and S is for SSS and R for supernova remnant.

ID Source type H ID  Source type
1 L 11 L

2 L 12 R

3 H 13 H

4 H 14 L

5 H 15 S

6 H 16 S

7 H 17 L

8 R 18 AGN
9 S 19 L

10 L 200 —

stellar body of NGC 4449 which shows scale lengths of r, = 0.84 £0.01 kpc and r, =
0.74 4+ 0.01 kpc for the V and B band surface brightness profiles, respectively (Hunter
et al., 1999).

Introducing the fluxes of all sources gives the view graph in Fig.82 (right). Nearly
sources are located within a radius of 2 kpc with respect to the morphological center of
the galaxy. Only six sources are outside this radius and hence they are not associated
with the stellar body of the galaxy. They are very likely residuals of past star formation.

Converting the fluxes to luminosities, one obtains the XLF of NGC 4449 which is
shown in Fig.83. It is fitted by an unbroken power—law with f = —0.59 +0.03. This
unbroken behavior does not argue for a past star burst phase of the galaxy. Hence, the
star formation in the galaxy is not dominated by bursts before ~ 107 yr ago. The XLF
derived by Summers et al. (2003) also shows no breaks and their fitted slope amounts
to B = —0.51. Unfortunately they do not give any uncertainties to this value but in
general the agreement is there.

5.1.7.1 Diffuse emission Diffuse emission in the soft X-ray regime is known
for NGC 4449 (e.g. Summers et al., 2003). In their work they apply the following
model to the diffuse emission component: absg,[abs(mekal+mekal)]. Their idea here
is to have two plasma components with different temperatures, both attenuated by the
ISM of NGC 4449 and in addition attenuated by the Galactic foreground which they
fix to Ngr = 1.4 x 102 cm™2. Since they excluded point sources and subtracted the
background from the spectral data they do not introduce a power—law component in
first place. However, the subtraction of background data is not feasible due to the
Poisson statistics. Further, they argue that an additional power—law component (with
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Fig. 82: Left: The radial distribution of CHANDRA point sources. The dotted line shows an
exponential fit to the data. Right: Radial distances as a function of source flux.
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Fig. 83: The XLF of NGC 4449 CHANDRA sources shows no breaks. The dotted line is a
power—law fit with B = —0.5940.03. Since the X-ray sources represent old objects (107 yr or
older) these diagram shows that there was no pronounced star burst before that time. Recent

star burst do not enter in this diagram.
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Fig. 84: The diffuse CHANDRA emission spectrum of NGC 4449 (data points in the upper
panel) together with the best fit model (solid line in the upper panel). The lower panel shows
the ratio of data/model.

a fitted power—law index of I' = 2.53) does not improve the fit statistics. Their derived
temperatures amount to 7; = 10%° K and 7> = 107 K.

However, this model is physically not very striking because the attenuation by the
Galactic foreground and the intrinsic absorption can be combined in one single ab-
sorption term. A physically more meaningful model is the model M1 introduced for
IC2574. The power—law index is again I' = 1.5 and the Galactic foreground absorption
is set to 1.4 x 102! cm~2 (Miyawaki et al., 2004).

The spectral data is not background subtracted because the difference of two Poisson
statistics is not a Poisson statistic anymore. Hence, the background as well as residual
point sources here again is regarded with the (fixed) power—law component of the M1
model. With this model the y? gives values well above 2.0. Hence, the model is
not well determined. Therefore, a second plasma component is introduced, which is
basically in agreement with the two—plasma component model given by Summers et al.
(2003). This enhanced model still yields a x? value of 2.3. However, the model can be
fitted when the power—law index is regarded as a free parameter.
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This gives x? = 1.28 but the power—law index I" = 2.7 which is quite steep but in
broad agreement with the power—law index given by Summers et al. (2003). The re-
maining parameters, however, are 71 = 10>7 K and T» = 10°° K which are lower than
the temperatures derived by Summers et al. (2003). The discrepancy is attributed to
the different models assumed. The fit also provides the parameters from which the
following figures are calculated, assuming spherical symmetry of the emitting volume
(V = 4.4 x 10% cm?):

cold plasma component:

T=10"K

¢ ne- f1/2=524%x10"2cm™3

« P-f1/2=725%10""2dyncm2
« M-f12=19x10°M,

o E;=4.8x10"erg

* leool = O Myr

ve = 83kms !

hot plasma component:

« T=105%K

¢ ne- f/2=2.00%x10"2cm™3

« P-f~1/2=218x 10" dyncm2

« M-f12=73x10°M

o Ej=137x10% erg

* feool = 130 Myr

* Ve =230kms"!
Having the time scales and sound velocities, both plasma components show a different
picture. The cold component is confined to the galaxy since it can only reach up to

500 pc from the disk, while the hot component can reach distances of 32 kpc (both
upper limits).

The parameters of both components computed here are comparable to the parameters
found by Summers et al. (2003), except the cooling times of the plasma components



5.1 Results

153

0.5

\\d]\ ‘ T T 1T T T T T T T 1 T 1

0.4
0.3
0.2
0.1

Counts/sec/keV

“HH‘HH‘HH‘HH‘HHT

1 2 3 4

Qﬂﬂ»\\H‘HH‘HH‘HH‘\HT”

N nlln Hﬂﬂ I

RN uﬂ t

1.4

1.2

Data/Model

o]

0.8

‘\‘\\\‘\\\‘\\\“‘r

1 2 3 4 5
Energy (keV)

Fig. 85: The diffuse emission spectrum of NGC 4449 (XMM-Newton data points in the upper
panel) together with the best fit model (solid line in the upper panel). The lower panel shows
the ratio of data/model.

are a factor of ten higher in the model presented here. This discrepancy most likely
stems from the different model and geometry assumed, which enters into the relation
for the electron density. Also the unknown filling factor can introduce deviations in the
cooling time. In summary, a multiphase environment model of the hot gas is needed
and at least some of the hot gas can escape the galaxy, both in general agreement with
the investigation performed by Summers et al. (2003).

Although the XMM-Newton data suffers from low angular resolution regarding the
point sources, it is useful for spectral studies. Thus, the same region as for the CHAN-
DRA spectrum is used to extract spectral data from the XMM-Newton data which was
not performed by Summers et al. (2003). The point sources and background are not
subtracted and the same model as for the CHANDRA data is applied. The XMM-
Newton spectrum is displayed in Fig.85.

With the fixed value for the foreground absorption and the fixed I' = 1.5 for the power—
law index, the fit yields a x> > 2. When the power—law index is a free parameter, the
x? drops to 0.68 and the power—law index gives I = 2.1 which is slightly flatter than
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for the CHANDRA data. The other parameters yield:

cold plasma component:

T =10%1K

o ne- f1/2=438%x10"2cm 3

e« P f1/2=155%x10"" dyncm2
« M-f12=16x10°M,

e« E;=1.0x10"erg

* feool = 19 Myr

* ve=133kms™!
hot plasma component:

T =10%8K

* ne- f/2=185%x10"2cm™3
« P-f1/2=29%x10""dyncm2

« M-f712=6.8x10°Mg

E;=192x10"erg

feool = 200 Myr

e o =280kms!

The values here are in broad agreement with the values derived from the CHANDRA
data. The temperatures are slightly higher while the HI mass estimates are slightly
lower. The discrepancy to the CHANDRA data is attributed to the differences in RMF
and AREF files, i.e. the calibration. Also a different binning of the data can produce de-
viations in the fitted parameters. The reader may assume the deviations as an estimate
for the uncertainties of the parameters.

The distance estimates the gas components can reach based on the cooling time and
sound speed are 2.6 kpc for the cold and 58 kpc for the hot component. This supports
the result from the CHANDRA data that the cold component is bound to the galaxy
while the hot component can be vented into the halo.
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5.1.7.2 Summary The XMM-Newton observation of NGC 4449 reveals 15 point
sources in the inner 5/0 of the galaxy. The outer parts are not regarded due to the im-
pressive tidal debris seen in the HI data. Some of the XMM-Newton point sources
decompose into individual point sources when the CHANDRA data of NGC 4449 is
screened. Hence the XMM-Newton data is rejected since all XMM-Newton point
sources are also detected in the CHANDRA data. The CHANDRA data contains 20
X-ray point sources. The log(N)-log(S) relation shows that the contamination by back-
ground sources is statistically negligible.

Only one source has zero counts in one of the B bands and hence it is excluded from
the hardness ratio investigation. The HR diagram shows three super soft sources (SSS),
two supernova remnants and accreting binary systems; eight LMXB and seven HMXB.

In concordance to Summers et al. (2003) one source is identified as a background AGN
which is also visible in the XMM-Newton optical monitor in the 180-260 nm band.

The point source density dependence on radial distance from the galaxy center follows
an exponential law with a scale length of r, = 0.66 £0.01 kpc. This value agrees
with the exponential decline of the B and V band surface brightness. Only six X-ray
sources are located outside a 2 kpc radius and they are interpreted as residuals of past
star formation since they are all accreting binary systems.

The XLF of NGC 4449 is flat and can be approximated by a single power—law with
index B = —0.59 +0.03. This unbroken behavior is interpreted as a quiescent star
formation without a burst before ~ 107 yr. A more recent star burst would not affect
the XLF because the time is too short to produce accreting systems which by then
would introduce breaks in the XLF.

Diffuse X—ray emission is a well known feature of NGC 4449 and as well found in this
investigation. The attempt to fit a model to the total X—ray spectrum emerging from the
diffuse region gives a two component plasma and a power—law model for the residual
point sources in that region. The temperatures of the cold and hot plasma component
are 10°7 K and 10%° K respectively. The power—law component has a photon index
of I' = 2.7 which is much steeper than the value derived by Hasinger et al. (2001).
The discrepancy between the temperatures here and the values derived by Summers
et al. (2003) are attributed to the different model approach. The power—law index on
the other hand is comparable to the one given by Summers et al. (2003) although they
subtracted the background and the point sources. This shows that the subtractions of
backgrounds regarding spectral data is questionable.

These values are in general agreement to the values found by Summers et al. (2003).
The differences are attributed to the uncertain filling factor and a different extraction
region. Of course the different spectral model introduced here yields different values
for the parameters as well.

The calculated plasma parameters, cooling time and sound speed in the hot gas give
upper estimates for the distance the gas can reach if it stems from a blowout due to
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stellar activity. At least the hot component reaches sufficiently large distances to escape
the galaxy in the future, while the cold component is bound to the galaxy. These
findings for the diffuse emission are supported by the spectral data extracted from the
XMM-Newton event list. The deviations to the CHANDRA data can be attributed to
the differences in the associated RMF and AREF files, thus, the different calibrations
for the two instruments. Also, the deviation may be interpreted as the uncertainty of
the spectral investigations.

5.1.8 NGC5253

NGC 5253 has a peculiar HI velocity field (Kobulnicky & Skillman, 1995) where the
HI1 rotates around the optical major axis. In addition there is also a weak neutral gas
component rotating around the minor axis. They claim that the gas dynamics together
with the current star formation activity yields two scenarios, a) gravitational interaction

with the nearby spiral M 83 or b) the accretion of a gas—rich companion on a highly
elliptical orbit around NGC 5253.

In 1997 CO-line studies revealed that NGC 5253 appears to be the most CO—poor star
burst galaxy known (Turner et al., 1997). They conclude, together with the previously
known HI peculiarities, that the galaxy has recently accreted gas of extremely low
metalicity. In addition to this a very young star cluster is observed in the very center
of NGC 5253 using radio continuum observations (Turner et al., 1998). The diameter
of these star forming regions is about a few tenths of a parsec which is an order of
magnitude bigger than comparable regions in the Galaxy. Also the number of O-stars
driving the ionization of these regions is significantly higher (200-1000 O—stars) than
in the Galaxy. The region in the north of the dominant radio source may trace the very
youngest star burst.

More recent, Strickland & Stevens (1999) observed NGC 5253 with ROSAT. They
found at least five X-ray sources very nearby the central young star cluster and hence,
they form superbubbles driven by these young clusters. The starburst in NGC 5253
appears to be fed by gas infalling along the optical minor axis of the galaxy while

hot gas expanding from the starburst has a preferential direction along the major axis
(Calzetti et al., 1999).

Summers et al. (2004) discovered several X—ray emitters with CHANDRA and XMM-
Newton namely point sources and diffuse emission associated with superbubbles and
probably star clusters therein. Again their analysis give evidence that the stellar ejecta

may leave the gravitational potential well of the host galaxy and enrich the surrounding
IGM.

The XMM-Newton observation of NGC 5253 taken from the archive shows one point
source in the M1M2 map in the PS band. This source is located in the very center of
the galaxy. Taking the CHANDRA data (59 ks exposure time) from the archive this
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Tab. 35: NGC 5253

Morphological type dlrr
Position (J2000.0) « = 13"39™56529 § = -31938™38530°
Distance 3.1 Mpc (Freedman et al., 2001)
HI mass (10° Mg) 140 (Kobulnicky & Skillman, 1995)

Tab. 36: NGC 5253 flux limits for individual CHANDRA bands normalized to the area of
3.5 PSF. The flux units are 10~'7 ergcm=2 s~!. The size of the background region is more than
~ 80000 pixels.

Band background counts flux limit

B2 0.1£0.01 2.7£0.3
B3 0.1£0.01 0.5£0.1
B4 0.1£0.01 0.4£0.1
PS 0.4£0.02 4.6+2.0

single point source fragments into several individual sources. In total I find 52 point
sources, in contrast to the work of Summers et al. (2004) who found 31 point sources.
The discrepancy is again due to the different point source detection used.

As in the NGC 4449 case some of these sources are not expected to be point sources
but dense “blobs” in the diffuse hot gas phase or superbubbles surrounding SSC, as
suggested also by Summers et al. (2004). This expectation is reasonable because the
emission is very patchy in some regions of the galaxy, i.e. the emission is not point
like but uneven extended.

The CHANDRA image in the PS band is given in Fig.86 together with the point source
positions and the HI extend of the galaxy. Since no HI FITS data was available only an

ellipse is given marking roughly the outer contour of the neutral gas where the column
density drops below Ny ~ 4.5 x 102 cm ™2 (see Kobulnicky & Skillman, 1995).

Decomposing the CHANDRA event list (59.09 ks exposure) into the B bands and PS
band one can calculate the detection limits given in Tab.36. The flux of the point
sources is then calculated assuming a power—-law model with photon index of I' = 1.5
and an absorbing column density of 2.5 x 10?° cm™2 from which the log(N)-log(S)
relation is derived. The resulting diagram is shown in Fig.87. As with the previous
observations the detected point sources are above the extragalactic background and
are statistically not contaminated by unrelated sources. After this preparatory work
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Fig. 86: Adaptively smoothed image of the CHANDRA data in the PS band showing
NGC 5253 with superimposed HI ellipse and point source positions. Some diffuse emission is
also seen in the center of the galaxy. The image is clipped to 4-c background level. The ellipse
encircles the region where Ny > 4.5 x 10%° cm~? corresponding to the total HI intensity map
by Kobulnicky & Skillman (1995).
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Fig. 87: Comparison of the log(N)-log(S) relation of NGC 5253 (CHANDRA data) with the
extragalactic X—ray background. With respect to the uncertainty of the number of point sources
in the galaxy, the relation is well above the extragalactic relation derived by Hasinger et al.
(2001) which, again, is the upper limit for the XRB.

the list of point sources is given in Tab.37.

As expected there is a very high number of plasma sources (33), 12 power—law sources
and seven yet unclear sources seen in the HR diagram (Fig.88). Here, the HR diagram
is more telling than the one given by Summers et al. (2004) because the bands are
chosen more carefully to avoid the ambiguity of different model curves.

From the unclear sources, ID 27 falls in the power—law regime when 2-0 uncertainties
are regarded. Source ID 1 is the brightest source in the galaxy and it is also seen in
radio continuum emission (Turner et al., 2000). Their conclusion with respect to the
nature of this source is a very young gas-rich counterpart of super star clusters. Hence,
the X-ray source is very likely hot gas produced by stellar winds.

The remaining unclear sources ID9, 29, 30, 33, 42 are distributed randomly across
the galaxy but ID9 and 33 are closer to the diffuse emission. A cross—correlation
with sources found in other wavelength15 , however, provides some further information.
Within a search radius of 10” I find an HII region in a distance of 0/1 from ID9
(Campbell & Terlevich, 1984). An X-ray source is found by NED at the position of
ID 29 (Colbert et al., 2004) but the authors do not explicitly give the type of the source.
Sources ID 30, 33 and 42 give no results in the cross—correlation.

The 12 power—law sources (ID 14, 18, 28, 32, 36, 37, 44-46, 50-52) are also distributed
across the galaxy. They are not found in the very center which is dominated by young
stellar populations. However, they all are within the stellar body of the galaxy as the

ISNED is used for the cross—correlation, http://nedwww.ipac.caltech.edu/
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Tab. 37: The X-ray point sources found by CHANDRA in NGC 5253. The flux units are
s~! in the PS band, the luminosity units are 10°” ergs~!, the luminosity uncer-
tainty is of the order of the relative flux uncertainty. The stars mark sources with one or less
counts in one band after background subtraction. The last three columns give the background

107 ergem™

2

corrected counts in the corresponding band.

ID Right Ascension Declination Flux Luminosity B2 B3 B4
(J2000.0) (J2000.0)
1 13M39M56.35 -31°3820.08 68.48 +2.91 7.87 15.0 229.0 231.0
2 13139m56.46 -31°38/25.49 33.25 +2.03 3.82 10.0 193.0 59.0
3 13139m56.00 -31°3824.02 43.39 +2.32 4.99 14.0 219.0 107.0
4 13h39m55.38 -31°38'33.36 2472 £ 1.75 2.84 12.0 131.0 49.0
5 13139m55.69 -31°38/30.90 32.39 +2.00 3.72 9.0 161.0 83.0
6  13139m56.12 -31°38/36.32 15.57 +1.39 1.79 50 830 320
7 13M39m55.77 -31°3836.81 15.95 + 1.40 1.83 120 850 30.0
8  13h39m55.85 -31°3817.13  11.87 £ 1.21 1.36 90 660 17.0
9  13h39m55.31 -31°38'24.02  7.79 +£0.98 0.90 80 360 16.0
10 13M39™m55.15 -31°3838.78 8.16 + 1.00 0.94 6.0 44.0 9.0
11 13h39m55.38 -31°38'40.74  9.15 4+ 1.06 1.05 10.0  48.0 9.0
12 13h39m56.93 -31°38 15.16  4.70 £ 0.76 0.54 6.0 21.0 5.0
13 13M39™M57.04 -31°38'24.51  5.19+0.80 0.60 3.0 28.0 4.0
14 13h39m56.81 -31°38'28.44 4454+ 0.74 0.51 40 16.0 10.0
15 13h39M56.50 -31°3836.32 11.00 + 1.17 1.26 80 560 19.0
16 13M39™M56.42 -31°38'46.16 5.07 +0.79 0.58 50 260 4.0
17 13h39m57.35 -31°3826.48 4.33 +£0.73 0.50 50 17.0 4.0
18 13h39m53.77 -31°38'32.87 6.68 +0.91 0.77 6.0 190 230
19 13M39m57.35 -31°38'26.48 4.33+0.73 0.50 50 17.0 4.0
20 13h39m54.85 -31°38' 2451 6.43 +£0.89 0.74 9.0 300 7.0
21 13h39m54.85 -31°3830.41 5.07 +£0.79 0.58 50 250 8.0
22 13139m55.04 -31°38/32.38  5.56 + 0.83 0.64 50 27.0 10.0
23 13139m55.19 -31°38'45.66 5.32 +0.81 0.61 6.0 25.0 3.0
24 13h39m55.42 -31°38'46.16 5.69 4+ 0.84 0.65 6.0 260 6.0
25 13139m55.77 -31°38'44.68 6.68 +0.91 0.77 6 42 4
26  13139™m56.54 -31°3850.58 4.82 +0.77 0.55 3 22 5
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Tab. 38: Table.37—continued

ID Right Ascension Declination Flux Luminosity B2 B3 B4
(J2000.0) (J2000.0)
27 13h39m56.62 -31°39'1.90  2.10 +0.51 0.24 6 2 4
28  13139m56.85 -31° 38 53.04 2.60 + 0.57 0.30 2 9 6
29 13h39m59.28 -31°37°50.07 3.71 4+ 0.68 0.43 2 14 9
30 131395569 -31° 38 50.09 4.33 £0.73 0.50 6 20 6
31 13h39m56.23 -31°38'42.22 6.18 +£0.87 0.71 4 29 10
32 13139m56.39 -31°3839.76  6.92 +0.92 0.80 9 26 15
33 13139m55.65 -31°3812.70  5.32 +0.81 0.61 7 24 8
34 13h39m56.16 -31°38 14.18 5.81 £0.85 0.67 9 25 6
35 13h39m57.43 -31°3746.62 2.10 + 0.51 0.24 3 6 1
36 13139m58.39 -31°38'0.89 2.72+0.58 0.31 37 6
37 13"39m52.07 -31°38/59.93 2.35 +0.54 0.27 2 4 7
38 13139m56.19 -31°38/52.55 2.97 4+ 0.61 0.34 8 11 2
39 13139m57.27 -31° 38 52.55 2.10 +£0.51 0.24 1 10 2
40 13M39m57.62 -31°3825.00 3.59 +0.67 0.41 4 12 3
41 13h39m57.89 -31°3831.89 2.72 4+ 0.58 0.31 2 11 3
42 13"39M56.85 -31° 38’ 46.65 3.83 +0.69 0.44 6 14 5
43 13h39m54.61 -31°3835.33 3.83 +0.69 0.44 3 19 6
44 13h39™m54.00 -31° 385550 3.46 £ 0.65 0.40 5 14 6
45 13M39m53.73 -31° 38 52.55 3.71 £ 0.68 0.43 7 11 6
46 13"39m53.30 -31°3848.61 2.10 +0.51 0.24 5 4 5
47 13h39™m55.65 -31°38'4.34 2474055 0.28 4 9 2
48 13M39™M54.81 -31°3847.63 2.60 +0.57 0.30 4 9 2
49 13"39m55.19 -31°3852.55 2.72+0.58 0.31 5 11 1
50 13h139m55.89 -31°3856.00 2.72 4+ 0.58 0.31 4 10 4
51 13"39m53.11 -31°38'59.93 1.73 +£0.46 0.20 4 4 2
52 13h39m51.84 -31°39'3.37  1.61 +£045 0.18 1 5 2
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Fig. 88: CHANDRA HR for the point sources found in NGC 5253. The numbers correspond
to the IDs of Tab.37. All errorbars correspond to an uncertainty of 1-o. The dashed and solid
lines are described in detail in the caption of Fig.19 and the accompanying text.

DSS2 red and blue bands show. Hence, they are classified as binary systems. Since
they are quite faint (Lx < 7.7 x 1030 erg s~!) they are most likely LMXB. Source ID 52
shows a bright foreground star in the DSS2 images thus it is probably not related to
NGC 5253. The brightest power—law source is ID 18. Summers et al. (2004) fit a
combined absorbed plasma+power—law model to the spectral data. This model can be
rejected since the source is well within the power—law regime of the HR diagram.

From radio continuum observations only three supernova remnant candidates are re-
ported by Turner et al. (1998). Two of them (sources B and K of Turner et al. (1998))
are identified with the X—ray sources ID 2 and 1 respectively, while the third supernova
remnant candidate (source H in their paper) has no counterpart in the X-rays. This
nondetection argues for the supernova remnant to be old, as pointed out by Turner
et al. (1998). Moreover, they emphasize that it is behind a dust lane and hence the X—
ray emission is attenuated. The very high number of plasma sources can be explained
by the diffuse component seen in the X—ray data as follows.

The remaining plasma sources are confined to the inner region of the galaxy, less than
30" from the morphological center which corresponds to 500 pc, assuming a distance
of 3.1 Mpc to NGC 5253 (Freedman et al., 2001). Their spatial distribution follows
the diffuse emission component as shown in Fig.89. The only outlier here is source
ID 35 in the north west of NGC 5253. Cross-correlating the source position with NED
(search radius 10”) gave no further insight, thus the origin of this source remains un-
clear. The other sources might be associated with superbubbles as suggested by Sum-
mers et al. (2004) or they might be clumps in the diffuse emission. These clumps can
either be denser regions in the hot gas, due to turbulent motions or a line—of—sight
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Fig. 89: Adaptively smoothed CHANDRA image of NGC 5253 with superimposed HI ellipse
and plasma source positions. Most of the plasma sources, derived from the HR diagram, are
located within the diffuse emission component of the galaxy. Thus, the majority of the plasma
sources are not supernova remnants but clumps in the diffuse emission component. The image
is clipped to 4-c background level.
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Fig. 90: Left: The radial distribution of CHANDRA point sources detected in NGC 5253.
The dotted line shows an exponential fit to the data. Right: Radial distances as a function of
source flux.

effect where filaments of the hot gas are seen in projection.

One of the plasma sources is outstanding: source ID 3. According to Strickland &
Stevens (1999) this source is a SSC embedded in an HII region containing ~ 1000 OB
stars (Turner et al., 1998). This superbubble, as it is called by Strickland & Stevens
(1999), in the young star burst region is thus responsible for the hot gas seen in the X—
ray data. The luminosity of the source derived from the CHANDRA data is in agree-
ment with the luminosity derived by Strickland & Stevens (1999) from the ROSAT
data.

The diffuse hot gas of the galaxy as a whole will be investigated in the next section.
Having the classification of the point sources, one now can look for the spatial arrange-
ment of the point sources.

At first, the radial dependence of the fluxes is investigated. Note that an inclination
angle of i = 67° is assumed (Summers et al., 2004). In Fig.90(right) the dependence
of the fluxes with regard to the radial distance is shown for the morphological center
as the reference position. It seems as if the sources with low flux are farther away
from the center than the high flux sources. This argues for the picture where the old
sources (and therefore low flux) dispersed through the galaxy whereas the young (high
flux) sources are still located at their “birth places” in the center, where the SSCs are
situated.

The number density of the sources as a function of radius is shown in Fig.90(left). The
dotted line is an exponential fit to the data, yielding a characteristic scale length of
ro = 0.22+0.04 kpc. Although there is a dip between r=0.45 kpc and r=0.55 kpc the
general exponential behavior is clear. This is in agreement with the exponential disk
described in Sersic & Donzelli (1992)
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Fig. 91: The XLF of NGC 5253 CHANDRA sources shows no breaks. The dotted line is a
power—law fit with B = —0.8440.03. Since the X—ray sources represent old objects (107 yr or
older) these diagram shows that there was no pronounced star burst before that time. Recent
star burst do contribute only slightly giving the wavy pattern.

Having the distance of 3.1 Mpc one can calculate the luminosities from the fluxes.
From these the XLF is derived and shown in Fig.91. It turns out that the XLF is
unbroken within the uncertainties. As pointed out before, the star burst in NGC 5253 is
very young and apparently did not enter in the XLF yet. This supports the assumption
made in the case of NGC4449. The XLF of NGC 5253 only shows a slight wavy
pattern which might be a contribution of a star burst but within the uncertainties this
pattern is not significant. This pattern is not seen in the work of Summers et al. (2004)
since they only incorporate their 17 brightest sources in the XLF.

The slope of the XLF derived in the present work is B = —0.84 +0.03. According
to Summers et al. (2004) this slope is quite steep. They fitted S = —0.54i8:%é which
is still steeper than the slopes for larger star burst galaxies like M 82 or the Antennae
(Zezas et al., 2001). On the other hand, the slope derived in the present work is flatter
than the value given by Colbert et al. (2004) which is f = —0.92. Summers et al.
(2004) claim that the steeper slope of Colbert et al. (2004) stems from the different
derivation of the luminosity of the sources. While Summers et al. (2004) derive the
luminosity from the source spectra, Colbert et al. (2004) assume a fixed model for all
sources. The latter is also carried out in this work, hence B = —0.84 +0.3 is in better
agreement with Colbert et al. (2004).

5.1.8.1 Diffuse emission In order to reveal the physical properties of the diffuse
hot gas of NGC 5253 a spectrum is extracted from the CHANDRA event list. The point
sources found are subtracted from the region of interest, encircling the emission shown
in Fig.89. The background is not subtracted due to the issues of Poisson statistics.

It turns out that the ungrouped spectrum has an insufficient signal-to—noise. The data,
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Fig. 92: The diffuse emission CHANDRA spectrum of NGC 5253 (data points in the upper
panel) together with the fitted model (solid line in the upper panel). The lower panel shows the
ratio of data/model.

thus, is grouped so that at least 25 photons per bin are reached. This spectral data is
then fitted with a simple model. The model consists of one plasma component and a
power—law component. The latter is intrinsically absorbed by the mean column density
at the plasma position (Nyp ~ 2.0 x 10?! cm™2). Both components then are absorbed by
the Galactic foreground. Hence the model yields absg,; - (plasma+- (absjy - powerlaw)).
The galactic foreground column is fixed to the value given by Summers et al. (2004)
of Nygp = 3.87 x 102° cm~2 and the power—law index is fixed at ' =1.5.

The spectrum is displayed in Fig.92 together with the fitted model and the data/model
ratio. The fit yields a ¥ of 1.6 and an intrinsic column density of NHLine. = 3.8 X
10?2 cm~2. Again, more physical parameters can be derived from the fit parameters
using equations 10 to 14 and assuming spherical symmetry for the emitting volume
(V=4.1x 10%cm?®):

« T=10%°K
e ne- f12=112%x10"2cm™3
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e« P.f1/2=123%x10"" dyncm2
« M-f712=0.4x10°Mg
o E; =17.00 x 1073 erg

teool = 230 Myr

* Veound = 230kms™!

The fitted and derived values have to be compared to the findings of Summers et al.
(2004). They assume a different model which is justified by studies of the galaxies
NGC 4449 (Summers et al., 2003) and NGC 1569 (Martin et al., 2002) where they
claim that at least two plasma components are necessary to fit the data. Their model
yields absg, - ((absingi - plasmal) + (absiy - plasma2) + (absins - powerlaw)). Their
results for NGC 5253 give temperatures for the two plasma components of 7j = 1054 K
and T» = 105 K. Their power—law index amounts to I" = 1.43. Unfortunately they do
not provide a y? of their fit.

As shown in the present work the diffuse emission can be fitted with a model which
has less plasma components than the model assumed by Summers et al. (2004). The
single plasma component here has an HI mass of 0.4 x 106 M) which is lower than
the one given by Summers et al. (2004). The temperature derived from my spectral
data is between the temperatures of the two plasma components given by Summers
et al. (2004). The thermal energy is lower than the one derived by Summers et al.
(2004) by a factor of 10. But, again, as with the mass this figure depends highly on
the assumed geometry and filling factors and hence, the values are only conditionally
comparable. Another reason for the different values arises from the background treat-
ment. Summers et al. (2004) subtracted a background from the spectral data while 1
account for it with the power—law component. A subtraction of the background, again,
is not advisable due to the Poisson statistics, as pointed out before.

However, taking the time scale of 230 Myr and sound velocity into account, the plasma
can reach sufficiently large distances from the galaxy of 55 kpc (upper limit). This is
in agreement with the investigation performed by Summers et al. (2004) where they
also claim that the stellar ejecta can escape the gravitational well of the galaxy.

Although the XMM-Newton data is not adapted for the point sources it is used for the
diffuse emission study. Summers et al. (2003) used the XMM-Newton spectral data
only for a total emission spectrum and not for the diffuse emission associated with
the galaxy center. Here, the XMM-Newton data is used to compare it to the CHAN-
DRA data. Therefore, a spectrum is taken from the same region than the CHANDRA
spectrum. The same model is fitted to the XMM—Newton data, not subtracting a back-
ground or point sources. The spectrum is shown in Fig.93. The fixed parameters of the
CHANDRA fit are adopted, thus the fit of the XMM-Newton data yields the following
plasma parameters:
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Fig. 93: The diffuse emission XMM-Newton spectrum of NGC 5253 (data points in the upper
panel) together with the fitted model (solid line in the upper panel). The lower panel shows the
ratio of data/model.

T =10°8K

« - f1/2=339%103 cm ™3
e« P f1/2=560x10"2dyncm2
e M-f712=0.12x 100 M,
o E; =3.44x 10> erg
* feool = 1.1 Gyr
* Vsound =290kms™!
The goodness of fit turns out to be better for the XMM-Newton data with y? = 1.14.

However, the temperature is higher while the electron density, pressure, mass and en-
ergy is lower here. The discrepancy is attributed to the calibration uncertainties (RMF
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and ARF), different spectral binning and also to the point sources which are not sub-
tracted in contrast to the CHANDRA data. Subtracting the point sources from the
XMM-Newton data leads to an insufficient signal-to—noise and hence they cannot be
subtracted. Due to the different model the values also differ from the ones given by
Summers et al. (2004). On the other hand, the y2 shows that the data can be ex-
plained by a single plasma component model, which is in qualitative agreement with
the CHANDRA data presented here. Moreover, the cooling time and sound veloc-
ity derived from the XMM-Newton data support the picture of escaping gas from the
galaxy. However, the discrepancies found in the two data sets show that the diffuse
emission is not easy to constrain although they might be attributed to the different
treatment of point sources in both data sets.

5.1.8.2 Summary Taking the XMM-Newton data from the archive only one point
source is spotted in NGC 5253. The situation changes when the CHANDRA data is
investigated: the smoothed M1M2 image, clipped to 4-c above background reveals
52 point sources within the HI distribution of the galaxy. The log(N)-log(S) relation
shows that the contamination by unrelated background sources is negligible.

With the help of the X-ray colors the point sources can be decomposed into plasma
and power—law sources. This decomposition is more reliable than the one presented by
Summers et al. (2004) because the choice of the X-ray bands here provides a clearer
separation of the tow model curves. It turns out that 35 of the 52 sources are plasma
sources while the remaining are power—law sources. One of the power-law sources
(ID 52) 1s most likely a foreground star which is seen in the DSS2 red and blue data.

The large number of plasma sources might stem from a blending of hot clumps in
the diffuse X-ray emission or they arise from line—of—sight effects in the diffuse gas
phase. This is motivated by the patchy morphology of the emission in the center of the
galaxy. Almost all of them are confined to the area where diffuse emission is found.
However, one plasma source (ID 3) is located in an HI shell and is likely responsible
for the formation of the shell. This is in agreement with the ROSAT studies performed
by Strickland & Stevens (1999).

Two of three supernova remnants are identified with X-ray point sources. The third
supernova remnant does not show up in the CHANDRA data. Here, the interpretation
is that it is an old remnant which has cooled down so that it does not emit X-rays
anymore.

The spatial distribution of the X-ray point sources is analyzed. The radial distance
from the morphological center as a function of source flux shows a decline towards
higher fluxes. This means that statistically low flux sources are distributed across a
larger volume than the high flux sources. Hence, the picture of old sources (which
means low flux) dissipating through the galaxy and young sources (here, high flux)
confined more to the inner star burst region, is likely.
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The surface density of the point sources as a function of distance to the center declines
exponentially with a characteristic scale length of r, = 0.22 £0.04kpc. This is in
agreement with the exponential disk described in Sersic & Donzelli (1992). Converting
the fluxes to luminosities the XLF is evaluated. Here, the XLF is better constrained
than the one derived by Summers et al. (2004) because of the higher number of X-ray
point sources. As in the case of NGC 4449 the XLF shows no breaks. The young star
burst, hence, has not entered into the XLF and therefore it is almost flat besides a small
undulation within the uncertainties.

The diffuse X—ray emission of NGC 5253 is seen in the adaptively smoothed image.
Spectral data is extracted from the CHANDRA event list. The point sources are sub-
tracted and then the spectrum is fitted. It turns out that the spectral significance is
not high enough so that the spectrum has to be regrouped. The grouped spectrum is
then fitted with an absorbed two component model, having one plasma term and one
power—law term which is absorbed intrinsically by the galaxy, to account for the XRB.
The plasma component (T=10%% K) can escape the galaxy provided the cooling time
scale and the sound velocity of that component. The mass estimate of the coronal gas is
slightly lower than in the work of Summers et al. (2004). This, however, is attributed
to differences in the assumed emission geometry and especially in the background
treatment of the spectral data.

In addition to Summers et al. (2004) the XMM-Newton data is evaluated with respect
to the spectral information. It turns out that the same model used for the CHANDRA
data can be applied to the XMM-Newton data yielding a better goodness—of—fit. The
parameters, however, deviate from the parameters derived from the CHANDRA data
which is attributed to the different treatment of the point sources as well as to the uncer-
tainties in the calibration and different spectral binning of both data sets. Qualitatively
the XMM-Newton data is in agreement with the CHANDRA data yielding an escape
of coronal gas from NGC 5253.

5.2 An important Note on the Milky Way X-ray emission

The analysis performed reveals diffuse emission of coronal gas in the dIrr galaxies,
except for Sextans A and Holmberg II. The emission is attributed to the coronal gas.
The underlying emission from the XRB is taken into account by introducing an ab-
sorbed power-law component. However, the observations are contaminated also by
a foreground component. This component is caused by the emission of the local hot
bubble (LHB) (McCammon & Sanders, 1990) and also by the X-ray halo of the Milky
Way (Kerp et al., 1996; Kuntz & Snowden, 2000). This is referred to as the soft X—ray
background (SXRB)

These foreground components were studied by Kappes et al. (2003); Pradas et al.
(2003); Pradas (2004). The flux of the LHB and halo component in the ROSAT all-sky
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survey (Snowden et al., 1995, 1997) is about 60 x 10~ % ctsarcmin—2 s~ ! in the ROSAT
M-band(0.44-1.21 keV) (values taken from Pradas, priv. comm.). Now, one can esti-
mate the contribution of the foreground emission of the LHB and the Galactic halo to
the diffuse emission found in the dIrr galaxies.

The ROSAT flux can be converted into XMM-Newton flux using the mission calcu-
lator PIMMS'®, which is a very powerful and commonly used tool to calculate X-ray
astronomy related values for a lot of different telescopes. For this aim, one has to as-
sume a model for the foreground emission. Referring to Kappes et al. (2003); Pradas
et al. (2003); Pradas (2004), the temperature is about 1092 K and the mean absorption
column of the ISM of the Milky Way is Ny & 1.0 x 102! cm~2. Here, the column den-
sity of the neutral hydrogen is the tracer for the photoelectric absorption cross section
of the ISM. The ROSAT M-band flux yields 1.2+ 0.4 x 1073 ctsarcmin~2s~! in the
XMM-Newton B3 band of the EPIC—pn camera.

This is compared to the total emission in the XMM-Newton B3 band EPIC—pn data
of the diffuse coronal gas found in the dIrr observations. Taking HolmbergI as an
example, the total XMM-Newton flux in the B3 band of the diffuse emission is 2.0 £+
0.1 x 1073 ctsarcmin—2s~!. Hence, the soft X-ray foreground originating from the
LHB and Milky Way halo makes about 60 % of the total emission observed in the
diffuse emission of HolmbergI. This is approved by the ratio of on—source counts
to background counts in Holmberg I: The background makes about 70 % of the total
emission observed on—source (i.e. on the diffuse emission). The discrepancy of 10 %
arises from the circumstance that the ROSAT flux given above does not include the
XRB, but only the LHB and Milky Way halo components.

An interesting question arises from the discussion of the SXRB: How is the emission
measure of the spectrum, taken from the diffuse emission, affected by the SXRB? An
answer is given by the following considerations.

I take a spectrum of a background region of the Holmberg I XMM-Newton observa-
tion. This background then is fitted with a model, according to Kappes et al. (2003);
Pradas et al. (2003). In a more formal way, the model yields AG - (MP; +MP, + PL),
where AG is set to Ngr = 2.5 x 102 cm ™2, MP; is set to T= 10°° (LHB), MP; is set
to T= 1013 (halo) and finally PL is set to I' = 1.5 (XRB). These values are fixed and
the only free parameters are the emission measures of the plasma components and the
normalization of the power—law.

The extracted spectrum together with the fitted spectrum is displayed in Fig.94. The
model yields a > of 0.95 and the following emission measures: EM;yp = 2.7 x
10~4 pc cm % and EMpa 0 =7.2 x 107° pc cm~©. These are lower than the emission
measure derived for the diffuse emission of Holmberg I (see Tab.8).

Since this model describes all backgrounds completely, all parameters are freezed now
and the emission spectrum of the diffuse component in Holmberg| is fitted with an

16http://cxc.harvard.edu/toolkit/pimms.jsp
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Fig. 94: The XMM-Newton spectrum of a background field in Holmberg I is given by the data
points in the upper panel. The solid line is the model for the SXRB as reported by Kappes et al.
(2003); Pradas et al. (2003). The ) 2 is 0.95. The lower panel gives the ration of data/model.
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additional plasma component, accounting for the diffuse emission of Holmberg I. This
is feasible, since the XRB component needs no additional absorption for the power—
law component and the diffuse emission is hardly attenuated by the disk of Holmberg I.
Hence the complete model yields AG - (MPy +MP, + PL + M Pyoimberg1)- The fit gives
a temperature for the diffuse emission of T= 1053 K and an electron density of n, =
2.74 x 103 cm .

These values are compared to the values derived from the original spectral fit of the
Holmberg I data. It turns out that the new fit gives a higher temperature and a lower
electron density. This is clear since the soft emission is now distributed among three
plasma components. The plasma parameters from the new fit yield:

T =10%3K

ne- f12=274x10"3cm3
e« P-f1/2=151%x10""2dyncm 2
« M-f712=15x10°M

o E;, =148 x10%erg

feool = 480 Myr
* Veound = 166kms™!

* d=80kpc

According to the blow—out scenario claimed by Ott et al. (2001); Vorobyov et al. (2004)
these values agree better. Based on the enhanced model, including the SXRB, the coro-
nal gas can reach distances of up to 80 kpc above the plane of Holmberg I. However,
the general conclusion remains qualitatively the same as with the simpler model.

Interestingly, most authors do not account for the SXRB at all. Some account for it
by subtracting a background spectrum from the source spectrum in order to minimize
the contributions of the foreground and background (i.e. SXRB and XRB). But as
stated before, this subtraction is not feasible due to the Poisson statistic of the data.
As demonstrated here for the case of HolmbergI it is a better choice to treat the back-
ground independently from the source emission. This can be improved by using the
exact SXRB parameters derived by Pradas (2004), in contrast to the mean values used
here.
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Tab. 39: Intermediate results from the galaxy sample. The abbreviations are SB” for star
burst galaxies, D’ is the distance, ’r’ is the radius in terms of the outermost X-ray point
source, Niot’, "Np1’, Numxp and ’Npas, " are the total number of X-ray point sources, number
of power—law sources, number of HMXB and number of plasma sources, respectively. The
letters ’E’ and ’P’ in the profile shape column denote an exponential law or peculiar behavior
of the area density profile, whereas the letters 'F’ and 'B’ denote a flat or a broken shape of the
XLE The figures for the SFR are explained in the text.

D Object SB HI mass D r Niot Ny Numxs Nplas. diffuse profile XLF SFR
name 109 Mg Mpc kpc emission shape shape Mg yr’]
1 Holmberg I — 110 38 2.8 14 13 2 1 v E F 0.7
2 1C2574 — 600 4.0 9.5 36 33 7 1 V4 P B 52
3 Sextans A — 58 1.4 1.4 9 7 0 1 — P F 5.1
4 Holmberg II — 640 3.1 6.7 62 45 6 10 — E B 2.8
5 NGC 1569 N 130 22 1.4 62 45 4 1 V4 E F 84
6 NGC4214 N 550 2.7 5.0 71 27 5 7 Vv E B 57
7 NGC 4449 N 300 42 5.6 20 17 7 2 Vv E F 72
8 NGC 5253 Vv 140 3.1 1.0 52 17 1 2 Vv E F 38

5.3 X-ray Point Source Content of the whole Sample

The investigation performed reveals a number of X-ray properties of irregular dwarf
galaxies. At this point I like to compile shortly some figures derived above. These
parameters are given in Tab.39 together with other parameters taken from the literature.

The type of galaxy (star burst or not) is taken from the literature as well as the HI mass
of the galaxy. In the case of NGC 4449, which has a very disturbed HI distribution,
only the inner disk-like part is assumed for the HI mass. In the other cases, the HI1
mass is the one found in the related papers as given in the overview of this chapter.

The distances given are the ones quoted in the overview of this chapter, too. The radius
of the galaxy is given by the (deprojected) distance of the outermost X-ray point source
found with respect to the morphological center. Since in every case there is at least one
X-ray source at the very edge of a galaxy this radius assumption is good, although the
H1 radius depends on how deep the radio observation is.

The “profile shape” column denotes whether the radial dependency of the X—ray source
area density follows an exponential or not, in which case it is denoted “peculiar”. Sim-
ilar, the XLF is “flat” in the case where it is fitted by one power—law function whereas
it is “broken” in the case where a broken power—law function has to be assumed.

A new parameter introduced here is the star formation rate (SFR) of the galaxy in
question. This issue is not unambiguous. Different ways can be followed to derive the
SFR of a galaxy. Conventional indicators need some assumptions like the dust content,
initial mass function, etc.

Moreover there are SFR estimates based on empiric equations. Having the flux of a
galaxy in a certain band of the EM spectrum one can calculate the SFR (Rosa-Gonzilez
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et al., 2002). With canonical formulae by Kennicutt (1998) one obtains the following
relations:

SFRye = 1.1x10"*'Lyg(ergs™) (25)
SFRyy = 6.4x 10 8Lyy y(ergs 'Hz ") (26)
SFRpr = 4.5x 10 *Lgg(ergs™!) (27)

Here, the last relation only applies for infrared selected starburst galaxies. There is
also a relation between the radio emission and the SFR given by Condon (1992) which
reads:

SFRugio = 1.82x10728v&L Ly (ergs™'Hz ™) (28)

which only applies for thermal emission, e.g. in HII regions. However, the luminosities
are not found in the literature for all the galaxies. Moreover, the SFRs calculated from
the different luminosities vary substantially which makes a comparison very uncertain.
Hence, it is a better choice to calculate SFR for each galaxy in the sample from a
luminosity which is available for all the galaxies even when this SFR is not the best
value. At least this value provides an identical basis for the SFR value.

Fortunately, there is such a relation between SFR and the B-band luminosity Lp de-
rived by Thronson et al. (1987) yielding:

SFRg = 6.5x 10 Lg[Lg)] (29)

This, however, assumes a constant SFR over a timescale of 10° yr, a Salpeter—IMF
and a mass range of formed stars from 0.1 to 100M. With this and the B-band
luminosities the SFR can be calculated for each galaxy. The figures are in units of
solar masses per year and appear very high, at least in some cases. This shows, on the
one hand, that the SFR derived is a mean rate over the last 10 billion years and on the
other hand this enables one to have SFR for each galaxy which are comparable.

Thus, in the next chapter I will analyze different correlations of the parameters derived.
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6 Point Source Correlations and the Standard Model

With the data derived in the previous chapter, one can study correlations between the
different quantities. Grimm et al. (2003) suggested a correlation between the number
of HMXB and the SFR of a galaxy. They carried out this correlation on a sample
of starburst galaxies (up to z~1.2). Here, they used the SFR based on the FIR flux.
Hence, it is expected to find a deviation from the results of Grimm et al. (2003) because
in the present work the SFR values are based on the B—band luminosities. Although
the SFR based on the FIR luminosity of a galaxy might be the better choice (think of
extinction etc.) I used the SFR based on B—band luminosities because FIR data is not
available for all the galaxies in the sample. Thus, the data is consistent using B—band
luminosities.

Furthermore Grimm et al. (2003) limited their sample to galaxies which are known
to have a high SFR, which is not the case for the dIrr sample presented here. Also
their sample consists of late—type galaxies (Hubble—type Sa, Sb or Sc), which are not
comparable with the sample at hand. However, the correlation for the dIrr sample
might give insight into the relation between X-ray point sources and the SFR of dlrrs.

6.1 Point Source Correlations

Before the correlation suggested by Grimm et al. (2003) is discussed, I will show other
correlations concerning the HMXB in the galaxy sample. Following Grimm et al.
(2003) the HMXB are the type of X-ray point sources which seem to be correlated to
other measurable quantities.

First, the number of HMXB is correlated with the galactocentric distance of the out-
ermost X-ray point source found in the HI distribution. This correlation is show in

Fig.95.

The lines are regression lines representing the correlation degree which turns out to
be 85%. The uncertainty for the number of HMXB is assumed to be Poissonian, thus
the square root of the number value. Taking other X-ray point sources than only the
HMXB, the correlation breaks down. This suggests that the number of HMXB is a
characteristic quantity for the distribution of X—ray point sources.

Since the outermost sources have a galactocentric distance which is comparable to the
HI extend of their host galaxy, it is suggested that the number of HMXB increases
with the size of the galaxy. However, the size of a galaxy observed in HI emission
is not a good measure for the size of the galaxy. Interestingly the sample shows the
following correlation (see Fig.96). It is suggested that the number of HMXB depends
on the amount of (neutral) gas in a galaxy.
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Fig. 95: Linear correlation between the number of HMXB and the galactocentric distance of
the outermost X—ray point source. The solid lines are linear regressions to the data which show
the correlation degree of 70%. Numbers correspond to the IDs given in Tab.39.
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Fig. 96: Linear correlation between the number of HMXB and the H1 mass of the host galaxy.
Numbers correspond to the IDs given in Tab.39. The lines represent the correlation degree of
78%.



6.1 Point Source Correlations

179

10 — ,,
= °r )
O - ]
1 1 ‘
-1 —-0.5 0
XLF slope

Fig. 97: Linear correlation between the number of HMXB and the XLF slope of the host
galaxy. The three galaxies having broken power—law XLFs are evaluated by taking only the
slope below the break luminosity. Numbers correspond to the IDs given in Tab.39. The lines
represent the correlation degree of 70%.

Also the HI mass of a galaxy from the sample is correlated with the number of HMXB.
Of course, the HI mass is not easy to determine especially for galaxies like NGC 4449,
which show a complex morphology of the neutral gas distribution. However, the HI
mass is only taken from that part of the galaxy where the X-ray point sources are
detected. Again, the number of HMXB appears as a characteristic quantity for the H1
mass. The uncertainties here are of course dependent on the mass estimation. If all
other X—ray point sources are included the correlation breaks down.

Furthermore, the XLFs were calculated from the X-ray point sources detected in all
eight galaxies. It turned out that three galaxies have a broken XLF which means that
they can not be fitted with a single power—law function. For these galaxies only the
slopes below the break are regarded together with the slopes of the other galaxy XLFs.

Plotting the number of HMXB versus the XLF slopes another correlation is seen. In
Fig.97 this 70% correlation is displayed. Taking the slopes above the break lumi-
nosities gives no correlation as well as taking other X—ray point sources than HMXB.
Taking only the three galaxies with the broken XLF and here the slope above the break
luminosity, the correlation is still there. However, three data points are not yielding a
trustworthy correlation.

In the context of broken XLFs another correlation turns out to be interesting, that is
the connection between SFR and HI mass. Figure 98 shows that the SFR increases
with increasing HI mass. Here, only the galaxies without a broken XLF are displayed
in Fig.98. With these five galaxies the correlation degree is 92%. Including the broken
XLF galaxies yields a correlation degree of 10% which is virtually no correlation.
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Fig. 98: Galaxies with ID 2, 4 and 6 (the galaxies with broken XLFs) are skipped which leads
to a correlation degree of 92 %. Numbers correspond to the 1Ds given in Tab.39.

The aforementioned correlations suggest two different results. First, the number of
HMXB correlates with the X-ray binary spacial distribution and with the HI mass
associated with the extend defined by the outermost X-ray source. The number of
HMXB correlates also with the XLF slopes when the slope below the break luminosity
is taken into account for galaxies with broken XLFs.

This first result suggests that the HMXB are candidate X-ray point sources which can
be used as an indicator for properties of dlrrs rather than all the different types of X—
ray sources found in these galaxies. Finding the HMXB as “indicator sources” is in
agreement with the findings of Grimm et al. (2003) although they restrict the “indicator
sources” even more by a luminosity limit of 2.0x 1038 ergs~!. This luminosity limit
will be discussed further below.

The second result is the correlation of the SFR rate (derived from the B—band luminos-
ity) with the HI mass (derived from the extend defined by the outermost X-ray point
source). This suggests a dependence of the SFR on the HI mass. The idea here is, that
a larger gas supply can produce a larger number of stars and hence a higher SFR. This
dependence is there although the estimates of the SFR based on the B-band luminosity
as well as the HI mass are not the best quantities one can think of to characterize these
dIrrs. More precise, the SFR in general depend more likely on the surface mass density
of the molecular hydrogen (H;). Also the SFR is assumed to be constant over the last
10° yr which might give deviations of the correlation found.

However, the SFR rate presented here is proportional to Lp and thus one can regard the
SFR-HI correlation as a correlation of HI mass and Lg.
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Fig. 99: Linear correlation between SFR and the luminosity limited number of HMXB of the
dIrr sample. The lower luminosity limit for HMXB is 2.0x 103" ergs~!. For comparison the
dotted line refers to the correlation found by Grimm et al. (2003). The solid lines are linear
regressions to the data, yielding a correlation degree of 70 %. Numbers correspond to the IDs
given in Tab.39.

6.1.1 Star Formation Rate

With the number of HMXB and the SFR the results obtained by Grimm et al. (2003)
can now be discussed. They claim a correlation of the number of HMXB exceeding a
luminosity of 2.0x 1038 erg s~! with the SFR derived from UV, Her and FIR luminosi-
ties.

The question here is whether or not the HMXB—-SFR correlation of Grimm et al. (2003)
still holds for the present sample with a different derivation of SFRs and another lumi-
nosity limit. This question is not answered in the literature up to now.

It turns out that a luminosity limit of 2.0x 1037 erg s~! helps to minimize residual con-
tributions of bright LMXB and still it gives at least one HMXB per galaxy so that more
data points are available. For this limit the SFR based on Lp shows a correlation with
the number of HMXB . The correlation degree is here 70% (see Fig.99).

The slope of the correlation given by Grimm et al. (2003) is shown as a dotted line
in Fig.99 which is much steeper than the slope of the present sample.Since the SFR
yield higher values when derived from the B—band luminosity, it is clear that the slope
is flatter in this case. The difference in the values for SFR occurs because the B—band
and FIR band trace different stellar components, i.e. Lp traces primarily the past star
formation rate of high mass stars younger than 10° yr on the main sequence.
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On the other hand the FIR traces the “recent” star formation over the last 10° yr. Refer-
ring to Kohle (1999) the different luminosities yield different SFR, as already said. For
example, for NGC 4449 he derives SFRy, = 2Mg, yr ! and SFRy,, = 0.9Mq yr~!
which is more than a factor of two off. Hence the expected deviation between this in-
vestigation here and the results of Grimm et al. (2003) can be attributed to the different
derivations of the recent and past SFR.

The general trend that higher star formation yields higher number of HMXB is still
present. But to claim that this is an independent indicator for the SFR of a galaxy in
general is questionable. However, one can test this by fitting the slope in the form
N= a-SFR+ B. This gives a slope of & = 0.06 +0.02 and a linear off-set of f =
0.97£0.87. Inserting the SFR of the Milky Way of 0.25 M, yr~! yields ~ 1 HMXB
which is in agreement with the findings of Grimm et al. (2002) within the uncertainties
who also perform this test.

The correlation also depends on the limiting luminosity. Taking a lower luminosity
threshold of 1.0 x 1037 ergs™! yields a different correlation of only 59 %. This is the
limit where the correlation breaks down. This also shows that the luminous HMXBs
are dominating the dIrr galaxies. This was also pointed out by Colbert et al. (2004)
who investigated a much larger sample of spiral and elliptical galaxies, which also
includes some dIrr galaxies, namely NGC 1569, NGC 4449 and NGC 5253. More-
over, they claim that there might be different star formation modes for different galaxy
morphologies, which also corroborates the results found in the present work.

6.1.2 X-ray Luminosity Function

The XLFs for all galaxies derived in the last chapter are examined now. Since the XLLF
of each galaxy in the sample is at hand, one can study the connection between XLF
and SFR. The XLFs as derived in chapter 5 are different for each galaxy. However,
now at this point there is evidence that the number of X-ray point sources respectively
the number of HMXB is proportional to the SFR of a galaxy.

Following Grimm et al. (2003) the XLFs can be scaled with the SFR so that they are
equal within a certain range. The goal here is to find out whether or not there exists a
universal XLF (which implies a universal initial mass function). The individual XLFs
are consistent in the sense that all the luminosities are derived in the same energy band.
However, there might be a spread in luminosities due to the two different instruments
used but as pointed out by Grimm et al. (2003) these uncertainties are negligible.

The XLFs of all eight dlrrs are given in Fig.100 (left). Following Grimm et al. (2003)
the XLFs can be scaled in N by the ratio of their individual SFR to the SFR of Holm-
berg II. This ratio is the scaling factor. Why HolmbergII is chosen as the reference
galaxy will be clear later. This scaling of the XLFs leads to a narrower distribution of
the XLFs in the log(N)-log(L) plane as one can see in Fig.100 (right).
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Fig. 100: The XLFs of the dIrr sample. left: XLFs for the eight galaxies of the dIrr sample as
derived in the last chapter. right: XLFs of the same galaxies scaled in N by the ratio of their
SFR to the SFR of Holmberg II (ID 4). The distribution is narrower compared to a). Numbers
correspond to the IDs given in Tab.39.

After rescaling the XLFs, they seem to be consistent within a factor of ~ 15 in the
log(N)-log(L) plane. In first place this is not very satisfying but in relation to the
spread in SFR (a factor of ~ 110) the spread in the log(N)-log(L) plane is small. This
would imply a universal XLF if the spread was zero within the uncertainties.

One can put this now the other way around in the following way. For each XLF the
normalization factor (i.e. the scaling factor) is calculated with respect to the XLF
of HolmbergIl. For this aim, the XLF is shifted by a scaling factor which leads to
an agreement of the XLF to the one of Holmberg II within the uncertainties. These
scaling factors can be different from the ones derived from the ratios of corresponding
SFRs.

The new scaled XLFs are displayed in Fig.101. It shows that the shapes of the XLFs
are very similar within a narrow band and the scatter is considerably smaller than for
the case where the normalization is computed from the SFR. The interesting question
now is: What is the difference between the scaling factors derived from the SFR ratios
on the one hand, and the scaling factors derived from the shifted XLFs on the other
hand?

The answer to this question is given in Fig.102. Both normalizations differ signifi-
cantly by two orders of magnitude. Figure 102 now gives the justification for choosing
Holmberg II as the reference for the normalization: It simply provides the minimal
difference between both normalizations. However, the differences are still crucial and
give raise for the conclusion that a universal XLF is unlikely at least for the dIrr sam-
ple presented here. Owing to the number of uncertainties in the XLF investigation
(especially the SFR issues), the accuracy is difficult to judge. However, even if there is
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Fig. 101: The XLFs scaled by shifting all XLFs to the XLF of Holmberg II. Basically this is
the same as in Fig. 100 (right) but the normalization is somewhat arbitrary since it is not based
on the SFR but on a shift in N. Even so, it shows that the shapes of the XLFs are very similar
within a narrow band and the scatter is considerably smaller than in Fig.100 (right). Numbers
correspond to the IDs given in Tab.39.
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Fig. 102: Comparison of the normalizations given by the SFR (filled circles) and the one
derived by shifting the XLFs (open circles). Apart from the reference galaxy (ID 4) and ID 2
and 5, the normalizations are different. IDs are given in Tab.39.
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Fig. 103: The combined luminosity/galactocentric distance data of all dIrr galaxies in the
sample. High—luminosity sources are concentrated at a galactocentric distance of 1.5 kpc. The
center is populated with intermediate luminous sources. Outside a galactocentric distance of
1.5 kpc this drops and remains constant outside 5 kpc.

no universal XLF for dlrr galaxies, which is implied here, the results of Grimm et al.
(2003) might still be valid for spiral galaxies.

6.1.3 Spatial Distribution of X—ray Point Sources

In chapter 5 I derived the radial distribution of X-ray point sources in an individual
galaxy as a function of source flux. Since the fluxes depend on the distance, they
are converted into luminosities taking the distances quoted in chapter 5. This data
can now be regarded for all galaxies together. Since the number of point sources per
galaxy provides no good significance for an individual galaxy, now the significance
can be gained by putting all point sources together.

The data is binned into galactocentric distance bins of 1 kpc width and for each bin the
luminosities are averaged. It is to note, that the most luminous source in the sample
(source ID4 of HolmbergIl) is skipped since it outshines all other sources by two
orders of magnitude and thus it dominates the complete sample. The skipped source
is in the 2.5 kpc bin. The luminosity versus galactocentric distance of the sources is
show in Fig.103.

The mean galactocentric distance of all outermost point sources is 4.2 kpc, with four
galaxies bigger than the mean and four smaller than the mean. With respect to this
mean galactocentric distance, the sample is split into a “small” (i.e. small extent)
and a “large” (i.e. large extent) part. Moreover, the bin size for the small sample is
decreased (0.3 kpc) and the result is displayed in Fig.104.
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Fig. 104: The same as in Fig.103 except that the sample is now split into a “large” (left) and
a “small” (right) subsample. The small sample has galactocentric distances below the mean
radius of 4.2 kpc and vice versa. In contrast to the luminosity peak for the large sample, the
small sample shows constant luminosity within the uncertainties.

It turns out that the small sample has a constant luminosity within the uncertainties. In
contrast, the large sample still shows the luminosity peak at the same radius (1.5 kpc) as
in the full sample of Fig.103. The difference is that due to the missing low luminosities
of the small sample, the mean luminosities in the large sample is higher for the inner
part. Since there are 318 X-ray point sources in total in the sample and 137 point
sources (43%) in the small subsample this finding is significant. This, again, suggests
a different star formation process for the small and large dlrrs.

6.2 The Standard Model

Extended diffuse soft X—ray emission is detected in the galaxies Holmberg I, IC 2574,
NGC 1569, NGC 4449 and NGC 5253. Sextans A does not show any extended diffuse
emission. For Holmberg Il and NGC 4214 some X-ray point sources are associated
with soft X—ray emission which is also extended but in contrast to the first mentioned
five galaxies the extend is much less.

In this chapter I like to discuss whether or not the extended diffuse emission is re-
lated to other parameters of the host galaxy. A characteristic parameter for the diffuse
emission is the temperature of the coronal gas.

It turns out that the temperature correlates with the total number of X—ray point sources
when, for coronal gas with two plasma components, only the cooler component is
regarded. This correlation is given in Fig.105. The correlation degree is 96%. If the
hotter component for two component plasma phases is regarded, the correlation degree
drops to 73% which still is a good correlation. The correlation breaks down when only
the HMXB or only the plasma sources are regarded. Hence, a higher number of X-ray
point sources provides a higher energetic input to the ISM in general.
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Fig. 105: Correlation of total number of X-ray point sources with the temperature of the
diffuse emission. For coronal gas with two plasma components only the cooler component is
regarded. The lines are linear regression lines which represent a correlation degree of 96%.
Numbers correspond to the IDs given in Tab.39.
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Fig. 106: Correlation of SFR with the temperature of the diffuse emission. For coronal gas

with two plasma components only the cooler component is regarded. Numbers correspond to
the 1Ds given in Tab.39.

According to the SFRs of the galaxies, one might expect also a correlation of the
extended diffuse gas and the SFR. For the five galaxies with coronal gas in the disk/halo
interface this correlation, however, is simply not there as one can see in Fig.106. This
shows that the existence of extended coronal gas is not dependant on the average (or
past) SFR over the 10° yr. It is more likely that it depends on the existence of high
energetic stellar events in the host galaxy which might not contribute significantly to
the past SFR.

This argues for the standard model in general. However, the extended diffuse coronal
gas cannot be attributed to specific shells found in the HI distribution. This is, because
the gas is expelled out of a shell and then it is delocalized due to its movement away
from the disk. This is supported by the fact that the diffuse gas detected in the dlrrs
most likely escapes from the disk, as pointed out in chapter 5.
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Fig. 107: Temperature of extended thermal X—ray emission vs. maximum HI rotation velocity.
The curve for vese = 1.414V, is taken from Martin (1999). The numbers correspond to the 1Ds
of Tab.39. For galaxies with two plasma components the higher temperature is represented by
the open circle. Uncertainties are assumed to be 10%.

Of course, in the cases where two plasma components are needed to fit the spectral
data at least one component can escape the galaxy. However, the escape scenario is
based only on the time scales and velocity scales given by the cooling time and the
sound speed of the plasma. In order to decide whether a blow—out or a blow—away is
observed in a galaxy, the escape velocity has to be compared to the sound speed in the
coronal gas.

The issues of blow—out and blow—away scenarios from a theoretical viewpoint are
discussed in Mac Low & Ferrara (1998, 1999); Strickland & Stevens (2000). How-
ever, the escape velocity is proportional to the total mass of the galaxy which is very
uncertain and in most cases it is unknown. Moreover, the escape velocity is inverse
proportional to the radius at which the gas starts to escape from the galaxy. This is in
general also unknown.

Fortunately there is another way to derive whether or not the gas is only blown—out or
blown—away from the galaxy. As pointed out by Martin (1999) the gas can escape the
galaxy if its temperature is above a certain escape temperature T, which is propor-
tional to the escape velocity vese. For a measured rotation speed V. of the HI disk the
escape velocity at R(maxV,) is at least 1.414V,.. Hence, if the temperature of the X-ray
emitting gas is above Tege = 1.5 X 10° (vesc /100 km s~ 1)? the gas can escape the grav-
itational potential of the host galaxy. This is displayed in Fig.107 where the curve for
Vese = 1.414V, is taken from Martin (1999). The data points correspond to the lowest
temperatures provided by the spectral fit of the XMM-Newton and CHANDRA data.

Every data point which is above the solid line in Fig.107 corresponds to gas which
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can escape the galaxy. The maximum rotation velocities for the galaxies are adopted
from Ott et al. (HolmbergI 2001), Martimbeau et al. (IC 2574 1994), Stil & Israel
(NGC 1569 2002), Hunter et al. (NGC 4449 1998), Kobulnicky & Skillman (NHG 5253
1995).

In addition to what was found in chapter 5 the diffuse coronal gas phases can escape
the host galaxy, except for the cold component detected in NGC 4449. This is in
agreement with the findings based on the cooling time and sound speed estimation.
In this sense the standard model fits nicely into what is observed. Hot coronal gas
probably originates from high energetic stellar events and is vented into the halo of the
host galaxy. However, the origin of the coronal gas is uncertain because the extended
emission is hardly identified with single shells in the HI distribution. IC 2574 is a good
example for coronal gas in the halo of the galaxy which cannot be attributed precisely
to a shell but as pointed out in chapter 5 the gas probably stems from the Walter &
Brinks (1999) shells number 22 and/or 26.

Having now the estimation for the extended diffuse emission one can evaluate the
standard model on smaller scales. This means that there might be soft X—ray emission
associated with individual shells in the HI distribution of a galaxy. In the following I
give an overview about the X—ray sources probably associated with shells.

For Holmberg I one source is in agreement with a shell and it also shows some Ha
emission. However, the luminosity is very low and the interpretation of the source
being a supernova remnant is uncertain. In IC 2574 there are 14 X-ray point sources
associated with HI shells where 4 of them are in the very centers of the shells. Only
one of the four sources, namely the brightest source ID 9, is very likely a supernova
remnant (Brinks et al., 2003).

Sextans A only shows a low number of X-ray sources and none of them is associated
with any shell. This is in agreement with the fact that no diffuse soft X—ray emission is
found down to the detection limit. Hence, the standard model is likely not applicable
here. This is also supported by the shallow star formation of the galaxy in the past.

Also Holmberg IT shows some evidence for the standard model. Here, ID 56 is likely
related to hot gas filling an HI cavity and on the rim of the cavity new stars show
up in an HII region, where also the DSS2 maps show their peak intensity. However,
according to Bureau & Carignan (2002) most of the shells observed in Holmberg II
especially in the outer parts of the HI distribution are probably produced by ram—
pressure effects.

NGC 1569 exhibits one plasma source associated with a shell structure in the neutral
ISM (Miihle et al., 2005). This source (ID 53) may be hot gas filling this cavity but on
the other hand the DSS2 images show a bright star at this position. Hence, the object is
more likely a foreground star. Moreover, the plasma sources ID 15 and 18 are located
in the HI funnel (Miihle et al., 2005) together with the SSCs and the X-ray power—law
sources ID 21, 27, 30 and 33. Here, the HI funnel may stem from the winds produced
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in the SSCs together with the X—ray sources in agreement with the findings of Miihle
et al. (2005).

NGC 4214 shows some diffuse emission which is also in positional agreement with a
low column density region in the HI. However, this is not a shell but a low density
region in the spiral-like appearance of the HI distribution. The central source, which
also shows plasma emission is located at a rim of a shell which is open towards the
southwest. The diffuse emission associated with sources ID 13 and 15 is not connected
to a shell but rather located at high column densities.

In NGC 4449 the most interesting X—ray sources are probably the three super soft
sources. However, they are not associated with shells. The only source which is located
towards the center of a shell is ID 14. According to the HR of this source it is most
likely a LMXB. Hence, it is not a candidate for the standard model.

The only plasma source in NGC 5253 located in an HI shell is source ID 3. According
to Strickland & Stevens (1999) this source is a SSC embedded in an HII region con-
taining ~ 1000 OB stars (Turner et al., 1998). This shell associated with the young star
burst region is likely filled with the hot gas seen in the X-ray data. Accordingly, this
shell is very likely explained by the standard model.

For the standard model it turns out that only a few X-ray plasma sources are located
within shells or shell-like structures showing up in the HI distribution. The presence
of hot gas in the interior of shells, e.g., in the LMC (Bomans et al., 1994) suggests
that other HI shells are also filled with hot X-ray emitting gas. But as with other
observations performed until now (e.g., Walter et al. (1998); Zezas et al. (1999); Kerp
et al. (2002)), also the present work failed to detect this coronal gas in a large number
of shells. This situation might reflect that the sensitivity even of the modern X—ray
telescopes is too low, or more likely that the coronal gas inside the shells has already
cooled down and the emission is not detectable in X—rays anymore.
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Using state—of—the—art X—ray telescopes, providing a sufficient angular and spectral
resolution, an investigation of local dwarf irregular galaxies (dIrr) is performed. Dwarf
galaxies in general are most numerous in the universe. In that sense, they are frequently
called the building blocks of the universe, since they are thought to build up structures
on larger scales by mergers.

In particular, the dIrrs exhibit shells in their HI distribution. The standard model de-
scribes the origin of these shells, assuming that they are generated by stellar activity.
The implications of this model are tested in this thesis at hand, as well as the prop-
erties of X—ray point sources found in each galaxy. Moreover, a statistical analysis is
performed with respect to the detected X—ray point sources.

The standard model is tested by observing extended diffuse X-ray emission in the soft
energy regime (0.2-1.0 keV) while the statistical analysis for point sources is taken out
in a broader (0.2-5.0keV) energy band. Both issues are summarized separately.

7.1 The Standard model

For the test of the standard model, the data is regarded with respect to diffuse emission.
Thus, the X-ray data has to be treated differently to X—ray point sources. While the
latter have sufficient high count rates in a small area, the former shows low count rates
in a much larger region.

Therefore, the issues of filtering the light curves and vignetting have to be accounted
for very carefully. A new software tool provides filtered light curves on an user ad-
justable significance threshold. The light curves are filtered with respect to the full
spectral band, as well as for individual bands. This is because, in contrast to what was
known before, the flares are also detected in soft bands. With this, the light curves are
filtered reliable, keeping as much photon events as possible. This filtering is applied to
all XMM-Newton data.

After the filtering, the data is splitted into energy bands which provide spectral infor-
mation. Since the signal-to—noise is expected to be low in the case of diffuse soft
emission, the issue of vignetting has to be treated carefully, too.

For this aim, new exposure maps for all different energy bands are calculated, because
it is shown that the dedicated exposure maps, provided by the XMM-Newton software
are virtually incorrect.

The new, enhanced exposure maps are calculated by adding source free images of deep
observations and smoothing them with a broad Gaussian filter. The enhanced exposure
maps are shown to be more reliable than the dedicated ones. However, the outer FOV
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beyond 20’0 from the optical axis are still not matching the observations. On the other
hand, the galaxies observed here fit well into the inner 20/0 where the exposure map
correction works well.

The vignetting (or exposure) corrected maps are examined for diffuse emission making
use of the adaptive smoothing algorithm. This ensures that at least a certain signal—
to—noise is achieved (here 4-¢ above background). For the data analysis only photon
images are used.

The individual galaxies have different properties concerning their diffuse emission in
the X-rays. Holmberg I exhibits a faint diffuse emission component in the northwest
of the central HI depletion. The spectral data is fitted with different model spectra
yielding a best—fit model with a temperature of T = 1078 K. The cooling time and
sound speed considerations provide distances the plasma can reach from the disk.
These are in agreement with the blow—out scenario suggested by Ott et al. (2001);
Vorobyov et al. (2004) from the central shell, if one regards the foreground X-ray
emission of the Milky Way. This is also in agreement with the escape temperature
considerations based on the work of Martin (1999).

With the enhanced procedures for XMM-Newton soft diffuse X-ray emission is also
found in IC2574. The spectral data is compatible with a model temperature of T =
1059 K and the plasma can in general reach the galaxy halo. The thermal energy of the
plasma leads to the picture that multiple supernovae produced the hot gas. The mass
is about 1 % of the HI mass of IC2574. As in contrast to HolmbergI the origin of
the plasma (i.e. from which shell it stems) is uncertain because the galaxy is inclined.
However, good candidate shells for the plasma origin are Walter & Brinks (1999)
shells number 22 and/or 26. Only the brightest source ID 9, is very likely a supernova
remnant (Brinks et al., 2003) filling an HI shell.

The third galaxy observed is Sextans A. Here, no diffuse emission is found down to
the detection limit. The limiting luminosity however is lower than in the first two
cases and hence the interpretation is that there is no diffuse component. This is also
supported by the shallow star formation of the galaxy in the past.

In the case of Holmberg II diffuse emission is not detected on large angular scales
which is due to the short exposure time and hence a relatively high luminosity limit.
However, plasma emission is found in some HI shells which are most likely due to
supernovae. In addition there are also shells (especially in the outer parts of the HI
disk) which are not filled with hot plasma. These are unlikely produced in the picture
of the standard model, but rather by ram—pressure effects due to the motion of the
galaxy through an ambient medium (Bureau & Carignan, 2002).

For NGC 1569 the XMM-Newton data is only used for the spectral information. The
CHANDRA data is used for both point sources and diffuse emission. The bipolar
outflow of coronal gas as reported by Martin et al. (2002) is confirmed qualitatively by
CHANDRA and XMM-Newton. The spectral investigation of the CHANDRA data
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yields a two—component model with temperatures 77 = 10%°7 K and 7> = 108 K both
of which can escape the galaxy. The temperatures derived from the XMM-Newton
data are slightly higher (7; = 107-° K and 7> = 10%#®) which does not change the result
of the outflow of coronal gas. This is also supported by the considerations about the
escape temperature (Martin, 1999).

As in the Holmbergll case, the galaxy NGC 4214 shows more empty shells than
plasma filled shells. Since the three candidates of filled shells turn out to be one su-
pernova remnant and two HII regions, the standard model is not the main process
triggering the shell formation. NGC 4214 also shows no high stellar activity outside
the central star clusters and hence coronal gas is not expected to show up. In that sense
NGC 4214 is comparable to Holmberg II where the standard model can be quoted only
for a small number of individual shells.

The peculiar HI distribution of NGC 4449 is well known to be quite turbulent in the
outer parts of the galaxy. Thus, only the inner part where ordered rotation is present is
investigated with respect to the X-ray emission. In concordance with previous work
diffuse X-ray emission is found around the center of the galaxy. Also two components
are needed to fit the spectral data but the model used here is simpler than in previous
studies yielding comparable goodness—offit estimates (i.e. x?2). The cold component
(Ty = 10°%9K) is confined to the galaxy potential while the hot component (7> =
10938 K) can escape the galaxy. In addition to previous studies the XMM-Newton data
is taken into account for the diffuse emission. The qualitative result is in agreement to
what I found from the CHANDRA data. However, the temperatures derived from the
XMM-Newton data are again slightly higher for 77 (7} = 10%! K and 75 = 10%%).

Finally, NGC 5253 is found to have a diffuse X-ray component as well. A simple
one—component model is sufficient to fit the spectral data with plasma temperatures
of T = 109 K. However, the figures for the plasma (here, HI mass, density, pressure)
are lower compared to the findings of Summers et al. (2004). The gas is not confined
to the gravitational potential of the galaxy. It is likely attributed to the young stellar
activity while the cold component might stem from old stellar activity in the past.
These findings are compared to the spectral data of XMM-—Newton. The temperature
is slightly higher yielding 7 = 108 K while the other parameters are lower than for
the CHANDRA spectrum. Nevertheless, the gas can escape the galaxy.

The analysis of the diffuse soft X—ray emission shows that the standard model applies
not for all cases of shells in the neutral gas. It is, nevertheless, the appropriate descrip-
tion for shell creation in a number of cases. Especially, the cases of Holmberg II and
NGC 4214 exemplify that the shells can also stem from interaction with an ambient
medium. Accordingly, the standard model is far from being ruled out but it surely
provides not the only mechanism to create shells in the neutral gas of a galaxy. The
findings for the blow—out/blow—away scenario based on the cooling time and sound
speed of the plasmas is nicely supported by the escape temperature considerations fol-
lowing Martin (1999).
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Since the Galaxy exhibits foreground components of X-ray emitting gas (the LHB and
the halo), HolmbergI is taken as an example of how to account for these foregrounds.
It turns out that the physical parameters of the coronal gas are in better agreement with
the findings in the literature when the SXRB model (Pradas, 2004; Pradas et al., 2003;
Kappes et al., 2003) is included in the investigation of the spectral data.

7.2 X-ray Point Sources

One must account for a number of issues when X—ray point sources are in the focus
of interest. Of course, the light curve filtering is the first crucial point, whereas the
vignetting is not so important since the background is subtracted for each point source.

The point sources have to be detected first in the image data. The standard procedure
here is to make use of certain dedicated tools or algorithms which find point sources au-
tomatically. Here, however, another approach is followed which detects point sources
more reliably.

The idea is to smooth the photon image with a Gaussian filter which results in a Gaus-
sian noise distribution. Then the background level can be estimated and the image is
clipped to 4 — o above the background. everything which is above the lower clipping
threshold is concerned as a detection.

The advantage of this approach is the higher number of detections (up to ~30 % more
than with an automatic task). On the other hand, the disadvantage is that it is not
an automated method and thus it is time consuming. Therefore, the source detection
for the exposure map derivation is done with the automatic tasks because of the large
number of data which have to be evaluated.

Of importance is also the interpretation of the HR of the individual sources, which is
nearly unfeasible without additional data in other wavelengths. Only power—law and
plasma sources can be separated roughly. The discrimination of black body model
is not feasible at all since for low temperatures they are indistinguishable from the
plasma models and for high temperatures they occupy the same range as the power—
law models in the HR diagram.

Hence, if no additional information is at hand, one can only discriminate between
accreting systems and plasma sources. A further distinction of HMXB and LMXB is
more reliable with additional data like UV images. If no additional data is at hand,
the luminosity is the only indication for the HMXB/LMXB distinction. Supernova
remnants and HI regions can be separated with radio continuum data in at least two
bands, which provide a spectral index.

With the help of HR diagrams and additional data, the source properties and hence the
source type can be pinned down. From the classification different spacial and statistical
tests are performed. This is summarized in the following.
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The X-ray point source content of all sample galaxies is qualitatively similar. Su-
pernova remnants, HII regions, as well as accreting sources like HMXB and LMXB
are found and also three super soft sources are identified. The quantitative analysis
demands the study of the log(N)-log(S) diagram in comparison to the cosmic X-ray
background to make sure that only point sources related to the galaxy of interest are
regarded.

For each galaxy, the radial distribution of the point sources is evaluated, taking the
inclination into account. This deprojection allows to compare the different galaxies
since the radial distance of the point sources from the center is then given in kpc,
rather than in angular distance units.

In conclusion, the HMXB are the most characteristic point sources in a galaxy. The
connection of the HMXB number with several other parameters correlates most sig-
nificantly. So with the galactocentric distance of the outermost X-ray point source or
HI mass, the number of HMXB increases as well. Moreover, the XLF is calculated for
all galaxies. The slope of the XLF flattens for increasing number of HMXB.

In addition, the SFR of a galaxy is adopted from the B-band luminosity. Plotting the
HI1 mass versus the SFR gives a nice correlation, but only for the case that the XLF
is not a broken power—law. Thus, a broken power—law points to a non—uniform star
formation history of the host galaxy.

Furthermore, there seems to be a correlation between the number of HMXB and the
SFR of a galaxy. So, the dIrr sample is tested against a different sample of late—type
galaxies, studied by Grimm et al. (2003). My results here show that the correlation
between the number of HMXB and the SFR is best for a luminosity limited sample of
HMXB, in concordance with the late—type galaxy sample. But in contrast to the late-
tape galaxy sample here the slope is much flatter. This is most likely caused by the
fact, that the SFR of both samples is derived differently (FIR luminosity vs. B—band
luminosity).

A further test is performed for this correlation, namely the scaling of the XLF with the
SER. It turns out that the XLF of all galaxies can be scaled in the number of X—ray point
sources so that the range covered in the log(N)-log(L) by the XLFs is minimal. But
still the offset between the different XLFs is not negligible. Therefore, the XLFs are
scaled individually by a scaling factor for each galaxy. A comparison of both scaling
factors shows a discrepancy of about two orders of magnitude. Hence, it is argued that
an universal XLF does not exist for dlrrs. This includes also the nonexistence of an
universal initial mass function.

This means that the stellar content of dlrrs stems not from a universal process. This
is supported by the investigation of the spatial distribution of X-ray point sources in
the dIrr sample. It turns out that for galaxies larger than 4 kpc the most luminous
sources are concentrated towards the center. In contrast to that, the smaller dIrrs show
a constant luminosity of X-ray point sources for all radii. Here, the interpretation
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is that the star formation history must be different at least in these two subsamples.
Hence, it is not surprising that the work of Grimm et al. (2003) gives quantitatively
different results.

7.3 Future Prospects

Although this study of irregular dwarf galaxies gives new insights in the evolution of
these objects, as with most of the scientific investigations, this cannot be considered
fully completed. There are at least two issues — the diffuse soft emission and the
classification of X—ray point sources — which can be improved further.

The studies for diffuse emission can be improved in different ways. Since the signal
of diffuse soft emission in the X-rays is very faint, an increased exposure time will
lead to a higher signal-to—noise. However, the exposure map correction is the crucial
point. Therefore, the enhanced exposure maps presented in this work can be improved
further. Especially the outer FOV correction is still not perfect and taking more deep
fields into account the outer FOV correction can be pushed to the limit (see also Pradas,

in prep.).

Since future missions in X-ray astronomy are going to have larger collecting areas, it
should improve the signal-to—noise of these faint emissions. On the other hand, the
FOV of the planned missions are smaller than the XMM-Newton FOV and probably
even smaller than the CHANDRA FOV. This makes it very difficult to observe objects
such as the dlIrr galaxies with an angular size of about 20 arcmin. Here, a further step
can be achieved by mosaic pointings. But this in turn raises difficulties in the exposure
map correction again. Hence, the improvement of the exposure maps and an adequate
exposure time will give better detection limits.

The note on the Galactic X-ray emission exemplifies the need for a good model of
the SXRB. If the photon statistic is good enough, the SXRB model by Pradas (2004);
Pradas et al. (2003); Kappes et al. (2003) can be applied to the background of an
XMM-Newton observation and thus, the parameters for a possible diffuse emission
component is much more reliable.

The classification of X-ray point sources depends strongly on observations in other
wavelengths. Only the X—ray band provides no good discriminators between LMXB
and HMXB. This discrimination, however, is recommended as seen in chapter 6.
Therefore, a dedicated survey of dlrrs in specific wavelength should be performed
to minimize the uncertainties of point source classification.

Especially the XMM-Newton optical monitor should be used in every observation.
This is feasible since the OM is independent from the other imaging devices aboard
XMM-Newton. Here, I am somewhat surprised why observers do not make use of the
OM in some of the observations.
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Also the radio continuum bands have to be incorporated to discriminate between super
nova remnants and HII regions. In addition Ho images can help to disentangle the
different X—ray point source types reliable.

In summary, a dedicated observation of dIrr galaxies in the wavelength proposed above
would give a homogeneous picture of the evolution and properties of these “building
blocks” of the universe. Hence, the uncertainties of this heterogeneous sample can be
minimized, also with the incorporation of more nearby dwarf galaxies. This then will
give a deeper answer to the standard model and also to the issues of universal XLFs
and universal SFRs and structure formation in the universe as a whole.
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